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ABSTRACT 

Discharge of the MnO~ electrode at pH 5 to 8 is known to give Mn ++ in  
solution as well  as a lower oxide. When  the volume of electrolyte is var ied 
the amount  of Mn ++ formed in constant  t ime and at constant  current  density is 
pract ical ly independent  of volume. It  decreases as the pH increases, becoming 
small  at pH 8. The reaction of lower Mn oxides with electrolytes shows a 
similar  relat ion to volume and pH. In  the early par t  of a discharge the elec- 
trode surface resembles MnOOH in its reaction with the electrolyte. Later, 
at high pH, the surface seems to be at a lower state of oxidation than Mn~O,. 

U n d e r  ce r t a in  condi t ions  M n  ++ in  the  e lec t ro ly te  
is a p roduc t  of the  d ischarge  of the  MnO~ electrode 
(1,2). I n  a sufficiently acid e lec t ro ly te  of r e l a t i ve ly  
la rge  v o l u m e  it  is the  on ly  p roduc t  (3) ,  bu t  at pH 
5 a n d  pH 7.5 a lower  ox ide  is lef t  on the  e lec t rode  
in  add i t ion  to Mn ++ in  solut ion.  

In  al l  of these expe r imen t s  the ra t io  of e lec t ro-  
ly te  v o l u m e  to the a m o u n t  of MnO~ was la rge  and  
m u c h  di f ferent  f rom tha t  in  the  Lec lanche  d ry  cell. 
One object  of the p re sen t  i nves t iga t ion  was  to find 
the r e l a t ion  of the  a m o u n t  of Mn  ++ fo rmed  in  a dis-  
charge  to the v o l u m e  of the  electrolyte .  A second 
object  was  a f u r t he r  i nves t i ga t i on  of the  r e l a t ion  to 
pH. The  resu l t s  h a v e  added  to the  u n d e r s t a n d i n g  of 
the e lect rode mechan i sm.  

Exper imenta l  

Procedure 

Electrodes  were  p r e p a r e d  by  e lec t rodeposi t ion  of 
MnO, on g raph i t e  rods f rom an  e lec t ro ly te  of 50 g/1 
of MnSO,  and  65 g/1 of H~SO4 at  90~ (except  as 
o therwise  no ted)  wi th  a c u r r e n t  of 25 m a  for 30 
min ,  the  electrode area  be ing  8 cm ~. The  to ta l  Mn  
was abou t  0.2 mmole / e l ec t rode .  They  were  dis-  
charged w i t h  a c u r r e n t  of 2 m a  in  e lec t ro ly tes  of 
v a r y i n g  v o l u m e  and  composi t ion,  the appa ra tu s  and  
p rocedure  be ing  essen t ia l ly  as descr ibed  p rev ious ly  
(4) .  Wi th  (NH4)~SO~ elect rolytes  a wel l  c leaned  
lead anode  was used. Wi th  NH,CI e lec t ro ly tes  the  
anode  was  e i ther  a s i lver  e lect rode wel l  covered 
wi th  AgC1 (5) or severa l  g raph i t e  rods placed 
a r o u n d  the  cen t ra l  MnO,  electrode.  

Most of the  d ischarges  were  t e r m i n a t e d  af ter  
e i ther  100 or 150 min .  Some were  car r ied  to com-  
p le t ion  for the  s tudy  of the last  pa r t  of the  dis-  
charge.  

At  the  t e r m i n a t i o n  of a d ischarge  the  ca thode  was  
r emoved  f rom the cell e i ther  i m m e d i a t e l y  or af ter  
35 ra in  on open c i rcui t  and  the  Mn § concen t r a t i on  
of the  so lu t ion  d e t e r m i n e d  color imetr ica l ly .  W h e n  

g raph i t e  anodes  were  used the  so lu t ion  con ta ined  
l i t t le  Mn  ++, b u t  most  of w h a t  had  been  dissolved 
f rom the cathode d u r i n g  the d ischarge  was found  
in  oxidized form on the anode  rods. This was d is-  
solved by  H~SO4 and  H~O~ and  d e t e r m i n e d  color i -  
met r ica l ly .  

Relation o~ Mn ++ in the electrolyte to the volume. 
- - T a b l e  I shows the resul t s  of a n u m b e r  of exper i -  
m e n t s  w i th  e lec t rolytes  of 1M (NH,)~SO4 buffered at 
pH 5.2 by  0.2M p y r i d i n e  and  0.07M H~SO4. Dis-  
charges  were  t e r m i n a t e d  af ter  150 min ,  d u r i n g  
which  no apprec iab le  change  in  pH took place. 
E lec t ro ly te  vo lumes  of 33-825 m l  w e r e  used and  a 
n u m b e r  of discharges  m a d e  in  each. The  va r i a t i on  
a mong  e x p e r i m e n t s  u n d e r  the  same condi t ions  was 
large,  as shown  by  the  s t a n d a r d  devia t ions .  I t  is 
neve r the les s  c lear  t ha t  the  to ta l  a m o u n t  of M n ( I I )  
ion p roduced  is i n d e p e n d e n t  of the volume,  w i t h i n  
the  l imi t s  of these  exper iments ,  whereas  the con-  
cen t r a t i on  c lear ly  var ies  w i th  the  vo lume.  

Table I. Mn(ll) ion in the electrolyte after discharge for 150 min 
at 2 ma in electrolytes of different volumes; pH 5.2 

M n + + i n  e l e c t r o l y t e  
T o t a l ,  

Vol ,  m l  No. d i s c h a r g e s  Conc ,  M x 10~ m m o l e s  x 102 

33 3 24 • 1.2 7.9 +__ 0.37 
110 5 5.7 ___ 1.0 6.3 • 1.3 
190 7 3.0 • 0.7 5.6 • 1.7 
240 6 1.9 -+ 0.5 4.5 +_ 1.2 
825 4 0.8 • 0.08 6.2 • 0.8 

Table II. Mn(ll) ion in the electrolyte after discharge for 150 min 
at 2 ma in electrolytes of different volumes; pH 7.5 

T o t a l  lYln *+ 
Vol ,  m l  No. d i s c h a r g e s  C h a r g e  of p H  m m o l e s  x l 0  s 

33 1 7.5-8.1 2.0 
110 1 7.5-7.7 1.6 
240 2 7.5-7.9 1.7 
825 2 7.5-7.6 2.6 
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Table  II shows tha t  the same re l a t ionsh ip  holds 
at pH 7.5. The  e x p e r i m e n t s  were  the same as be -  
fore except  tha t  the  1M (NH,)~SO, e lec t ro ly te  was  
buffered w i th  NH,. A smal l  increase  in  pH took 
place d u r i n g  the  discharge,  as shown  in  Table  II. At  
pH 5.2 the  average  to ta l  Mn ++ was 0.061 mmole ,  
wi th  a s t a n d a r d  dev ia t ion  of 0.011, whi le  at  pH 7.5 
the ave rage  tota l  M n  ~§ was  0.020 mmole ,  w i t h  a 
s t a n d a r d  dev ia t ion  of 0.005. A decrease  w i t h  i n -  
c reas ing  pH is expec ted  s ince i t  has  been  shown  
p rev ious ly  tha t  ve ry  l i t t l e  1Vin ++ is fo rmed  in  the first 
100 m a - m i n  of d ischarge  at  pH 7 wh i l e  its f o rma t i on  
s tar ts  at  or nea r  the  b e g i n n i n g  at  pH 5 (2) .  

A few add i t iona l  expe r imen t s  at  pH 5.2 were  
m a d e  wi th  electrodes p r e p a r e d  at 80~ ins t ead  of 
90~ and  vo lumes  of 110 and  240 ml.  The  resul t s  
were  no t  s igni f icant ly  di f ferent  f rom those of Tab le  
II. The t e m p e r a t u r e  of p l a t i ng  the  electrodes has 
an  effect on the ove rpo ten t i a l  (4) ,  bu t  too l i t t le  to 
detect  on the fo rma t ion  of Mn  ++. 

Relation to p H . - - T h e  resul ts  of e x p e r i m e n t s  u n -  
d e r t a k e n  to find in  more  deta i l  the  r e l a t ion  be -  
tween  Mn +§ dissolved and  pH are  shown in  Fig. 1. 
The circles r ep re sen t  discharges  in  about  240 ml  of 
solut ion of 2M NH,C1 and  NH~ wi th  g raph i te  anodes.  
Discharges  las ted 100 m i n  at  2 m a  and  the cathode 
r e m a i n e d  in  the  e lec t ro ly te  af ter  d ischarge  for 35 
m i n  on open c i rcui t  d u r i n g  which  t ime a smal l  
f u r t he r  increase  in  the  Mn ++ con ten t  of the so lu t ion  
took place. The va lues  g iven  are  the  sums of the Mn 
in  the solut ion and  tha t  dissolved f rom the  anodes.  
The l ine  shows the genera l  t r e n d  of these exper i -  
ments ,  bu t  has no theore t ica l  significance. 

The  squares  in  Fig. 1 r ep re sen t  discharges  in  240 
ml  of 2M NH,C1 and  e i ther  NH~ or p y r i d i n e  w i th  Ag 
anodes. A n  a tmosphe re  of n i t r ogen  was  m a i n t a i n e d .  
The grea te r  sca t t e r ing  of the  po in ts  was  p r o b a b l y  
the  resu l t  of m a k i n g  the  electrodes at  d i f ferent  
t imes r a the r  t h a n  as a group.  The electrodes for the  
more  concordan t  expe r imen t s  r ep resen ted  by  the  
circles we re  all  made  on the  same  day and  washed  
and  s tored in  the same w a y  and  for about  the  same 
t ime before  use. The n a t u r e  of the  MnO~ is p r ob -  
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Fig. l .  The relation of the total Mn ++ dissolved from a 
discharging electrode to the pH of the electrolyte. Open circle 
and solid circle represent discharges in 2M NH,CI and NH~ 
without and with 0.1M ZnSO,, respectively (by A. Kozawa). 
Open square represents discharges in 2M NH~CI and NH~ or 
pyridine, and open triangle and solid triangle represent dis- 
charges in 1M (NH4)=SO, and NH~ or pyridine for 300 instead 
of 200 ma-min, without and with 0.1M ZnSO~ (by M. J. 
Pribble). 
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Fig. 2. Discharge curves in 2M NH4CI with different pH 
values and with different amounts of Mn ++ produced. 

ably  the  uncon t ro l l ed  va r i ab l e  l ead ing  to the scat-  
ter ing.  However ,  it is clear tha t  the Mn §247 dissolved 
decreases wi th  increase  in  pH and  becomes ve ry  
smal l  above  pH 8; two e x p e r i m e n t s  above  this  pH 
wi th  neg l ig ib le  dissolved Mn ~ are  no t  shown.  

The  t r i ang les  in  Fig. 1 r ep re sen t  s imi la r  exper i -  
me n t s  in  1M (NH,)2SO~ elect rolyte  a nd  an  a tmos-  
phere  of n i t rogen ,  wi th  discharges  las t ing  150 min.  
In  the longer  t ime  somewha t  more  Mn § was dis-, 
solved. The solid circles r ep re sen t  e xpe r i me n t s  l ike 
those of the  open circles, bu t  w i th  0.1M ZnSO,  in  the  
electrolyte.  The  s ingle  solid t r i ang le  l ikewise  s tands  
for the  condi t ions  of the open t r iangles ,  bu t  wi th  
0.1M ZnSO,. Two e x p e r i m e n t s  w i th  ZnSO,  l ike the 
la t te r  b u t  at  pH 7.2 gave no m e a s u r a b l e  M n  ++, in 
good a g r e e m e n t  w i t h  the solid circle shown at tha t  
pH. The presence  of Zn  ++ reduces  the  a m o u n t  of 
Mn +* formed.  

The l a rger  a m o u n t s  of Mn  § are  cons iderab le  f rac-  
t ions of the tota l  Mn  on the  electrode.  In  some of 
the discharges  over  a t h i rd  of the  Mn reduced  was 
found  in  solut ion.  If a l l  of the  r educed  Mn af ter  i n i -  
t ia l  drop in  po t en t i a l  should  go into so lu t ion  a nd  not  
change  the 1Vfn ++ c onc e n t r a t i on  apprec iably ,  a flat 
po r t ion  of the  d ischarge  c u r ve  w ou l d  be expected,  
as in  acid discharges  (3).  W h e n  all  of the  reduced  
Mn r e m a i n s  on the  electrode,  the  c losed-c i rcu i t  
po ten t i a l  should  decrease  t h r o u g h o u t  the discharge.  
F i g u r e  2 shows tha t  d ischarge  curves  at  d i f ferent  
pH va lues  v a r y  in  shape in  the expected  m a n n e r .  
These  discharges  are  the  ones f rom which  the  data  
for the open circles of Fig. 1 were  obta ined.  

Mn +§ near the end of the discharge.-- In  e x p l a i n -  
ing w h y  Mn § is no t  fo rmed  apprec i ab ly  in  the  ear ly  
pa r t  of a d ischarge  at  pH 7, it  was  po in ted  out  p r e -  
v ious ly  (2) tha t  MnO O H  is no t  dissolved app re -  
c iably  in  a shor t  t ime  by  2M NH,C1 a nd  NH~ at pH 
7 whi le  Mn.~O~ is dissolved.  As  a d ischarge  proceeds 
the c losed-c i rcu i t  e lectrode po ten t i a l  decreases con-  
t i n u o u s l y  (Fig. 2) i nd i ca t ing  a lower  a nd  lower  
s tate  of ox ida t ion  of the electrode sur face  (2,6). At  
pH 8 l i t t le  Mn  § is fo rmed  in  the first 200 m a - m i n ,  
and  it was  of i n t e re s t  to see w h e t h e r  more  would  
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Fig. 3. Mn § formed in the latter port of a discharge in 
1M (NH~)~SO~ at pH 8. The 3 symbols represent 3 different 
electrodes. 

be fo rmed  in  the  l a t e r  por t ion  of the discharge,  at 
lower  potent ia ls .  

Three  electrodes p la ted  at 80~ were  d i scharged  
at 2 ma  to a cut-off  of zero aga ins t  the  s a tu ra t ed  
calomel  e lectrode in  a cell c o n t a i n i n g  240 m l  of 1M 
(NH,)~SO, and  abou t  0.07M NH, wi th  pH 8. Samples  
of the  e lec t ro ly te  were  t aken  per iod ica l ly  af ter  90 
ra in  of d i scharge  for  d e t e r m i n a t i o n  of M n  +§ The  re -  
sul ts  are  shown  in  Fig. 3, in  wh ich  the  to ta l  M n  *~ is 
p lo t ted  aga ins t  the  a m o u n t  of d ischarge  in  m a - m i n .  
It  is shown  tha t  Mn +~ is fo rmed  at  an  inc reas ing  
ra te  b e t w e e n  180 m a - m i n  and  the  end  of the  dis-  
charge.  The  tota l  Mn § at t he  end  of the  d ischarge  
at  pH 8 is abou t  equa l  to tha t  a f ter  200 m a - m i n  at 
pH 7.5 (Table  II)  and  is abou t  10% of the  to ta l  Mn 
on the electrode.  

Reaction of Mn oxides with electrolytes.--If the 
surface  of a d i scharg ing  e lec t rode  is cons idered  to 
r e semble  a lower  oxide, it  is of in te res t  to k n o w  in  
more  de ta i l  how some of the  Mn oxides reac t  wi th  
an  a m m o n i u m  sal t  solut ion.  

F ive  d i f ferent  oxides were  p r epa red  by  ox ida t ion  
of 0.1M MnSO,  in  a so lu t ion  of 1M NH,C1 an d  NH, 
wi th  K~S~O~ at  70~ The composi t ion  of the  p roduc t  
depended  p r i m a r i l y  on the pH, bu t  the a m o u n t  of 
ox idan t  and  the t ime  a l lowed were  of some i m p o r -  
tance.  The reac t ion  was slow and  the  ra te  of add i -  
t ion of the  ox idan t  was u n i m p o r t a n t .  In  all  cases 
the  reac t ion  was  a l lowed to proceed u n t i l  its ra te  
became  v e r y  small .  The  a m o u n t  of ox idan t  was  
u sua l ly  abou t  10% less t h a n  theore t ica l  for the  for-  
m a t i o n  of MnOOH. It  was  added  s lowly in  0.1M 
solution.  Since acid is fo rmed  in  the  react ion,  it  was  
necessary  to add NH~ f r e q u e n t l y  to hold  the  pH ap-  
p r o x i m a t e l y  constant .  

In  one p r e p a r a t i o n  no a t t emp t  was  made  to con-  
trol  the pH, which  was 8 at the b e g i n n i n g  and  fell  
to 1.5 at  the end. Ana lys i s  showed the p roduc t  to 
be  M n O ~ .  The pH is much  more  i m p o r t a n t  in  de-  
t e r m i n i n g  the  p roduc t  t h a n  the  p ropor t ions  of the 
reac tants .  W h e n  the  pH was kep t  at 8 t h r o u g h o u t  
the oxidat ion ,  the  p roduc t  was Mn,O~ and  w h e n  
kept  at e i ther  6 or 7 the  p roduc t  was  MnOl.~, or 
MnOOH. W h e n  the  pH was  kep t  at  8 and  a 20% 
excess of pe r su l f a t e  was  used  (ca lcu la ted  for 
M n O O H ) ,  the  composi t ion  of the  p roduc t  in  two 
t r ia ls  was  MnO .... W h e n  the  theore t ica l  a m o u n t  of 
pe r su l f a t e  was used at pH 7 ins t ead  of a deficiency 
the p roduc t  was MnO~.~. Each p r e p a r a t i o n  was 
washed  r epea ted ly  w i th  a ve ry  d i lu te  s l ight ly  a l ka -  

l ine  (NH,)~SO~ solu t ion  u n t i l  the wash  so lu t ion  gave 
no test  for Mn  ++. 

These oxides reac t  s lowly in  s l ight ly  acid so lu-  
t ions. For  example ,  50-mg por t ions  of an  oxide  of 
the  composi t ion  MnOl.~ were  s t i r red  a t  25~ 
wi th  50 -ml  por t ions  of (NH~)~SO~ so lu t ion  of 
pH 4.7 (buffered wi th  p y r i d i n e  a n d  p y r i d i n i u m  
sul fa te)  for d i f ferent  per iods of t ime.  Samples  were  
fi l tered and  the Mn +§ d e t e r m i n e d  color imetr ica l ly .  
Af te r  3, 5, and  15 hr  a nd  2, 3, and  7 days the  Mn +§ 
found  was 25, 28, 31, 40, 50, and  55 rag / l i t e r .  Equ i -  
l i b r i u m  ev iden t ly  wou ld  r equ i r e  cons ide rab ly  more  
t h a n  a week  by  this  procedure .  

However ,  in  a d ischarge  on ly  a l imi t ed  t ime  is 
ava i l ab le  for the  reac t ion  of any  lower  oxide on the 
electrode surface  w i th  the  solut ion.  Therefore ,  for 
compar i son  w i t h  d ischarge  da ta  the  oxide reac t ing  
in a l imi ted  t ime  is of more  in te res t  t h a n  equ i l ib -  
r i u m  data.  A 3 -h r  reac t ion  per iod was chosen as 
be ing  of the order  of m a g n i t u d e  of the d u r a t i o n  of 
the d ischarge  e xpe r i me n t s  and  long enough  for a 
cons ide rab le  a m o u n t  of react ion.  

Tab le  I I I  shows the  reac t ion  in  3 hr  of the above  
descr ibed oxides wi th  8 di f ferent  solutions.  The 
solut ions  were  2M (NH4).~SO, and  0.01M H~SO, to 
which  was added enough  p y r i d i n e  to give the  de-  
s i red pH. For  each m e a s u r e m e n t  50 mg of the  oxide 
was  s t i r r ed  w i t h  50 m l  of so lu t ion  for ~ hr  and  25 ~ 
and  the Mn § c onc e n t r a t i on  in  the so lu t ion  de te r -  
mined .  

At  lower  pH va lues  a cons iderab le  f rac t ion  of the 
tota l  Mn of each of the oxides goes in to  solut ion,  the 
m a x i m u m  be ing  abou t  13% of the sample  by 
weight .  At  pH 7 the 2 h ighes t  oxides gave  too l i t t le  
Mn  +§ to measure ,  and  the  others abou t  0.2% of the  
sample.  I t  m a y  be conc luded  tha t  the surface  of a 
d i scharg ing  electrode is someth ing  l ike these oxides 
in  the ea r ly  p a r t  of the  discharge,  since ve ry  l i t t le  
Mn  *§ is d issolved up to 100 m a - m i n  b y  an  e lec t ro-  
ly te  of pH 7.5. Since Mn ++ is d issolved in  l a rger  
q u a n t i t y  in  the  l a t t e r  pa r t  of a discharge,  even  at 
pH 8, the e lect rode surface  m u s t  e v e n t u a l l y  be re -  
duced to someth ing  cons ide rab ly  more  reac t ive  t h a n  
Mn~O~, which  reacts  on ly  to a smal l  ex t en t  at  pH 7. 

If the loga r i thm of the  Mn §247 concen t r a t i on  is 
p lo t ted  agains t  the pH for a n y  one oxide, the poin ts  
fa l l  fa i r ly  wel l  a long a s t ra igh t  l ine.  This  m a y  be  
compared  w i th  Fig. 1 in  which  the l ine  expresses 
a rough  r e l a t i on  b e t w e e n  the  pH a nd  the  Mn** 
c onc e n t r a t i on  r a the r  t h a n  the  l oga r i t hm of the  l a t -  
ter.  This  a p p a r e n t  d i s a g r e e m e n t  is p r o b a b l y  no t  
rea l  because  the  re la t ionsh ip  in  Fig.  1 is a more  
compl ica ted  one t h a n  the  reac t ion  of a defini te  solid 

Table Ill. Mn §247 dissolved in 3 hr by 2M (NH4).~504 buffered with 
0.01M H~SO4 and pyridine at different pH values from different 

oxides at 25~ 

Mn++ d i s s o l v e d ,  M x 104 

Oxide !OH 4.7 5.(] 5.3 5.6 5.9 6.2 6.5 q.O 

MnOl~ 24 13 7.6 5.1 2.2 1.8 1.2 0.4 
MnOl~I 18 8.3 5.5 4.0 1.8 1.1 0.7 0.4 
MnOl.~0 12 6.3 4.4 3.1 1.6 1.3 0.6 0.3 
MnO,.~ 7.3 4.3 3.0 2.7 1.3 1.2 0.4 - -  
MnO1.88 3.8 2.1 1.1 0.8 0.6 0.3 
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Table IV. Effect of volume of solution on amount of MnOOH 
dissolved in 3 hr by buffered 2M (NH4)~SO4, 25~ 

M n ~ +  c o n e ,  M n  ++ to ta l  
V o l u m e ,  m l  loI-I M x 104 m m o l e s  x 102 

50 4.7 12 6.0 
150 4.7 4.4 6.6 
250 4.7 3.0 7.5 

50 5.3 5.8 2.9 
150 5.3 2.1 3.1 
250 5.3 1.4 3.4 

with electrolytes of varying pH. In a discharge the 
composition of the surface of the electrode changes 
as the discharge proceeds and the formation of ap- 
preciable Mn +§ seems to start at different stages 
of the discharge in different electrolytes. 

The reactivity of a lower oxide resembles the re- 
activity of the surface of a discharging electrode in 
the effect of volume. Table IV shows the results of 
experiments on the reactivity of 50 mg portions of 
MnOOH with 3 different volumes of solution at 
pH 4.7 and 5.3, the experimental details being as 
described above. The total amount dissolved in 3 
hr varies considerably less with volume than the 

concentration. 

Conclusions 
The above  resul ts  are in  a g r e e m e n t  wi th  the 

theory  of the  e lect rode reac t ion  tha t  has been  de-  
ve loped in  p rev ious  papers  (3 ,4) .The  decrease  in  
closed c i rcui t  po ten t i a l  on discharge  has been  
ascr ibed to the  a c c u m u l a t i o n  of lower  oxide on the  
surface of the  MnO~. This  is r e m o v e d  by  reac t ion  
wi th  the e lec t ro ly te  to give Mn §247 or by  diffusion into 
the MnO~ or in  bo th  ways.  The ra te  of r emo va l  by  
reac t ion  wi th  the e lec t ro ly te  is a f unc t i on  of pH and  
of the  oxygen  con ten t  of the  sur face  oxide. W h e n  
the pH is too high for the surface  oxide to reac t  
wi th  the so lu t ion  as fast  as it  is produced,  its oxy-  
gen con ten t  decreases as the d ischarge  proceeds.  
At  the h igher  pH va lues  (>6 .5)  the  lower  oxide 

p roduced  in  the  ear ly  pa r t  of the d ischarge  does not  
react  app rec i ab ly  wi th  the  solut ion.  Eve n t ua l l y ,  the 
surface  becomes reduced  to such an  ex t en t  tha t  
Mn §247 passes in to  solut ion.  The  sur face  t h e n  r e s e m -  
bles  in  its r eac t ion  an  oxide reduced  cons ide rab ly  
be low MnO O H  or MnsO,. For  the  s tudy  of the  elec- 
t rode  reac t ion  l ead ing  on ly  to lower  oxide, elec- 
trodes of the type  descr ibed above can be used  at 
pH 8 w i th  no Mn *+ fo rma t ion  d u r i n g  the  l a rger  pa r t  
of the discharge.  

It  wi l l  be  shown in  a la ter  paper  tha t  these  obser -  
va t ions  do not  app ly  to al l  types  of MnO~. They  are 
va l id  for MnO~ elect rodeposi ted  f rom an  acid MnSO4 
ba th  wi th  neg l ig ib le  impur i t i es .  Such MnO~ can be 
expected  to be T-MnO~ (7,8).  
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Oxidation of Niobium between 375~ and 700~ 
Earl A. Gulbransen and Kenneth F. Andrew 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Niobium has been found to oxidize in a complex manner .  At 400~ and 
lower a slow rate of reaction is observed with the kinetics following the para- 
bolic rate law. At a weight gain of 55-70 ~g/cm ~ a t ransi t ion in the kinetics 
occurs to a near ly  l inear  rate law. Between 550 ~ and 625~ the oxidation rate 
is near ly  constant as a funct ion of temperature,  while above 625~ the oxida- 
t ion rate again increases with the temperature .  The adherence of the oxide 
is poor above the t ransi t ion point. 

Owing  to its h igh  m e l t i n g  po in t  of 2415~ its 
r e la t ive ly  low n e u t r o n  cross section, and  its w o r k -  
ab i l i ty  at  room t e m p e r a t u r e ,  Nb has m a n y  po ten t i a l  
uses as a me ta l l u rg i ca l  mater ia l .  The  me ta l  is ve ry  
ine r t  a t  room t e m p e r a t u r e  to gas and  l iqu id  phase 
corrosion.  However ,  its r eac t iv i ty  w i t h  oxygen,  

hydrogen ,  and  n i t r o g e n  at e leva ted  t e m p e r a t u r e s  
is a m a j o r  difficulty associated w i th  its use as a h igh 
t e m p e r a t u r e  mate r ia l .  

G u l b r a n s e n  and  A n d r e w  (1) s tudied  the  reac t ion  
of Nb in  0.1 a tmospheres  of oxygen  over  the  t e m -  
p e r a t u r e  r ange  of 250~176 For  this t e m p e r a t u r e  
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r ange  the  parabol ic  ra te  law was found  to fit the  
data.  No evidence  was  found  for  a t r ans i t i on  in  the 
ra te  of oxidat ion.  

I n o u y e  (2) s tud ied  the scal ing of Nb in  d ry  and  
in  wet  air  over  the  t e m p e r a t u r e  r ange  of 400 ~ 
1200~ At  400~ in  d ry  air  the  oxide film was i n i -  
t ia l ly  protect ive.  Af t e r  21 hr  a sharp  t r ans i t i on  oc- 
cu r red  in  the  ra te  of oxidat ion .  A l inea r  ra te  law 
was found  af ter  t r ans i t ion .  Wate r  vapor  was found  
to accelera te  the reac t ion  at 400~ b u t  no t  at  h igher  
t empera tu re s .  

Bridges  and  Fassel l  (3) s tud ied  the  ox ida t ion  of 
Nb f rom 400 ~ to 800~ and  f rom 14.7 to 605 psia. 
pressure.  A l i nea r  r a t e  law was found.  The  t e m p e r -  
a tu re  dependence  of the  ra te  of ox ida t ion  showed a 
r eve r sa l  in  sign b e t w e e n  550 ~ and  650~ In  this  
t e m p e r a t u r e  region  the  ra te  of ox ida t ion  was  ve ry  
sens i t ive  to pressure .  

The  t he rmochemica l  p roper t ies  of the  n i o b i u m  
oxides have  been  s tud ied  (4,5) and  a c o m p r e h e n -  
sive s t udy  of the  oxides of Nb has been  m a d e  (6) .  
Three  oxides, Nb.~O~, NbO2, and  NbO exist  wi th  
l imi ted  regions  of homogenei ty .  The solid oxide 
Nb.~O~ exists  in  th ree  forms des igna ted  as (L) low, 
(M) middle ,  and  (H) high. The  x - r a y  dif f ract ion 
pa t t e rn s  of the  L form were  i somorphous  w i t h  TarO=. 
and  w e r e  s table  to 900~ Be tween  1000 ~ and  
l l 0 0 ~  the  M form was found  which  t r ans fo rms  to 
the H form at h igher  t empera tu re s .  

Accord ing  to Inouye  (2) ,  Zacha r i a sen  found  
Nb~O~ to be i somorphous  w i th  Ta~_Os. The  crys ta l  
s t r uc tu r e  was  pseudohexagona lo r thohombic .  The  
cell d imens ions  were  repor ted  as A1 = 6.16 -- 0.03A, 
As ---- 3.65 --+ 0.02A, and  As = 3.94 ---+ 0.02A wi th  the  
me ta l  a toms at (0,0,0) and  (1/2,1/2,0). The ca lcula ted  
dens i ty  was 4.95 g/cc.  NbO~ has a c rys ta l  s t ruc tu re  
s imi la r  to tha t  of ru t i l e  wi th  the  fo l lowing  la t t ice  
cons tan ts :  a = 4.84A, c = 2.99A, and  c / a  = 0.618. 
The  so lub i l i ty  of oxygen  in  Nb b e t w e e n  800 ~ and  
l l 0 0 ~  has been  inves t iga ted  by  Seybol t  (7) .  

The  purpose  of this  work  is (a) to ex t end  ear l ie r  
work  to the  t e m p e r a t u r e  r ange  of 350~176 (b) 
to s tudy  the t r ans i t i on  in  the  ra te  of ox ida t ion  ob-  
served by  I n o u y e  (2) ,  and  (c) to check the  nega t i ve  
t e m p e r a t u r e  coefficient for the  reac t ion  found  by  
Bridges  and  Fassel l  (3) .  

Experimental 
The v a c u u m  mic roba l ance  me thod  was  used in  

this work  (8) .  Sma l l  s tr ips of the  me ta l  were  sus-  
pended  f rom a sens i t ive  m i c r o b a l a n c e  ope ra t ing  i n -  
side a v a c u u m  system. Af te r  r emova l  of the  gases 
f rom the v a c u u m  system, the  samp]e was  hea ted  to 
t e m p e r a t u r e  and  oxygen  gas added.  The  reac t ion  
of the  me t a l  w i th  oxygen  was  fol lowed semicon-  
t inuous ly .  

To e x t e n d  the  r ange  of the  s tudy,  two mic ro -  
ba lances  of d i f ferent  sens i t iv i t ies  were  used and  
th ree  sizes of samples.  The  samples  we ighed  0.6840 
g, 0.1600 g, and  0.0780 g, and  had  surface  areas  of 
6.6 cm =, 1.62 cm 2, and  0.79 cm 2, respect ively .  The 
specia l ly  cons t ruc ted  low sens i t iv i ty  mic roba lance  
had  a sens i t iv i ty  of 0.34 x 10 -3 cm/~g  and  was  used 
wi th  the smal l  spec imens  to ex t end  the  th ickness  
range.  

Weight  gains  of 4.5 mg  could be m e a s u r e d  on 
spec imens  of 0.0780 g wi th  surface  areas  of 0.79 c m i  
This  was e q u i v a l e n t  to 13% of the  me t a l  r eac t ing  
w i th  oxygen.  

A gas - t igh t  mu l l i t e  f u r n a c e  t u b e  was used to 
enclose the  sample.  This tube  was  sealed d i r e c t l y  
to the  a l l -g lass  v a c u u m  system. No meta l ,  r ubbe r ,  
grease joints ,  or stopcocks were  used. Pressures  of 
less t h a n  10 8 m m  Hg could be achieved in  the 
system.  

To e l imina t e  the reac t ion  of Nb wi th  the  gases 
p re sen t  in  the  v a c u u m  sys tem d u r i n g  the h e a t - u p  
period, the sample  and  f u r na c e  t ube  were  p u m p e d  
at room t e m p e r a t u r e  for severa l  hours  at 10 -~ m m  
Hg or less. Pur i f ied  oxygen  gas was added af ter  
the  f u r n a c e  was ra ised  a r o u n d  the fu rnace  t ube  and  
af ter  t h e r m a l  e q u i l i b r i u m  was es tabl ished.  

The spec imens  were  p r epa red  f rom Fans t ee l  h igh 
p u r i t y  v a c u u m  s in te red  Nb sheet. The  analys is  of 
the  sheet  was  as follows: C, 0.0162 wt  %; Ta, 0.143; 
Fe, 0.008; Zr, 0.65; Ti, 0.013; N, 0.028; and  O, 0.107. 
To r emove  sur face  con tamina t ion ,  the spec imens  
were  ab raded  u n d e r  purif ied kerosene.  Each ox ida-  
t ion  was made  us ing  a n e w  specimen.  There  was no 
ind ica t ion  tha t  deca rbu r i za t i on  was  a factor  in  the  
change  of we igh t  of the  specimen.  The  e x p e r i m e n t a l  
resul ts  were  r ep roduc ib l e  w i t h i n  10%. 

Results and Discussion 
Effect o~ temperature 375 ~ to 525~ 1 

to 5 show the resul t s  of the ox ida t ion  e xpe r imen t s  
for t e m p e r a t u r e s  of 375~176 In  these  figures the  
weigh t  gain  in  mic rog rams  per  cm ~ was p lo t ted  as 
a f unc t i on  of the t ime  in  minu tes .  The usua l  ox ida-  
t ion e x p e r i m e n t  was  for 6 hr. However ,  in  severa l  
e xpe r i me n t s  longer  t imes  were  used. Al l  exper i -  
me n t s  were  m a d e  at  0.1 a tmospheres  p re s su re  of 
oxygen.  

To conver t  the  weight  ga in  in  mic rog rams  per  cm ~ 
to th ickness  in  Angs t roms ,  a factor  of 67.2 was  used. 
This factor  was  ca lcu la ted  f rom the  oxide Nb~O,, a 
dens i ty  of 4.5, and  a sur face  roughness  ra t io  of 
un i ty .  

F igu re  1 shows the  weigh t  ga in  curves  for the 
375 ~ and  400~ ox ida t ion  curves.  Af t e r  a r ap id  
in i t i a l  react ion,  the  ra te  of ox ida t ion  decreases as 
the oxide th ickens .  Tab le  I shows a s u m m a r y  of the  
th ickness  da ta  af ter  a g iven  t ime  of react ion,  to-  
ge ther  wi th  the color of the oxide film and  its 
s t ab i l i ty  to c rack ing  on  cooling. A t  375~ no ev i -  
dence  was  observed  in  6 h r  for a t r a n s i t i o n  in  the  
ra te  of oxidat ion.  

80 _ 5,000 A ~ 
,..,..,.'9" 

~ ~ o o . ~  " ~ ' ~  

0(~ 40 80 120 160 200 240 280 520 360 
Time (min.) 

Fig. 1. Effect of temperature on oxidat ion of Nb abraded 
through 4 / 0 ,  7.6 cm Hg of 02. Curve A, 375~ curve B, 
400 ~ 
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Table I. Thickness, color, and physical character of oxide films 
formed on Nb 

Temp,  Time,  Oxide thickness  
~  r a i n  ~ g / c m  "2 A C o l o r  C h a r a c t e r  

375 360 53.8 3620 Blue-green Stable 
400 360 83.5 5610 Dark gray Stable 
425 330 591 39,800 Dark gray Stable 
450 360 2780 187,000 Light gray Stable 
475 190 2880 193,500 Light gray Stable 
500 120 1818 122,100 Light and Spalled 

dark gray 
525 100 1308 87,900 Dark gray + Spalled 

small  amt. 
light gray 

550 120 3190 214,500 Light and Spalled 
Clark gray 

575 120 3610 236,000 Light and Spalled 
dark gray 

600 120 3270 220,000 Dark gray + Spalled 
small  amt. 
light gray 

625 120 3350 225,500 Dark gray § Spalled 
small  amt. 
light gray 

650 120 4290 288,000 Dark gray + Spalled 
small  amt. 
l ight  gray 

675 95 5550 373,000 Dark gray + Spalled 
small amt. 
l ight gray 

700 55 5550 373,000 Dark gray Cracked 
oxide 
film 

For  the  400~ e x p e r i m e n t  of Fig. 1, the  ox ida t ion  
reac t ion  follows the  pro tec t ive  p a t t e r n  for 41~ hr  
af ter  which  a t r ans i t i on  occurs and  the ra t e  of 
ox ida t ion  increases.  This  t r ans i t i on  occurs at  a film 
th ickness  of about  60-80 ~g/cm% Bridges and  Fassel l  
(3) s ta te  t ha t  n e a r l y  6 hr  were  r e q u i r e d  before  the 
ox ida t ion  ra te  became  l i nea r  at  400~ and  a p re s -  
sure  of 1 a tmosphere  of oxygen.  This obse rva t ion  
could be i n t e r p r e t e d  as a t r a n s i t i o n  in  the  ox ida t ion  
ra te  and  is in  a g r e e m e n t  wi th  the resul t s  of Fig. 1. 
T rans i t i ons  in  the  ra te  of ox ida t ion  have  b e e n  o b -  
served in  o ther  sys tems (9) and  m a y  be a gene ra l  
p h e n o m e n o n  for the ox ida t ion  of a wide  va r i e ty  of 
meta l s  and  alloys. Wha t  was u n u s u a l  was  the  low 
th ickness  va lue  at which  t r ans i t i on  occurs. 

F igu re  2 shows the  ox ida t ion  curve  at  425~ 
Aga in  the  ox ida t ion  curve  shows the  f o r m a t i o n  of 
a p ro tec t ive  oxide  d u r i n g  the  in i t i a l  s tage of the  
react ion.  However ,  a f ter  a film th ickness  of 55 ~g/  
cm ~ was reached,  the ra te  of ox ida t ion  u n d e r w e n t  
a t r ans i t i on  to a l i nea r  rate.  These  resu l t s  confirm 
the t r a n s f o r m a t i o n  shown at 400~ 

F i g u r e  3 shows the  course of the  450~ ox ida t ion  
curve.  The  curve  shows a ve ry  shor t  per iod  of p ro -  
tec t ive  oxide f o r m a t i o n  fol lowed by  a t r ans i t i on  to 
a l i nea r  r a t e  of react ion.  The  t r a n s i t i o n  th ickness  
was  abou t  50 # g / c m  2. The  we igh t  gains  co r respond-  
ing  to 100,000 and  200,000A of film th ickness  were  
no ted  on the  figure. A film th ickness  of 100,000A 
corresponds  to 10:3 cm, or 0.0004 in. This  was  an  
apprec iab le  a m o u n t  of r eac t ion  for a 3 -h r  per iod at 
this t empe ra tu r e .  

F i g u r e  4 shows the  resu l t s  at  475~ Here,  the  
in i t i a l  s tage of the  r eac t ion  was  v e r y  short.  The  
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Fig. 2. Oxidation of Nb, abraded through 4 /0 ,  425~ 
(797~ 7.6 cm Hg of 0=. 
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Fig. 3. Oxidation of Nb, abraded through 4 /0 ,  450~ 
(842~ 7.6 cm Hg of 02. 
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Fig. 4. Oxidation of Nb, abraded through 4/0,  475~ 
(887~ 7.6 cm Hg of 02. 
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Fig. 5. Oxidation of Nb, abraded through 4/0, 525~ 
(977~ 7.6 cm Hg of O=. 

ex ten t  of reac t ion  af ter  3 hr  of reac t ion  was n e a r l y  
2 x  10 -3 cm, or 0.0008 in. Ta b l e  I shows t h a t  the  
oxide film was c rack ing  on cooling, and  one m u s t  
conc lude  tha t  the oxide was u n p r o t e c t i v e  for this  
t empe ra tu r e .  

F i g u r e  5 shows severa l  n e w  fea tures  in  the  course 
of the  ox ida t ion  curve  at  525~ Firs t ,  t he  in i t i a l  
per iod  was  no longer  observed.  Second, spa l l ing  of 
the  oxide f rom the  me t a l  was i n t e r f e r i ng  w i th  the  
ra te  m e a s u r e m e n t s .  Third,  the  p rev ious ly  t e rmed  
l inea r  r a t e  law reg ion  was  no t  l i nea r  s ince t he  ra te  
decreases wi th  t ime. This could be  an  ind ica t ion  of 
spa l l ing  or a change  in  the  m e c h a n i s m  of react ion.  

E~ect o~ temperature 550~176 6 
shows ox ida t ion  curves  for e xpe r i me n t s  b e t w e e n  
550 ~ and  700~ B e t w e e n  500 ~ and  625~ the  ra te  
of ox ida t ion  was  n e a r l y  i n d e p e n d e n t  of t e m p e r a -  
ture,  wh i l e  above 625~ the ra te  of ox ida t ion  i n -  
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Fig. 6. Effect of temperature on oxidation of Nb, abraded 
through 4 /0 ,  7.6 cm Hg of 02. Curve A, 550~ curve B, 
575~ curve C, 600~ curve D, 625~ curve E, 650~ 
curve 7, 675~ curve G, 700~ 

creased wi th  t empe ra tu r e .  Af te r  an  in i t i a l  period, 
the da ta  a p p r o x i m a t e l y  fit a l i nea r  ra te  law. Due  to 
occasional  spa l l ing  of the oxide, the l i nea r  ra te  l aw 
was no t  un i fo rm.  Al l  of the oxide  films fo rmed  in  
this  t e m p e r a t u r e  r ange  spal led or cracked on cool- 
ing to room t empera tu r e .  Tab le  I summar i ze s  the 
oxide thickness ,  the oxide color, and  the  s tab i l i ty  
da ta  for these  exper imen t s .  F igu re  7 shows a photo-  
g raph  of the 675~ sample  af ter  oxidat ion ,  together  
w i th  the spal led oxide collected f rom the fu rnace  
tube.  

These e x p e r i m e n t s  suggest  tha t  the re  exists  a 
t e m p e r a t u r e  region  in  which  the  ra te  of ox ida t ion  
is n e a r l y  cons tan t  w i th  t empe ra tu r e .  No ev idence  
was  found  for a r eve r sa l  i n  the t e m p e r a t u r e  co- 
efficient of the  ox ida t ion  reac t ion  as no ted  by  
Bridges  and  Fassel l  (3) .  

Rate law correlation.--Both the  l i nea r  and  p a r a -  
bolic r a t e  l aw have  been  used to exp la in  the ox ida-  
t ion  r a t e  of Nb (1-3) .  The parabol ic  ra te  l aw states 

W ~ = At  + C 

Here  W is the  weight  gain,  t is the t ime, and  A and  
C are  constants .  W a g n e r  and  G r i i n e w a l d  (10) a nd  
la ter  Mott  (11) de r ived  this equa t ion  f rom f u n d a -  
m e n t a l  p r inc ip les  of diffusion and  la t t ice  defects. 
The l inea r  r a t e  l aw states 

W = A t + C  

and  suggests  tha t  diffusion processes are no t  r a t e  
control l ing.  The symbols  have  the same  m e a n i n g  as 
before.  

To test  the fitness of the  parabol ic  ra te  law a nd  to 
show the  t r a n s i t i o n  to the  l inear  ra te  law, plots 
were  made  of the  weigh t  gain  squared  vs. t ime.  
Three  plots were  made  for 375 ~ 425 ~ and  475~ 
runs .  F i g u r e  8 shows the  parabol ic  ra te  law plots 

Table II. Comparison of parabolic rate constants for oxidation 
of Nb 

e i d e r  w o r k  (1) This study 
Darabolic Darabolic 

Tamp,  c o n s t a n t s  Tamp,  constants 
t~ (g /cm e) e/sec toc (g /cm e) 2/sec 

200 1.06 X 1O -*~ 
225 4.45 X 10 -.5 
250 6.25 X 10 -~ 
275 5.52 X 10 ~' 
300 7.39 • 10 -~ 
325 9.38 X 10 -~4 
350 2.8 X 1 0  -~3 

375 9.03 X 10 -~ 

375 1.25 X 10 -= 
400 2.96 X 10 -~ 
425 6.50 X 10 -~'~ 
450 1.12 X 10 -'2 
475 1.75 • 10 -'~ 

Fig. 7. Oxidation of Nb, 650~ 7.6 cm Hg of 02 
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Fig. 8. Oxidation of Nb parabolic plot, abraded through 
4 /0 ,  375~ (707~ 7 .6cm Hg of 02. Al_~h, = 1.35 x 10 -~ 
(g/cm2)2/sec; A~-6~ ~ 1.25 x ]0  -~'3 (g/cm~)~Tsec. 

for 375~ run .  Af te r  the in i t i a l  per iod  a fa i r ly  good 
fit was  obta ined.  This confirms the ear l ie r  resul t s  of 
G u l b r a n s e n  and  A n d r e w  (1).  F igu re  9 for the  425~ 
ox ida t ion  shows the parabol ic  ra te  l aw to fit the 
in i t i a l  pa r t  of the  react ion.  The t r a n s i t i o n  to the  
l i nea r  ra te  law occurs af ter  80 ra in  of react ion.  
F igu re  10 shows a parabol ic  ra te  law plot  for the  
475~ exper imen t .  No fit was  ob ta ined  at  this  t e m -  
pe ra tu re .  

Tab le  II  shows a compar i son  of the  parabol ic  r a t e  
law cons tan ts  ob ta ined  in  this  s tudy  wi th  those 
ob ta ined  in  the  au thors '  ear l ie r  work.  Resul ts  for 
the  commerc ia l  grade  of Nb show lower  ra tes  of 
reac t ion  t h a n  resul t s  on a somewha t  p u r e r  grade  of 
Nb used in  our  ear l ie r  s tudy.  

F i g u r e  11 shows a logar i thmic  plot  of the  p a r a -  
bolic ra te  law cons tan t  vs. 1/T. The resul t s  of the  
ear l ie r  s tudy  were  included.  The  figure shows tha t  
the t e m p e r a t u r e  coefficients of the  parabol ic  ra te  

20,000 

16,00C 

E 
J2,000 

"~ 8000 

E 
g 

4000 
/ 

f 
40 80 120 160 

Time(mm) 

Fig. 9. Oxidation of Nb parabolic plot, abraded through 
4 /0 ,  425~ (797~ 7.6 cm Hg of 03. A = 6.95 x 10 -~ 
(g/cm2)~/sec. 
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Fig. 10. Oxidation of Nb parabolic plot, abraded through 
4/0,  470°C (887°F), 7.6 cm Hg of 0=. 

Temp. °C 
400 500250 200 

,o-"_, I ~ r '  r l' I I' I ~  
- A-B This Work 

A C-D Earlier Study-  
\ AH=22,800cols/moie 

o I I -  

E ~ 

Io-"~- 

- I! 
I0 1.20 140 1.60 1.80 2.00 2.20 

~Tx lO 3 

Fig. ] 1. Oxidation of Nb, log A vs. 1/T 

l aw  cons tan t  for  the  two  sets of resul t s  w e r e  about  
the same.  H o w e v e r ,  the  ac tua l  cons tan ts  for  t he  
c o m m e r c i a l  g rade  of m a t e r i a l  w e r e  smal ler .  A hea t  
of a c t i v a t i o n  of 22,800 ---+ 3,000 c a l / m o l e  was  ca l cu -  
la ted.  S ince  the  s tudies  of I n o u y e  (2) and Br idges  
and  Fasse l l  (3) w e r e  for  the  l inea r  r ange  of o x i d a -  
tion, no compar i sons  can be  m a d e  w i t h  the i r  data.  

Tab le  I I I  shows a s u m m a r y  of t h e  l inea r  r a t e  l aw  
cons tan ts  for  the  t e m p e r a t u r e  r a n g e  of 400°-700°C.  
The  va lues  ident i f ied  as in i t i a l  va lues  w e r e  ob ta ined  
i m m e d i a t e l y  a f te r  t r ans i t i on  and  do no t  r e p r e s e n t  
the long pe r iod  r a t e  of react ion .  

F i g u r e  12 shows a l o g a r i t h m  l i nea r  r a t e  cons tan t  
vs. 1/T  plot  of the  l inea r  r a t e  l a w  data ,  t oge the r  
w i t h  the  da ta  of I n o u y e  (2) and Br idges  and Fasse l l  
(3) .  B e l o w  500°C the  da ta  f r o m  the  t h r ee  s tudies  
w e r e  in ag r eemen t ,  wh i l e  above  500°C the  t h r ee  
s tudies  a r e  no t  in ag r eemen t .  The  p r e sen t  s tudy  
shows no e v i d e n c e  at  0.1 a t m o s p h e r e  p ressu re  of 
o x y g e n  for  a n e g a t i v e  t e m p e r a t u r e  coefficient  for  
the  r a t e  of ox ida t ion  as no ted  by  Br idges  and  Fasse l l  
(3) .  A l t h o u g h  I n o u y e  on ly  s tud ied  the  r eac t ion  at  
100°C in te rva l s ,  his da ta  also show no ev idence  for  
Lhis p h e n o m e n o n .  
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Table I l l .  Linear rate law constants, oxidation of Nb 

L i n e a r  r a t e  L i n e a r  r a t e  
T e m p ,  l a w  c o n s t  T e m p ,  l a w  c o n s t  

°C  g / c m = / s e c  °C  g / c m e / s e c  

400 5.7 × 10 -~* 550 3.3 X 10 -7 
425 4.3 X 10 -8* 575 3.76 X 10 -7 
450 1.13 X 10 -7 600 3.81 × 10 -~ 
450 2.05 × 10 -~* 625 3.88 × 10 -7 
475 2.07 X 10 -~ 650 5.53 X 10 -~ 
500 1.9 X 10 -~ 675 8.8 X 10 -~ 
525 2.66 × 10 -7 700 1.39 X 10 -~ 

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

Transition in the rate of oxidation data . - -Niobium 
undergoes  a t r ans i t i on  in t he  r a t e  of ox ida t ion  f r o m  
the  pa rabo l i c  r a t e  l a w  to the  l inea r  r a t e  l aw  at  f i lm 
th icknesses  of 50-67 ~ g / c m  = in the  t e m p e r a t u r e  
r ange  of 400°-450°C.  This  conf i rms the  resu l t s  of 
Inouye  (2) .  

A f t e r  t r ans i t i on  the  ox ide  was  no t  a d h e r e n t  to 
the  meta l .  The  ea r ly  onset  of t r ans i t ion  is a m a j o r  
diff iculty in the  use of the  m a t e r i a l  at  h igh  t e m p e r a -  
ture .  In  the  p r o t e c t i v e  r a n g e  of the  o x i d a t i o n  of 
Nb the  pa rabo l i c  r a t e  cons tan ts  w e r e  cons ide rab ly  
n i g h e r  t han  those found  for  Zr, Ni, and  o the r  meta ls .  

T h e  d a t a  of  Tab le  I sugges t  t h a t  t h e r e  is a def in i te  
r e l a t ion  b e t w e e n  the  fact  t ha t  t h e  ox ide  spalls  at 
t e m p e r a t u r e  or cracks  on cool ing and the  t r ans i t ion  
to a l inea r  r a t e  law.  H o w e v e r ,  the  400° -475°C e x -  
p e r i m e n t s  ind ica te  t ha t  the  ox ide  did not  c rack  on 
cooling. This suggests  tha t  the  ox ide  fi lm had  lost 
adhes ion  on a local  basis long be fo re  the  necessa ry  
s t resses  w e r e  r eached  for  c r ack ing  of t he  ox ide  f r o m  
the  meta l .  We associate,  the re fo re ,  t he  t r ans i t i on  in 
the  r a t e  of ox ida t ion  to local  loss of adhes ion  or  to 
c rack ing  or spa l l ing  of the  ox ide  f r o m  t h e  meta l .  
The  c rack ing  or spa l l ing  of the  ox ide  was  a l a te r  
s tage  of t he  process  w h i c h  s tar ts  as one i n v o l v i n g  a 
local  loss of adhesion.  

Temp. °C 
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Fig. 12. Oxidation rate Nb vs. 1 /T O~ at 7.6 cm Hg, 
400°-700°C. 
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Table IV. Comparison of x-ray diffraction data on spalled oxide 
with Nb~O~ (L-form) Ni K~ 

O X I D A T I O N  O F  N b  B E T W E E N  370 ° & 700°C 

550°C Oxide  700°C Oxide  NbeO5 (L-form) (6) 
dhkl I/Io dLkI I/[~ dhkl I/Io 

3.9231 10 3.8854 9 4.0550 1 
3.1260 8 3.1258 10 3.9482 8 
3.0758 8 3.0575 5 3.1661 8 
2.9199 1 2.4394 4 3.0867 5 
2.8177 1 2.4120 2 2.4661 5 
2.7252 tr 2.1051 tr 2.4364 3 
2.4479 7 2.0028 tr  2.1319 1 
2.4197 7 1.9626 7 2.0213 2 
2.1136 tr 1.8205 6 1.9729 5 
2.0011 tr  1.7852 7 1.8377 3 
1.9585 7 1.6560 9 1.8004 5 
1.8232 1 1.6253 5 1.6664 5 
1.7884 3 1.5696 3 1.6380 3 
1.6564 5 1.5375 1 1.5798 3 
1.6267 2 1.4574 3 1.5508 2 
1.5668 tr  1.3365 3 1.5276 1 
1.5390 tr  1.3207 3 1.4977 1 
1.4589 tr  1.2265 1 1.4687 3 
1.4318 tr 1.2088 1 1.4435 1 
1.3205 tr  1.1930 1 1.4029 1 

1.1429 1 1.3429 3 
1.1227 tr  1.3280 3 

1.2333 2 
1.2161 1 
1.1995 1 
1.1493 2 
1.0084 1 

X - r a y  diffraction s tud ies . - -An  x - r a y  diffract ion 
s tudy  was  made  of the oxides fo rmed  in  the ox ida-  
t ion  of Nb for the  t e m p e r a t u r e  r ange  of 500°-700°C. 
The x - r a y  dif f ract ion dhk, va lues  can  best  be cor-  
re la ted  w i th  the  L - f o r m  of Nb~Os, a l though  impor -  
t a n t  dev ia t ions  are  found.  Tab le  IV shows a cor-  
r e la t ion  b e t w e e n  the  dhk, va lues  for the 550 ° and  
700°C spal led oxide films wi th  the L - f o r m  of Nb~O5 

(6).  X - r a y  s tudies  on the spal led  oxide agree wi th  
those of Inouye  (2) .  

A t t emp t s  we re  m a d e  to s t r ip  the  oxide film elec-  
t rochemica l ly  f rom the  375 ° and  400°C e x p e r i m e n t s  
where  a d h e r e n t  oxide films were  formed.  These 
efforts were  not  successful.  

I t  was  conc luded  tha t  the  low t e m p e r a t u r e  mod i -  
fication of Nb~O5 was formed.  However ,  the  p a r a -  
mete r s  were  no t  exac t ly  those observed  by  B r a u e r  
(6) .  A phase  d i a g r a m s tudy  of the  n i o b i u m  oxide 
sys tem m u s t  be  made  to u n d e r s t a n d  the  observed 
s t ruc tu res  a nd  those of Brauer .  Also, the  i m p o r t a n t  
oxide films to s tudy  were  those for the  a d h e r e n t  
scales. Methods m u s t  be deve loped  for r e m o v i n g  
the  base me t a l  f rom the  oxide film. 

Manuscript  received May 27, 1957. This paper was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL.  
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The Action of Lead Pigments and Lead Soaps on Aluminum 
M. J. Pryor, R. J. Hogan, and F. B. Patten 

Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

Aqueous extracts from metallic lead and l i tharge are corrosive to a luminum 
due to their  ini t ia l ly high pH and to the galvanic corrosion resul t ing from lead 
deposition on the a luminum.  Aqueous extracts from red lead and basic lead 
carbonate have lower pH, do not deposit metall ic lead on a luminum,  and are 
much less corrosive. Aqueous extracts from lead linoleate, lead ricinoleate, 
and lead laurate  inhibi t  the corrosion of a luminum and the galvanic corrosion 
of a luminum coupled to lead. Inhibi t ion is believed to be due to the adsorption 
of fat ty acid anions on the oxide covered a luminum surface. Since the diameter  
of the fatty acid anions is large, the electric fields accelerating a luminum ions 
from the metal  through the oxide film are very weak. Consequently the 
corrosion of a luminum in lead soaps is prevented.  Inhibi t ion by lead soaps is 
easily broken down by the simultaneous presence of small quanti t ies of 
chloride ions. 

The  ques t ion  of w h e t h e r  organic  coat ings  p ig-  
m e n t e d  w i th  lead compounds  acce lera te  or reduce  
the corrosion of a l u m i n u m  has n e v e r  been  fu l ly  re -  
solved. I t  has b e e n  a rgued  (1) tha t  pa in t s  con t a in -  
ing lead p igmen t s  should  acce lera te  corrosion due 

to deposi t ion of meta l l i c  lead which  forms d a m a g i n g  
ga lvan ic  cells. However ,  W a g n e r  (2) has suggested 
tha t  red  lead p r i me r s  m a y  be used safe ly  on a lu -  
m i n u m  prov ided  all  a lka l ine  c l ean ing  compounds  
are first removed.  This u n c e r t a i n t y  has been  accen-  
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tua ted  by  the  va r i ed  service exper ience  w i th  a lu -  
m i n u m  which  had  b e e n  coated w i th  lead based 
paints .  

M a y n e  (3) d e m o n s t r a t e d  t ha t  oxygen  and  w a t e r  
pass t h rough  organic  films at a r e l a t ive ly  h igh  ra te  
bu t  tha t  the  passage of o ther  more  corrosive  an ions  
such as chlor ide ions is l a rge ly  p reven ted .  T h e r e -  
fore it  fol lows tha t  the effectiveness of a p r i m e r  de-  
pends  to a cons iderab le  ex t en t  on the ra te  of cor-  
rosion of the base me ta l  i n  an  o x y g e n - c o n t a i n i n g  
aqueous  ex t rac t  f rom the  p i g m e n t  or f rom the  p rod -  
ucts of i n t e r ac t i on  of the  p i g m e n t  w i th  the vehicle.  

Severa l  inves t iga t ions  have  been  car r ied  out  in  
the  past  (4-6)  which  have  shown tha t  aqueous  ex-  
t racts  f rom cer ta in  lead p igmen t s  such as l i tharge,  
meta l l i c  lead, and  red lead have  an  i n h i b i t i v e  act ion 
on the corros ion of steel. F u r t h e r m o r e ,  lead l ino-  
leate  (5) ,  a p roduc t  of r eac t ion  of a lead p i g m e n t  
wi th  a l inseed  oil vehicle,  is a corrosion i nh ib i t o r  
for steel. 

These observa t ions  have  been  of grea t  ass is tance 
in  f u r t h e r i n g  the u n d e r s t a n d i n g  of how lead p ig-  
m e n t e d  pa in t s  cont ro l  the  corrosion of steel. The re -  
fore it was cons idered  tha t  an  inves t iga t ion  of the 
corrosion ra te  of a l u m i n u m  in  aqueous  ext rac ts  
f rom l i tharge,  red  lead, basic lead carbonate ,  and  
meta l l i c  lead p igmen t s  and  in  ce r t a in  lead soaps 
migh t  c lar i fy  the effect of lead p i g m e n t e d  pa in t s  
on a l u m i n u m .  Lead soaps of u n s a t u r a t e d  l inoleic  
(C,.~H~O~) and  r ic inole ic  acids (C1~H3,O~) together  
w i th  the  lead soap of sa tu ra t ed  l aur ic  acid (C~H~O~) 
were  selected for this  i nves t iga t ion  because  these 
acids are c o m m o n l y  found  in  the  vehicles  of m a n y  
a i r - d r y i n g  and  b a k i n g  coatings.  I n  p a r t i c u l a r  it  is 
des i rab le  to d e t e r m i n e  w h e t h e r  sufficient lead passes 
in to  aqueous  so lu t ion  f rom lead p igmen t s  or lead 
soaps to in i t i a te  meta l l i c  deposi t ion  on a l u m i n u m .  
Should  this  occur, the  p rob l em becomes  p r i m a r i l y  
one of ga lvan ic  corrosion b e t w e e n  a l u m i n u m  and  
lead. Consequen t ly ,  the  i n t e n s i t y  of the  ga lvan ic  
corrosion b e t w e e n  a l u m i n u m  and  lead in  the  dif-  
f e ren t  p i g m e n t  and  soap ext rac ts  m u s t  be i nves -  
t igated in  some detail .  

Exper imenta l  
Materials.--The a l u m i n u m  used in  this  i nves t iga -  

t ion  was h igh pur i ty ,  cold rol led sheet  0.088 cm 
thick. Its chemical  compos i t ion  toge ther  w i th  those 
of the  l i tharge ,  red  lead, basic  lead ca rbona t e  ( w h i t e  
lead) ,  meta l i c  lead, and  lead soaps are shown in  
Tab le  I. Al l  o ther  solut ions  were  p r epa red  f rom 
C.P. chemicals  and  dis t i l led  water .  

Preparation of the Aqueous Extracts 
Extrac ts  f rom the four  ino rgan ic  lead compounds  

were  p r epa red  by  expos ing  50 g of each compound  
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Table II. Properties of aqueous extracts 

I n i t i a l  
Ext rac t  pH 

A v g  
Spec Res 
af ter  ill- 

Lead  content  m g  per  li ter t ra t ion  
Af te r  t h rough  

Af te r  f i l trat ion glass 
f i l t rat ion th rough  wool 
t h rough  W h a t m a n  o h m /  

glass wool # 1  paper  cme/cm 

Lead 9.1 70.0 6.9 40,500 
Litharge 9.0 82.5 2.0 29,500 
Red lead 6.1 7.5 2.1 49,000 
Basic lead 

carbonate 6.3 2.0 0.18 33,000 
Lead linoleate 5.1 218.0 - -  4,400 
Lead ricinoleate 6.0 20.8 - -  24,000 
Lead laurate  5.5 296.0 - -  4,200 
Distilled water  6.0 - -  - -  1,500,000 

to one l i ter  of dis t i l led w a t e r  for eight  days in  a 
s toppered flask at 25~176 The  flasks were  
shaken  at f r e q u e n t  i n t e rva l s  to ensu re  d ispers ion  of 
the  fine par t ic les  of p igment .  Af te r  e ight  days the 
solut ions  were  f i l tered r a p i d l y  t h r ough  glass wool 
and  con ta ined  in  we l l - s t oppe red  bottles.  S ince  the  
conduct iv i t i es  of the ext rac ts  changed  m a r k e d l y  
wi th  t ime, even  af ter  f i l t rat ion,  all  e xpe r imen t s  
descr ibed  below were  car r ied  out  on f resh  extracts .  
The ext rac ts  f rom lead soaps were  p r e p a r e d  in  a 
m a n n e r  s imi la r  to tha t  p rev ious ly  descr ibed  by  
M a y n e  (5) .  The  lead soaps were  d ispersed  in  hot  
xy lene  and  appl ied  to the  ins ide  of glass beakers .  
Af te r  d r y i n g  in  air  for e ight  days  the  beakers  we re  
filled wi th  dis t i l led  wa te r  at  25~ for a f u r t h e r  eight  
days. Af te r  this per iod the solut ions  were  decan ted  
and  s tored in  we l l - s t oppe red  bott les.  

Properties of the aqueous extracts.--The p rope r -  
ties of the aqueous  ext rac ts  are shown  in  Tab le  II. 
The  lead con ten t  of each ex t rac t  was d e t e r m i n e d  
co lor imet r i ca l ly  us ing  d i p h e n y l  th iocarbazone  (11).  
Both the  l i tharge  and  lead ext rac ts  are in i t i a l ly  
m a r k e d l y  a lka l ine .  However  on  s t and ing  in  contact  
wi th  the  a tmosphere  they  become less a lka l ine  due 
to the absorp t ion  of ca rbon  d ioxide  a nd  the  r e su l t -  
ing p rec ip i t a t ion  of basic lead c a r bona t e  (6) .  F u r -  
t he rmore  bo th  the  l i tha rge  a nd  lead ex t rac t s  af ter  
f i l t ra t ion th rough  glass wool are buffered to some 
ex t en t  (Fig. 1). The reserve  a l k a l i n i t y  of 100 ml  
of ex t rac t  wi l l  be defined a r b i t r a r i l y  as the v o l u m e  
of 0.01N hydroch lor ic  acid r equ i r ed  to lower  its pH 
to a va l ue  of 6.0. The  rese rve  a lka l in i t i es  of lead 
and  l i tha rge  ext rac ts  are  d e p e n d e n t  not  on ly  on the  
q u a n t i t y  of lead in  so lu t ion  bu t  also on the fo rm in  
which  it  is present .  Tab le  II shows tha t  most  of the 
lead f rom l i tha rge  and  lead ext rac ts  m a y  be re -  
moved  by  f i l t ra t ion t h r ough  W h a t m a n  No. 1 filter 

Table I. Compositions of the materials used 

A l u m i n u m  
Lead powder 
Sheet lead 

Litharge 
Basic lead carbonate 
Red lead 
Lead linoleate 
Lead ricinoleate 
Lead laura te  

Silicon 0.001% 
Silicon 0.004% 
Bismuth 0.06% 

PbO assay 99.9% 
Lead carbonate 63.5% 
Pb~O4 assay 97.0% 
25% Lead 
25% Lead 
32.3% Lead 

Iron 0.001% 
I ron- - t r ace  
Silver 0.003% 
Silicon 0.004% 

Moisture 0.04% 

Copper 0.002% 
Magnes ium-- t race  
Copper 0.03% 

Balance A1 
Balance Lead 
Balance Lead 
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Fig. ]. Neutralization curves for pigment extracts filtered 
through gloss wool and through Whatmon No. 1 filter paper. 

paper .  This  is p r o b a b l y  due  to t h e  r e m o v a l  of m a s -  
s ive  l e ad  h y d r o x i d e ,  l e ad  d i o x y d i h y d r o x i d e  [Pb~O~ 
(OH)~] (12) a n d  to t h e  a d s o r p t i o n  of l e a d  c o m -  
p o u n d s  b y  the  f i l ter  p a p e r  (13) .  

The  l e ad  l i no l ea t e  e x t r a c t  has  a r e l a t i v e l y  low 
p H  (5.1) and  specific r e s i s t ance  t o g e t h e r  w i t h  a h igh  
l e ad  con ten t  s im i l a r  to the  v a l u e  p r e v i o u s l y  r e -  
p o r t e d  b y  M a y n e  (5 ) .  The  l e a d  l a u r a t e  e x t r a c t  con -  
t a ins  even  h i g h e r  q u a n t i t i e s  of l e ad  bu t  o t h e r w i s e  
i ts p r o p e r t i e s  a r e  s i m i l a r  to those  of l e ad  l ino lea te .  
L e a d  r i c i n o l e a t e  is less so lub le  t h a n  the  o t h e r  two  
l ead  soaps  and  shows  a c o r r e s p o n d i n g l y  i n c r e a s e d  
specific r e s i s t ance  and  p H  va lue .  

T w e n t y - f i v e  m l  of t he  i no rgan i c  e x t r a c t s  w e r e  
f i l t e red  t h r o u g h  g lass  woo l  and  enc losed  in s e m i -  
p e r m e a b l e  m e m b r a n e s  of u n t r e a t e d  ( n o n w a t e r -  
p roo fed )  ce l lophane .  These  "bags"  of c e l l o p h a n e  
w e r e  t h e n  p l aced  in  25 m l  of d i s t i l l ed  w a t e r  for  48 
h r  in o r d e r  to i n v e s t i g a t e  w h e t h e r  d e t e c t a b l e  q u a n -  

E x t r a c t  

Table I11. Weight losses of aluminum specimens 
in fifteen days in aqueous extracts 

F i l t r a t i o n  
m e t h o d  W e i g h t  lo s ses  ( m g / c m 2 )  

0.195, 0.27, 0.29, 0.34, 0.18, 0.42 

0.43, 0.47, 0.40 
0.52, 0.68, 0.49 

0.22, 0.22, 0.235 
0.65, 0.65, 0.55 

0.23, 0.23, 0.26 
0.00, 0.00, 0.01 

0.00, 0.00, 0.00 
0.00, 0.00, 0.00 

0.00, 0.00, 0.00 
0.00, 0.00, 0.00 

0.00, 0.00, 0.00 
0.00, 0.00, 0.00 

Fresh  dis- 
t i l led  wa te r  None 

Dist i l led 
w a t e r  after  
8 days '  con- 
tact  wi th  
glass None 

Metal l ic  lead Glass wool  
W h a t m a n  

#1  paper  
Li tha rge  Glass wool  

Wha tman  
#1  pape r  

Red lead  Glass wool  
W h a t m a n  

#1  pape r  
Basic l ead  Glass wool  

carbonate  W h a t m a n  
# 1 paper  

Lead  l ino lea teNone  
Lead  r icino- 

lea te  None 
Lead  l aura te  None 

t i t les  of ionic  l e ad  we re  p r e s e n t  in t he  aqueous  
ex t r ac t s .  Us ing  the  sens i t ive  l ead  sulf ide  tes t  i t  w a s  
f o u n d  t h a t  in no case  d id  d e t e c t a b l e  qua n t i t i e s  of 
l e ad  ions pass  t h r o u g h  s e m i p e r m e a b l e  m e m b r a n e s  
in to  t he  s u r r o u n d i n g  wa te r .  I n  t h e  case  of t he  l i t h a r g e  
e x t r a c t  th is  r e su l t  d i f fers  f r o m  p r e v i o u s  w o r k  (6)  
in  w h i c h  i t  was  f o u n d  t h a t  a s u b s t a n t i a l  q u a n t i t y  
of the  l e ad  in  the  l i t h a r g e  e x t r a c t  was  p r e s e n t  as 
P b  (OH)  § ions. E v i d e n t l y  t h e  p r o p e r t i e s  of l i t h a r g e  
e x t r a c t s  a r e  d e p e n d e n t  on the  source  of t h e  p igmen t .  

Reactions be tween  A l u m i n u m  and Aqueous Extracts 
in the Presence of Dissolved Air  

A l u m i n u m  spec imens  m e a s u r i n g  5.6 x 2.5 cm w e r e  
d e g r e a s e d  in benzene ,  e t ched  for  1 m i n  in  cold  10% 
NaOH,  r insed ,  d r ied ,  s t o r ed  in  d r y  a i r  for  24 hr ,  
and  we ighed .  T r i p l i c a t e  spec imens  w e r e  t o t a l l y  i m -  
m e r s e d  for  f i f teen days  a t  25~176 in 100 m l  of 
f r e sh  e x t r a c t s  w h i c h  h a d  been  f i l t e red  t h r o u g h  glass  
wool.  The  tops  of the  spec imens  w e r e  l oca t ed  1 cm 
b e l o w  the  w a t e r  l ine  of t he  solut ion.  E v a p o r a t i o n  
was  l a r g e l y  p r e v e n t e d  b y  cove r ing  t h e  tops  of t he  
vessels with Saran plastic tissue. Control experi- 
ments in fresh distilled water and in distilled water 
that had been stored in glass vessels for eight days 
were also carried out. I At the end of the experi- 
ments the specimens were treated with nitric acid 
to remove the corrosion products together with any 
lead compounds, then they were dried in acetone 
and re-weighed. The weight losses ~ for these experi- 
ments are shown in Table III. This table also con- 
tains the results of similar experiments in which 
the extracts were filtered through Whatman No. 1 
filter paper before use. Potential/time curves meas- 
ured by means of a Speedomax recording potentio- 
meter are shown in Fig. 2. 8 

Specimens immersed in litharge and lead extracts 
that had been filtered through glass wool rapidly 
developed a plating of metallic lead. However, after 
a short while the lead plate transformed into a 
white powder which was identified by x-ray dif- 
fraction as having 2 PbCO~.Pb(OH)~ as the major 
constituent and lead as a minor one. The quantity 
of lead deposited, as indicated by approximate 
weight gain figures, was greater in litharge extracts 

1 T h i s  w a s  t o  i n v e s t i g a t e  t h e  s u g g e s t i o n  m a d e  p r e v i o u s l y  f o r  i r o n  
(7) t h a t  s i l i c a t e  l e a c h e d  f r o m  t h e  g l a s s  m i g h t  i n f l u e n c e  the  resul ts .  

A l l  w e i g h t  l o s s e s  i n  t h i s  p a p e r  are  c o r r e c t e d  b y  s u b t r a c t i n g  t h e  
s m a l l  w e i g h t  l o s s  r e s u l t i n g  f r o m  t h e  c h e m i c a l  c l e a n i n g  p r o c e s s  i tself .  

3 A l t  p o t e n t i a l s  i n  t h i s  p a p e r  a r e  e x p r e s s e d  o n  t h e  S t a n d a r d  I - I y d r o -  
g e n  S c a l e .  

r 
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Fig. 2. Potential-time curves of aluminum specimens im- 
mersed in inorganic pigment extracts filtered through glass 
wool and in lead linoleate at 25~177176  All specimens 
carried an air-farmed oxide film. 
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t h a n  in  l e ad  ex t r ac t s .  C o n d u c t i v i t y  m e a s u r e m e n t s  
i n d i c a t e d  t h a t  l e a d  w a s  no t  c o m p l e t e l y  s t r i p p e d  
f r o m  the  so lu t ion  b y  depos i t i on  on a l u m i n u m .  W h e n  
the  l e a d - p l a t e d  a l u m i n u m  s a m p l e s  w e r e  r e m o v e d  
f r o m  the  solut ion ,  t r a n s f o r m a t i o n  of t he  d e p o s i t e d  
l e ad  to bas ic  l e ad  c a r b o n a t e  was  g r e a t l y  has t ened .  

S p e c i m e n s  i m m e r s e d  in  f r e s h  d i s t i l l ed  w a t e r  r e -  
m a i n e d  a p p a r e n t l y  u n c o r r o d e d  for  a r o u n d  s ix  days  
a f t e r  w h i c h  t i m e  a con t inuous  g r a y  f i lm a n d  l a t e r  
w h i t e  fl AI~O,.3H~O fo rmed .  S p e c i m e n s  i m m e r s e d  
in  d i s t i l l ed  w a t e r  t h a t  h a d  been  c o n t a i n e d  in  a glass  
b e a k e r  for  e igh t  d a y s  b e f o r e  t he  e x p e r i m e n t  no t  
on ly  f o r m e d  g r a y  f i lms a n d  w h i t e  cor ros ion  p r o d u c t  
s o m e w h a t  f a s t e r  t h a n  those  i m m e r s e d  in  f r e sh  d i s -  
t i l l ed  w a t e r  b u t  w e r e  m o r e  s e v e r e l y  cor roded .  The  
s i l i ca te  l e ached  out  of t h e  glass  r a i s e d  the  i n i t i a l  p H  
of t h e  w a t e r  b y  a r o u n d  one p H  u n i t  a n d  e v i d e n t l y  
i nc r ea sed  the  co r ros ion  r a t e  of t he  a l u m i n u m .  

S p e c i m e n s  i m m e r s e d  in  t he  e x t r a c t s  of r e d  lead,  
bas ic  l e a d  ca rbona t e ,  l e ad  l ino lea te ,  l e ad  r i c ino lea te ,  
a n d  l e a d  l a u r a t e  w e r e  no t  v i s i b ly  a t t a c k e d  and  
suf fe red  no loss in we igh t .  

GaLvanic Experiments 
G a l v a n i c  e x p e r i m e n t s  w e r e  c a r r i e d  out  us ing  the  

a p p a r a t u s  s h o w n  in Fig .  3. The  l e ad  (see T a b l e  I for  
compos i t i on )  a n d  a l u m i n u m  e l ec t rodes  h a d  e q u a l  
a r ea s  of 25 cm ~ i m m e r s e d  in 320 m l  of the  aqueous  
e x t r a c t  u n d e r  i n v e s t i g a t i o n  and  w e r e  he ld  f i rmly  in 
p l ace  5 cm a p a r t  b y  m e a n s  of a L u c i t e  ho lde r .  The  
b a c k  su r f aces  of t h e  e l ec t rodes  w e r e  m a s k e d  w i t h  
w a t e r - p r o o f e d  Scotch  p r e s s u r e - s e n s i t i v e  tape .  S u r -  
face  p r e t r e a t m e n t  of l e a d  i n v o l v e d  d e g r e a s i n g  in 
benzene ,  e t ch ing  for  1 m i n  in  50% n i t r i c  acid,  fo l -  
l o w e d  b y  r ins ing ,  d ry ing ,  we igh ing ,  and  s t o r a ge  in 
d r y  a i r  for  24 hr .  S u r f a c e  p r e t r e a t m e n t  of a l u m i n u m  
was  c a r r i e d  ou t  in  a s im i l a r  m a n n e r  excep t  t h a t  
e t ch ing  was  done  in  co ld  10% N a O H  for  1 min .  The  
cel l  was  con t a ined  in a w a t e r - b a t h  t h e r m o s t a t t e d  
a t  25~177176  

The  e l ec t rodes  w e r e  s h o r t - c i r c u i t e d  for  t he  t es t  
p e r i o d  for  96 hr .  C u r r e n t  va lue s  at  zero e x t e r n a l  
r e s i s t ance  w e r e  m e a s u r e d  p e r i o d i c a l l y  b y  i n t r o d u c -  
ing  a zero r e s i s t ance  m i c r o a m m e t e r  in to  the  c i rcui t .  
P o t e n t i a l  m e a s u r e m e n t s  of the  a l u m i n u m  e lec t rodes  
w e r e  m a d e  a g a i n s t  a s a t u r a t e d  ca lome l  e l e c t r o d e  
us ing  a h igh  r e s i s t ance  b r idge .  Dif fus ion of the  d i l u t e  
c h l o r i d e  so lu t ion  c o n t a i n e d  in  t he  r e f e r e n c e  e lec -  

ZERO RESISTANC: 

KEY POTENTIOMETER 

A L U M I N U ~  ELECTRODE CALOMEL 
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Fig. 3. Apparatus for galvanic studies in pigment and lead 
soap extracts. 

t r a d e  vesse l  was  p r e v e n t e d  b y  a b e n t o n i t e  p lug  (8) .  
T h e  t ip  of t he  t u b u l u s  w a s  s i t u a t e d  1 m m  f r o m  the  
a l u m i n u m  e l ec t rode  su r f a c e  since,  in  h igh  r e s i s t ance  
solut ions ,  t h e r e  is a s ign i f ican t  p o t e n t i a l  d r o p  across  
the  so lu t ion  in a d d i t i o n  to loca l i zed  u n d e t e r m i n e d  
p o t e n t i a l  changes  at  the  doub le  l a y e r s  n e x t  to t he  
e l ec t rodes  (9) .  The  p o t e n t i a l s  of a l u m i n u m  e lec-  
t rodes  coup led  to l e ad  w e r e  s o m e w h a t  m o r e  nob le  
t h a n  those  m e a s u r e d  d u r i n g  co r ros ion  of  u n c o u p l e d  
a l u m i n u m  spec imens  in t he  s a m e  solut ion.  

A f t e r  96 h r  the  e x p e r i m e n t s  w e r e  d i s c o n t i n u e d  
and  co r ros ion  p r o d u c t s  r e m o v e d  c h e m i c a l l y  so t h a t  
w e i g h t  loss of the  e l ec t rodes  cou ld  be  d e t e r m i n e d .  
The  a l u m i n u m  spec imens  w e r e  c l eaned  b y  i m m e r -  
s ion in n i t r i c  ac id  w h e r e a s  t he  l e ad  spec imens  w e r e  
c l e a n e d  b y  10 -min  i m m e r s i o n  in  bo i l ing  1% acet ic  
ac id  (10) .  The  t o t a l  n u m b e r  of cou lombs  f lowing 
in each  e x p e r i m e n t  was  c a l c u l a t e d  f rom the  a p p r o -  
p r i a t e  c u r r e n t / t i m e  curve .  By  k n o w i n g  t h e  w e i g h t  
loss of u n c o u p l e d  spec imens  in  the  a p p r o p r i a t e  e x -  
t rac t ,  t he  dec rea se  in w e i g h t  loss of the  ca thod ic  
m e m b e r  of the  coup le  and  the  c u r r e n t  eff iciency of 
t he  anod ic  p rocess  can  be ca l cu la t ed .  T h e  w e i g h t  
losses of l e ad  spec imens  i m m e r s e d  in t he  fou r  i n -  
o rgan ic  p i g m e n t  e x t r a c t s  for  96 h r  a r e  shown  in 
T a b l e  IV. 

C u r r e n t / t i m e  cu rves  for  t h e  a l u m i n u m / l e a d  cou-  
p le  in  aqueous  e x t r a c t s  f rom lead ,  l i t ha rge ,  r e d  lead,  
bas ic  l ead  c a rbona t e ,  and  in  d i s t i l l ed  w a t e r  w e r e  
e r ra t i c .  The  t o t a l  n u m b e r  of cou lombs  f lowing in 
t r i p l i c a t e  e x p e r i m e n t s  t o g e t h e r  w i t h  t h e  w e i g h t  
losses of the  a l u m i n u m  and  l e a d  a r e  s h o w n  in  Tab le  
V. H o w e v e r ,  a l u m i n u m  i n v a r i a b l y  b e h a v e d  as t h e  
a n o d e  in t he  g a l v a n i c  s tud ies  of t he  a l u m i n u m - l e a d  
couple .  

I n i t i a l  va lue s  of c u r r e n t  flow in aqueous  e x t r a c t s  
f rom the  four  i no rgan i c  l e a d  c o m p o u n d s  w e r e  p r i -  
m a r i l y  d e p e n d e n t  on the  r e s i s t a nc e  of t he  ex t r ac t .  
L a t e r  h o w e v e r  the  r e s i s t a n c e  of t he  e x t r a c t s  d e -  
c r eased  as the  l e ad  ca thodes  co r roded .  In  these  e x -  
p e r i m e n t s  the  g r e a t e s t  p r o p o r t i o n  of t h e  cor ros ion  
of t h e  a l u m i n u m  was  the  r e s u l t  of t he  depos i t i on  
of m e t a l l i c  l e ad  on the  a l u m i n u m  anodes .  L e a d  is 
f a i r l y  r e a d i l y  a t t a c k e d  by  e x t r a c t s  f r o m  the  i n -  
o rgan ic  l ead  c o m p o u n d s  a n d  the  g a l v a n i c  c u r r e n t s  
a r e  insuf f ic ien t ly  s t rong  for  c o m p l e t e  ca thod ic  p r o -  
tect ion.  T h e r e f o r e  t he  e x t r a c t s  m a y  be  r e g a r d e d  as 
p r o v i d i n g  a r e s e r v o i r  of l e a d  ions  f r o m  w h i c h  m e -  
ta l l ic  l e ad  m a y  b e  depos i t ed  on  t h e  a l u m i n u m .  S u b -  
s t a n t i a l  qua n t i t i e s  of bas ic  l e ad  c a r b o n a t e  w e r e  p r e -  
c i p i t a t e d  f r o m  t h e  e x t r a c t s  ove r  a p e r i o d  of fou r  
d a y s  and  t h e  l e ad  ca thodes  also b e c a m e  b l a n k e t e d  
w i t h  th is  compound .  

Table IV. Weight losses of lead specimens in 96 hr in aqueous 
inorganic extracts filtered through glass wool 

Weight  loss of  lead 
Extrac t  specimens (rag/era ~) 

Dist i l led wa te r  
Metal l ic  lead  ext rac t  
PbO ext rac t  
PbaO~ ex t rac t  
Basic lead carbonate  ex t rac t  

2.8, 2.3, 2.6 
3.4, 2.7, 2.6 
3.9, 2.5, 2.4 
3.1, 2.6, 2.7 
3.2, 2.9, 2.7 



Vol. 105, No. 1 A C T I O N  O F  L E A D  P I G M E N T S  ON A L U M I N U M  

Table Y. Galvanic corrosion data for the aluminum-lead couple in 
aqueous extracts filtered through glass wool 

13 

C a l c u l a t e d  
A1 w t  

loss  d u e  to  A l w t  
W t  loss  No.  of  g a l v a n i c  loss  d u e  
a t  l e a d  W t  loss  o i  c o u l o m b s  c u r r e n t  to l o c a l  

c a t h o d e  A1 a n o d e  f l o w i n g  f low a c t i o n  
m g / c m 2  m g / c m ~  i n  96 h r  m g / c m  e m g / c m  2 

Distilled water  5.2 0.33 17.7 0.085 0.245 
5.5 0.31 11.8 0.055 0.255 
4.2 0.31 14.2 0.065 0.24 
4.3 0.36 20.2 0.095 0.265 

Meta l l i c  lead 5.15 0.205 11.3 0.055 0.15 
3.0 0.23 12.5 0.065 0.165 
5.4 0.155 11.5 0.055 0.10 

PbO 4.1 0.20 29.9 0.14 0.06 
3.1 0.165 18.2 0.085 0.08 
3.0 0.12 12.1 0.060 0.06 

Pb~O, 5.6 0.09 8.4 0.04 0.05 
4.2 0.09 11.1 0.05 0.04 
4.8 0.06 8.0 0.035 0.025 

Basic lead 
carbonate 

Lead linoleate 

Lead ricinoleate 

Lead laurate  

5.9 0.095 14.1 0.065 0.030 
3.5 0.05 8.6 0.04 0.01 
4.1 0.05 8.4 0.04 0.01 

2.4 0.00 0.06 0.00 0.00 
2.3 0.00 0.19 0.00 0.00 
2.4 0.00 0.05 0.00 0.00 

3.4 0.00 0.4 0.00 0.00 
4.6 0.00 0.9 0.00 0.00 

1.2 0.00 0.04 0.00 0.00 
1.5 0.00 0.03 0.00 0.00 

Tab le  V also conta ins  the resul t s  of expe r i me n t s  
on the a l u m i n u m / l e a d  couple  in  lead soap extracts .  
In  this case, l i t t le  ga lvan ic  c u r r e n t  flow was ob-  
served (Tab le  V) and  such m i n u t e  cu r r en t s  tha t  
could be detec ted  were  ve ry  cons tan t  (Fig. 4).  The  
m i n i m u m  ga lvan ic  c u r r e n t  flow was observed  in  
lead l au r a t e  and  the  m a x i m u m  c u r r e n t  flow in  lead 
r ic inoleate .  Weight  loss d e t e r m i n a t i o n s  showed tha t  
ga lvan ic  corrosion of the a l u m i n u m  and  meta l l i c  
lead depos i t ion  were  comple te ly  p r e v e n t e d  in  all  
lead soap solut ions despi te  the  h igh soluble  lead 
con ten t  of the ex t rac t s  and  the i r  lower  specific r e -  
sistance.  The  corrosion ra tes  of the  lead cathodes 
were  lower  t h a n  in  dis t i l led wa t e r  and  were  lowest  
in  lead l au ra t e  extract .  

Electrochemical Studies in Lead Soaps 
P o t e n t i a l / t i m e  curves  for in i t i a l Iy  " f i lm-f ree"  

a l u m i n u m  specimens  were  d e t e r m i n e d  by  first r e -  
m o v i n g  the  a i r - f o r m e d  oxide film by  a b r a d i n g  the  
spec imen  wi th  fine, h igh p u r i t y  a l u m i n u m  oxide in  a 
high p ressure  s t ream of h e l i u m  and  t h e n  i n t r o d u c -  
ing the spec imens  i m m e d i a t e l y  in to  the soap ex t rac t  
which  had  been  p r e s a t u r a t e d  wi th  dissolved air. 
A l t e r n a t i v e l y  the oxide film m a y  also be r emoved  
by  s imi la r  a l u m i n a / h e l i u m  ab ras ion  u n d e r  the  lead 
soap extract .  In  e i ther  case the  resu l t s  are iden t ica l  
and  are  shown in  Fig. 5. B u b b l i n g  pur i f ied h e l i u m  
th rough  the lead l ino lea te  ex t rac t  did no t  a l te r  the 
po ten t i a l  of an  a l u m i n u m  spec imen  tha t  o r ig ina l ly  
car r ied  an  air  fo rmed  oxide film and  shifts the  po-  
ten t ia l s  of o r ig ina l ly  " f i lm-f ree"  spec imens  in  the  

IO 20 30 40 (H50o6~ fo ~ 90 K'O 

Fig. 4. Current vs. time curve at zero external resistance for 
the aluminum-lead couple in lead linoleate extract at 25~ 
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Fig. 5. Potential-time curves for initially "f i lm-free" alumi- 
num in lead soap extracts at 25~176 The air-formed 
oxide film on the aluminum specimens was removed by abra- 
sion with aluminum oxide in a high pressure stream of helium. 

soap solut ions  on ly  s l ight ly  in  the  less nob le  d i -  
rection.  

Anodic  po la r iza t ion  curves  for a l u m i n u m  af ter  
24-hr  i m m e r s i o n  in  lead soap ex t rac t s  are shown  in  
Fig. 6. The a l u m i n u m  spec imens  car r ied  an  in i t i a l  
a i r - f o r m e d  oxide film before  i m m e r s i o n  in  the  so lu-  
tions. Po la r i za t ion  curves  were  ob ta ined  by  app ly ing  
smal l  cons tan t  cu r ren t s  for a fixed 5 - m i n  per iod 
a nd  record ing  the po t en t i a l  a t  tha t  t ime.  The  ac tua l  
va lues  of potent ia l ,  a l though  no t  the  shape of the 
curves,  are  p u r e l y  a r b i t r a r y  since the  potent ia ls ,  
except  at the  inf lect ions in  the curves,  show a s teady 
and  r ep roduc ib l e  shift  w i th  t ime  to more  nob le  po-  
tent ia ls .  A n  anodic  po la r i za t ion  curve  in  n o r m a l  
sodium chlor ide  so lu t ion  is i nc luded  for compar ison.  

Discussion 

Composition of Inorganic Pigment Extracts 

E x a m i n a t i o n  of the p i g m e n t  ex t rac t s  by  dialysis  
shows tha t  there  is no ev idence  of apprec iab le  
quantities of lead being present in the ionic form. 
Therefore it is probable that the inorganic pigment 
extracts contain lead mainly in the form of colloidal 
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Fig. 6. Anodic polarization curves for aluminum in lead 
soap extracts and in normal sodium chloride at 25~176 
The specimens initially carried an oxide film formed in dry 
air for one day and were immersed in the solutions for 24 hr 
before the curves were determined. 

l e ad  h y d r o x i d e  as h a d  been  f o u n d  p r e v i o u s l y  for  
m e t a l l i c  l e ad  e x t r a c t s  (6) .  On s t and ing ,  t he  co l lo ida l  
l e ad  h y d r o x i d e  m a y  s u b s e q u e n t l y  age  to t he  m o r e  
i n so lub l e  l e a d  d i o x y d i h y d r o x i d e  PbsO~ (OH)  ~ (12) .  
In  the  p r e s e n c e  of a t m o s p h e r i c  c a r b o n  d iox ide  in -  
so lub le  bas ic  l e ad  c a r b o n a t e  w i l l  a lso b e  p r e c i p i -  
t a ted .  T h e  p r e s e n c e  of co l lo ida l  l e ad  h y d r o x i d e  to -  
g e t h e r  w i t h  t he  o t h e r  t w o  r e a c t i o n  p r o d u c t s  ev i -  
d e n t l y  g ives  r i se  to some  c o n s i d e r a b l e  bu f f e r ing  
ac t ion  as  s h o w n  in Fig .  1. The  v a l u e s  of r e s e r v e  
a l k a l i n i t y  for  t h e  fou r  p i g m e n t  e x t r a c t s  a re  a p p r o x i -  
m a t e l y  p r o p o r t i o n a l  to the  to ta l  quan t i t i e s  of l ead  
in so lu t ion .  S ince  the  r a t e  of i n t e r a c t i o n  of h y d r o g e n  
ions  w i t h  m a s s i v e  a n d  co l lo ida l  l e ad  h y d r o x i d e  m u s t  
be  qu i t e  r ap id ,  l e a d  n e e d  no t  be  p r e s e n t  in the  ionic  
f o r m  for  bu f f e r ing  of an  ex t r ac t .  Because  l e ad  is 
p r e s e n t  l a r g e l y  as h y d r o x i d e  in  t h e  m a s s i v e  a n d / o r  
co l lo ida l  fo rms  i t  is r e l a t i v e l y  eas i ly  r e m o v e d  b y  
f i l t r a t ion  (Fig .  1).  F i l t r a t i o n  t h r o u g h  W h a t m a n  No. 
1 p a p e r  r e m o v e s  t he  l e a d  d i o x y d i h y d r o x i d e  a n d  
bas ic  l e ad  c a r b o n a t e  t o g e t h e r  w i t h  a n y  r e s i d u a l  p ig -  
m e n t  pa r t i c l e s .  F i l t r a t i o n  also r e m o v e s  m u c h  col-  
l o ida l  l e a d  h y d r o x i d e  b y  a d s o r p t i o n  on the  p a p e r  
(13) .  C o n s e q u e n t l y  t h e  bu f fe r ing  ac t ion  in  m e t a l l i c  
l e ad  a n d  l i t h a r g e  e x t r a c t s  is a lmos t  d e s t r o y e d  b y  
f i l t r a t ion  (Fig .  1).  

Corrosion of Aluminum in Inorganic Pigment 

Extracts 

The  r e su l t s  c o n t a i n e d  in  T a b l e  I I I  d e m o n s t r a t e  
t h a t  t he  w e i g h t  losses of  a l l  a l u m i n u m  spec imens  
i m m e r s e d  in i n o r g a n i c  p i g m e n t  e x t r a c t s  a r e  f a i r l y  
low. Me ta l l i c  l e a d  a n d  l i t h a r g e  e x t r a c t s  a lone  cor -  
r ode  a l u m i n u m  m o r e  r a p i d l y  t h a n  d i s t i l l ed  w a t e r .  
I n  pa r t ,  t he  s t i m u l a t i o n  of co r ros ion  m a y  be  a t t r i -  
b u t e d  to depos i t i on  of m e t a l l i c  lead.  H o w e v e r ,  the  
h i g h e r  i n i t i a l  p H  v a l u e s  of t he  l e a d  a n d  l i t h a r g e  e x -  
t r a c t s  m u s t  also c o n t r i b u t e  to t he  i n c r e a s e d  c o r r o -  
s ion ra te ,  s ince  d i s t i l l ed  w a t e r  w h i c h  h a d  b e e n  con-  

t a i n e d  for  e igh t  d a y s  in  a P y r e x  glass  b e a k e r  co r -  
r o d e d  a l u m i n u m  s o m e w h a t  m o r e  r a p i d l y  t h a n  f r e sh  
d i s t i l l ed  w a t e r  ( T a b l e  I I I ) .  This  effect is p r o b a b l y  
a s soc ia t ed  w i t h  t h e  s low l e a c h i n g  of s o d i u m  s i l i ca te  
f rom the  glass  w h i c h  ra i ses  t he  i n i t i a l  p H  v a l u e  of 
the  solu t ion .  T h a t  h i g h e r  i n i t i a l  p H  va lues  of l e a d  
p i g m e n t  e x t r a c t s  s t i m u l a t e s  co r ros ion  of a l u m i n u m  
is cons i s t en t  w i t h  p r e v i o u s  sugges t ions  of W a g n e r  
(2) .  

E v i d e n t l y  in  the  i m m e r s i o n  tes ts ,  m e t a l l i c  l e ad  
is d e p o s i t e d  on the  a l u m i n u m  f r o m  l e a d  a n d  l i t h a r g e  
ex t r ac t s .  I n i t i a l l y  gas  bubb le s ,  p r e s u m a b l y  of h y -  
drogen ,  f o rm  on the  l e a d  p la te .  H o w e v e r  t he  ca rbon  
d i o x i d e  c o n t a i n e d  in  the  e x t r a c t s  r eac t s  r a p i d l y  w i t h  
the  f ine ly  d i v i d e d  l e ad  depos i t ,  f o r m i n g  r e l a t i v e l y  
i n so lub le  bas ic  l e ad  c a rbona t e .  S ince  bas ic  l e ad  
c a r b o n a t e  is not  an  efficient  e l ec t ron ic  c o n d u c t o r  i t  
shou ld  no t  be  c a p a b l e  of a c t i ng  as a p r e f e r e n t i a l  
c a thode  and  shou ld  no t  s t i m u l a t e  co r ros ion  of the  
a l u m i n u m .  U n d o u b t e d l y ,  in the  absence  of c a r b o n  
d iox ide ,  depos i t ed  l e ad  w o u l d  act  as a m o r e  efficient  
ca thode  t h a n  in the  p r e s e n t  e x p e r i m e n t s .  Conse -  
quen t ly ,  u n d e r  CO~-free cond i t ions  a g r e a t e r  r a t e  
of co r ros ion  of the  a l u m i n u m  m i g h t  b e  a n t i c i p a t e d  
in  l i t h a r g e  and  m e t a l l i c  l e a d  ex t r ac t s .  

The  v e r y  low ra t e s  of co r ros ion  of a l u m i n u m  in 
r e d  l e ad  and  bas ic  l e ad  c a r b o n a t e  e x t r a c t s  a r e  p r o b -  
a b l y  due  to a c o m b i n a t i o n  of low d i s so lu t ion  r a t e  of 
the  two  p i g m e n t s  c o m b i n e d  w i t h  c on t ro l  of p H  
w i t h i n  t h e  r a n g e  5-6 (Tab l e  I I ) .  A l t h o u g h  the  d e -  
g ree  of buf fe r ing  r e s u l t i n g  f r o m  the  v e r y  s l igh t  
d i s so lu t ion  of bo th  c o m p o u n d s  is s m a l l  (F ig .  1) i t  is 
sufficient  to r e s u l t  in a m a r k e d  dec rease  in  co r ros ion  
ra te .  W h e r e a s  t he  r e su l t s  in  T a b l e  I I I  sugges t  t h a t  
e x t r a c t s  f rom r e d  lead ,  bas ic  l e a d  c a r b o n a t e ,  a n d  
l e ad  soaps  a r e  i n h i b i t i v e  t o w a r d s  a l u m i n u m ,  the  
s u b s e q u e n t  g a l v a n i c  e x p e r i m e n t s  ( T a b l e  V) i n d i -  
ca te  t ha t  on ly  l e ad  soaps  a r e  t r u l y  i nh ib i t i ve .  T h e r e -  
fore  the  ne g l i g ib l e  w e i g h t  losses of a l u m i n u m  in r e d  
l ead  and  bas ic  l e ad  c a r b o n a t e  e x t r a c t s  a r e  p r o b a b l y  
due  to a l e n g t h e n i n g  of the  i n d u c t i o n  p e r i o d  be fo re  
co r ros ion  of the  a l u m i n u m  begins .  In  d i s t i l l ed  w a t e r  
the  i n d u c t i o n  p e r i o d  is a r o u n d  100 hr,  a n d  in  r e d  
l e a d  a n d  bas ic  l e ad  c a r b o n a t e  e x t r a c t s  i t  m u s t  be  in  
excess  of 360 hr.  Thus  the  a l u m i n u m  spec imens  e x -  
h ib i t  t h e  p h e n o m e n o n  of m e t a s t a b l e  p a s s i v i t y  in 
r e d  l e ad  and  bas ic  l e ad  c a r b o n a t e  ex t r ac t s .  

Galvanic Corrosion of the Aluminum-Lead Couple 
in Inorganic Pigment Extracts 

Resu l t s  of g a l v a n i c  e x p e r i m e n t s  in  w h i c h  a l u m i -  
n u m  i n v a r i a b l y  b e h a v e s  as t h e  a n o d e  a re  c o n t a i n e d  
in T a b l e  V and  Fig.  4. F o r  d i s t i l l ed  w a t e r  a n d  the  
fou r  i n o r g a n i c  p i g m e n t  ex t r ac t s ,  c o m p a r i s o n  of 
Tab l e s  IV a n d  V shows  t h a t  t h e  co r ros ion  r a t e  of 
l e ad  is s o m e w h a t  s t i m u l a t e d  b y  coup l ing  to a l u m i -  
num,  p o s s i b l y  on accoun t  of t he  i n c r e a s e d  loca l  p H  
va lues  a t  t he  ca thodes .  The  c u r r e n t  flow v a l u e s  in 
the  g a l v a n i c  cel ls  a r e  g e n e r a l l y  low a n d  e r r a t i c ;  
t h e r e f o r e  on ly  t he  t o t a l  n u m b e r  of cou lombs  f lowing 
a re  r eco rded .  The  g e n e r a l l y  low v a l u e  of c u r r e n t  
flow is a t t r i b u t e d  to t he  h igh  r e s i s t a n c e  of t he  so lu -  
t ion  a n d  the  m o d e r a t e l y  h igh  v a l u e  of h y d r o g e n  
o v e r p o t e n t i a l  on l e a d  (14) .  I n i t i a l l y  t he  c u r r e n t  
f low a p p e a r s  to be  c o n t r o l l e d  b y  t h e  specific r e -  
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s i s t ance  of  the  e l e c t r o l y t e  ( T a b l e  I I ) ,  b u t  a f t e r  a p -  
p r e c i a b l e  co r ros ion  of the  l e a d  ca thodes  t he  c u r r e n t  
in the  cel ls  i n v o l v i n g  r e d  l e a d  a n d  bas ic  l e a d  c a r -  
b o n a t e  e x t r a c t s  i nc reases  to a p p r o x i m a t e l y  t h a t  in 
the  l i t h a r g e  and  m e t a l l i c  l e a d  ex t r ac t s .  H o w e v e r ,  
Tab le  V shows t ha t  the  cor ros ion  r a t e s  of a l u m i n u m  
anodes  in  d i s t i l l ed  w a t e r ,  l i t ha rge ,  a n d  m e t a l l i c  
l e ad  e x t r a c t s  a r e  g e n e r a l l y  h i g h e r  t h a n  those  in  r ed  
l e ad  a n d  bas ic  l e a d  c a r b o n a t e  ex t rac t s .  In  t he  first  
t h r e e  so lu t ions  ca l cu l a t i on  f r o m  F a r a d a y ' s  L a w  
shows  t ha t  the  w e i g h t  loss due  to t he  g a l v a n i c  c u r -  
r e n t  f low cons t i tu t e s  on ly  a s m a l l  p o r t i o n  of t h e  
t o t a l  w e i g h t  loss of t he  anode.  In  r e d  l e a d  a n d  bas ic  
l e ad  c a r b o n a t e  e x t r a c t s  a g r e a t e r  p r o p o r t i o n  of t he  
t o t a l  a l u m i n u m  w e i g h t  loss is due  to t he  g a l v a n i c  
c u r r e n t  flow. 

W h e n  a l u m i n u m  is coup led  to s tee l  in  sod ium 
ch lo r ide  a p p r e c i a b l e  q u a n t i t i e s  of a l u m i n u m  a re  
c o r r o d e d  b y  loca l  ac t ion  (9 ) .  Th is  was  a t t r i b u t e d  
to i n c o m p l e t e  s u p p r e s s i o n  of  t he  loca l  ca thodes  on 
ac t ive  a l u m i n u m  anodes .  The  w e i g h t  loss of an 
a l u m i n u m  a n o d e  d u e  to loca l  ac t ion  was  i n d e p e n d -  
en t  of the  a r e a  of s tee l  ca thode  a n d  d e c r e a s e d  w i t h  
dec r ea s ing  a r e a  of the  a l u m i n u m  anode.  A t  equa l  
a r ea s  of s tee l  and  a l u m i n u m  a b o u t  10% of t h e  to ta l  
a l u m i n u m  w e i g h t  loss w a s  d u e  to  loca l  act ion.  In  t h e  
a l u m i n u m - s t e e l  coup le  t h e r e  was,  of course ,  no 
ques t ion  of m e t a l l i c  depos i t i on  on the  a l u m i n u m  
anode .  

I t  is e v i d e n t  tha t ,  in  d i s t i l l ed  w a t e r  a n d  in  e x -  
t r a c t s  f r o m  m e t a l l i c  l e a d  a n d  l i t ha rge ,  as m u c h  as 
80% of  t h e  t o t a l  w e i g h t  loss is  due  to loca l  act ion,  
w h e r e a s  in  bas ic  l e ad  c a r b o n a t e  and  r e d  l e ad  e x -  
t r a c t s  up  to 50% of the  t o t a l  w e i g h t  loss is due  to 
loca l  ac t ion.  The  m u c h  h i g h e r  loca l  ac t ion  w e i g h t  
losses of a l u m i n u m  coup led  to l e a d  a r e  c l e a r l y  due  
to depos i t i on  of m e t a l l i c  l e ad  on the  loca l  ca thodes  
on an  ac t ive  a l u m i n u m  anode .  P r e v i o u s  w o r k  (15) 
has  d e m o n s t r a t e d  t ha t  the  ca thodes  on a l u m i n u m  in 
n e u t r a l  so lu t ions  a r e  s m a l l  a n d  t h a t  h igh  ca thod ic  
p o l a r i z a t i o n  ex is t s  p r i m a r i l y  b e c a u s e  of t he  h igh  
e l ec t ron ic  r e s i s t ance  of the  a i r - f o r m e d  a l u m i n u m  
ox ide  film. The  h igh  ca thod ic  p o l a r i z a t i o n  at  local  
ca thodes  on a l u m i n u m  u n d o u b t e d l y  e x p l a i n s  w h y  
the  loca l  ac t ion  w e i g h t  losses on  a l u m i n u m  anodes  
a r e  m u c h  less t h a n  those  on z inc  anodes  u n d e r  
s i m i l a r  e x p e r i m e n t a l  cond i t ions  (9 ) .  W h e n  m e t a l l i c  
l e ad  is depos i t ed  a t  these  loca l  ca thodes  loca l  ac t ion  
co r ros ion  is g r e a t l y  in tens i f i ed  de sp i t e  t he  r e l a t i v e l y  
h igh  h y d r o g e n  o v e r v o l t a g e  on l e a d  (14) .  A n  even  
h i g h e r  in tens i f i ca t ion  of loca l  ac t ion  cor ros ion  w o u l d  
be  a n t i c i p a t e d  if  a m e t a l  of l o w e r  h y d r o g e n  o v e r -  
p o t e n t i a l  such  as coppe r  was  depos i ted .  

Inhibition of the Corrosion of Aluminum. by 
Lead Soaps 

The  w e i g h t  loss e x p e r i m e n t s  ( T a b l e  I I I )  a n d  ga l -  
van ic  e x p e r i m e n t s  ( T a b l e  V a n d  Fig.  4) d e m o n -  
s t r a t e  t h a t  l e a d  l ino lea te ,  r i c ino l ea t e ,  a n d  l a u r a t e  
c o m p l e t e l y  i n h i b i t  t h e  cor ros ion  of a l u m i n u m  and  
the  g a l v a n i c  cor ros ion  of a l u m i n u m  coup led  to lead.  
The  p o t e n t i a l  of a l u m i n u m  i n i t i a l l y  f r e e d  f rom 
ox ide  is s t r o n g l y  e n n o b l e d  (Fig .  5) in  t hese  e x t r a c t s  
and  t h e  anod ic  p o l a r i z a t i o n  cu rves  (Fig .  6) sugges t  
an  anod ic  fo rm of inh ib i t ion .  The  neg l i g ib l e  v a l u e s  
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of g a l v a n i c  c u r r e n t  in  l e a d  soap  e x t r a c t s  c anno t  be  
a t t r i b u t e d  to h igh  v a l u e s  of e l e c t r o l y t e  r e s i s t ance  
s ince  T a b l e  I I  shows  tha t ,  w i t h  the  e x c e p t i o n  of l e ad  
r i c ino lea te ,  t he  va lue s  of specific r e s i s t ance  a r e  v e r y  
low. T h e r e  is no ev idence  of l e a d  depos i t i on  on 
e i t he r  a l u m i n u m  pane l s  or  a l u m i n u m  anodes  de sp i t e  
some  d i s so lu t ion  of l e a d  f r o m  t h e  ca thodes  in  t h e  
g a l v a n i c  e x p e r i m e n t s .  

More  r e c e n t  w o r k  b y  M a y n e  a n d  V a n  Rooyen  
(16) has  d e m o n s t r a t e d  t h a t  t he  w a t e r - s o l u b l e  d e g -  
r a d a t i o n  p r o d u c t s  of l e ad  l i no l ea t e  a r e  r e s p o n s i b l e  
for  i n h i b i t i o n  of t h e  cor ros ion  of  s teel .  T h e  effect of 
o x y g e n  is to i n c r e a s e  t he  a p p a r e n t  s o l u b i l i t y  of 
l e ad  l i no l ea t e  in  w a t e r  f r o m  a r o u n d  0.002 to 0.07%. 
A s a t u r a t e d  so lu t ion  of l e ad  l i no l ea t e  p r e p a r e d  in  
the  absence  of a i r  does no t  i n h i b i t  t h e  co r ros ion  of 
steel .  M a y n e  and  Van  R o o y e n  iden t i f i ed  l e ad  sa l t s  
of fo rmic  acid,  aze la ic  acid,  and  an  u n s a t u r a t e d  hy -  
d r o x y a c i d  d e r i v e d  f r o m  p e l a r g o n i c  ac id  as c o m p r i s -  
ing  the  p r i m a r y  d e g r a d a t i o n  p r o d u c t s  of  l ead  l i n o -  
lea te .  S m a l l  qua n t i t i e s  of acet ic ,  p rop ion ic ,  b u t y r i c ,  
and  sube r i c  ac id  w e r e  also de tec t ed .  L e a d  aze la te ,  
l e ad  sube ra t e ,  and  l e ad  p e l a r g o n a t e  i n h i b i t e d  t h e  
cor ros ion  of s tee l  a t  c o n c e n t r a t i o n s  of a r o u n d  35 
p p m  w i t h i n  the  p H  r a n g e  4.5-6.0. L e a d  sa l t s  w e r e  
m o r e  i n h i b i t i v e  t h a n  c a l c i u m  sa l t s  w h i c h  in  t u r n  
w e r e  m o r e  ef fec t ive  t h a n  s o d i u m  sal ts .  

I t  w o u l d  be  a n t i c i p a t e d  t h a t  some  d e g r a d a t i o n  of 
l ead  r i c i n o l e a t e  m i g h t  occur  in  the  p r e s e n c e  of o x y -  
gen  s ince  r i c ino le ic  ac id  is also u n s a t u r a t e d .  H o w -  
eve r  f rom the  s o l u b i l i t y  m e a s u r e m e n t s  ( T a b l e  I I )  i t  
is e v i d e n t  t h a t  d e g r a d a t i o n  b y  o x y g e n  occurs  to a 
l esser  e x t e n t  in  l e a d  r i c i n o l e a t e  t h a n  in  l e ad  l i n o -  
lea te .  S ince  l au r i c  ac id  is s a t u r a t e d ,  l e ad  l a u r a t e  
p r o b a b l y  does  no t  d e g r a d e  in  a s i m i l a r  m a n n e r  in 
the  p re sence  of  oxygen .  I n s t e a d  i ts  h igh  so lub i l i t y  
m u s t  be  a t t r i b u t e d  m a i n l y  to t he  s h o r t e r  c a r b o n  
cha in  length .  

I n h i b i t i o n  of co r ros ion  of a l u m i n u m  b y  l ead  soaps  
m u s t  be  a s soc i a t ed  w i t h  t h e  a d s o r p t i o n  of f a t t y  
ac id  an ions  s ince  s m a l l  qua n t i t i e s  of bas ic  l e ad  
c a r b o n a t e  a r e  p r e c i p i t a t e d  w h e n  l a r g e  a r e a s  of 
a l u m i n u m  a re  i m m e r s e d  in s m a l l  v o l u m e s  of l e a d  
soap  e x t r a c t s ;  s i m i l a r  p r e c i p i t a t i o n  is no t  o b s e r v e d  
in  t he  a bse nc e  of an  a l u m i n u m  sur face .  Because ,  
u n d e r  mos t  cond i t ions  e x a m i n e d  in  th is  i n v e s t i g a -  
t ion,  t he  a l u m i n u m  is c o v e r e d  w i t h  an  ox ide  film, 
a d s o r p t i o n  of long  cha in  f a t t y  ac id  an ions  m u s t  oc-  
cur  on the  s u r f a c e  of t he  oxide .  F u r t h e r m o r e  i t  is 
cons ide red  t h a t  t he  o x i d e  f i lm is con t inuous  r a t h e r  
t h a n  c on t a in ing  holes  or  c racks  w h i c h  p e n e t r a t e  to 
f i l m - f r e e  me ta l .  S ince  a d s o r p t i o n  is i n v o l v e d  as p a r t  
of t he  i n h i b i t i o n  p rocess  i t  b e c ome s  eas i e r  to u n d e r -  
s t a n d  w h y  l ead  soaps  a r e  m o r e  ef fec t ive  i n h i b i t o r s  
for  s tee l  t h a n  c a l c i u m  or  s o d i u m  soaps  (16) .  The  p H  
v a l u e  of s o d i u m  a n d  c a l c ium soaps  w i l l  be  h i g h e r  
t h a n  those  of l e a d  soaps  (5 .1-6 .0) .  I n  t he  m o r e  a l k a -  
l ine  so lu t ions  less  ac id  soap  w i l l  ex i s t  and  a b o v e  p H  
va lues  of 8.0 i t  shou ld  b e  v i r t u a l l y  absen t .  S ince  
- - C O O N a  has  a m u c h  g r e a t e r  a t t r a c t i o n  for  w a t e r  
t h a n  - - C O O H  (17) i t  fo l lows  t h a t  an  ac id  soap  
shou ld  be  m o r e  s t r o n g l y  a d s o r b e d  a t  an  i n t e r f a c e  
t h a n  a n e u t r a l  soap.  The  u n d e n i a b l y  w e a k e r  i n -  
h i b i t i v e  ac t ion  of l e ad  r i c i n o l e a t e  m u s t  t h e r e f o r e  b e  
a t t r i b u t e d  to a c o m b i n a t i o n  of s o m e w h a t  h i g h e r  p H  
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and  lower  concen t r a t i on  (Tab le  II)  which  makes  
the  an ions  less read i ly  adsorbed.  

If f a t ty  acid an ions  are adsorbed  on oxide covered 
a l u m i n u m  as a condensed  film, each an ion  should 
occupy a n  area  of 20.5 sq A at zero compress ion  
(18).  However  it  is somewha t  more  l ike ly  tha t  
l au r a t e  wou ld  be adsorbed  as an  e x p a n d e d  film, 
which,  at low compressions,  should  show an  area  of 
a r o u n d  48 sq A per  ion. U n s a t u r a t e d  acids exh ib i t  
l a rger  l im i t i ng  areas  which  inc rease  w i th  inc reas ing  
n u m b e r  of doub le  bonds  (20).  For  ins tance ,  e lae-  
ostear ic  acids w i t h  th ree  double  bonds  m a y  exh ib i t  
l im i t i ng  areas of 100 sq A or more  which  p r o b a b l y  
means  tha t  the  ions are  l y ing  a lmos t  flat on the  su r -  
face. If such u n s a t u r a t e d  acids a re  p e r m i t t e d  to 
oxidize, as in  the  case in  this  inves t iga t ion ,  the ad -  
sorbed films st i l l  r e m a i n  coheren t  w i th  a l im i t i ng  
a rea  of a r o u n d  125 sq A per  ion. This  figure is p rob -  
ab ly  close to the effective areas of adsorbed l ino-  
leate  a n d  r i c ino lea te  ions or the i r  deg rada t ion  p rod-  
ucts. 

It  fol lows tha t  if f a t ty  acid an ions  of l a rge  effec- 
t ive  areas are adsorbed  on an  oxide surface,  the 
electr ic  field'  acce le ra t ing  a l u m i n u m  ions t h r ough  
the oxide wi l l  be ve ry  w e a k - - m u c h  weake r  t h a n  
those fields r e su l t ing  f rom the adsorp t ion  of smal le r  
ions such as the  chlor ide ion. There fo re  the  corro-  
s ion ra te  of a l u m i n u m  wi l l  be  negl ig ib le  as is in  
fact observed.  F u r t h e r m o r e  since cons iderab le  e n -  
ergy m u s t  be  suppl ied  to t r anspo r t  a l u m i n u m  ions 
t h rough  the  oxide film and  the adsorbed  fa t ty  acid 
an ion  layer ,  the po ten t i a l  of the a l u m i n u m  is 
s t rong ly  ennobled .  A s s u m i n g  this  mode l  of an  elec- 
t rode surface,  which  is descr ibed  la ter  in  more  de-  
tail, the ac tua l  va lue  of the  "corros ion"  po ten t i a l  
wi l l  depend  on the th ickness  and  defect  s t ruc tu re  of 
the  oxide fi lm on  the  a l u m i n u m  and  on  the  ene rgy  re -  
qu i red  to t r an spo r t  a l u m i n u m  ions t h rough  the ad-  
sorbed fa t ty  acid an ion  layer.  E x p e r i m e n t s  not  re -  
por ted  in  this  pape r  d e m o n s t r a t e  tha t  lead soaps and  
the i r  deg rada t ion  products  have  no apprec iab le  
so lvent  act ion on a l u m i n u m  oxide. Therefore ,  local 
in tens i f ica t ion  of the adsorp t ion  field cannot  be  ob-  
t a ined  by  local  film t h i n n i n g  as is the  case w i th  
f luoride and  chlor ide ions. 

W h e n  soaps are adsorbed  on in i t i a l ly  f i lm-f ree  
a l u m i n u m ,  Fig. 5 shows tha t  there  is first an  en -  
nob led  po ten t i a l  wh ich  increases  w i th  increas ing  
t ime. This progress ive  e n n o b l e m e n t  is not  observed  
to a n y t h i n g  l ike the  same degree  in  lead l inolea te  
w h e n  the a l u m i n u m  in i t i a l ly  carr ies  an  oxide film 
re su l t ing  f rom the  exposu re  to dry  air  for 24 hr  
(Fig. 2). The in i t i a l  e n n o b l e m e n t  of po ten t i a l  in  the  
v i r t u a l  absence  of oxide mus t  be  due  to the  h igh  
ene rgy  r equ i r ed  for t r an spo r t  of a l u m i n u m  ions 
t h rough  the adsorbed  l ayer  of f a t ty  acid anions.  
E v i d e n t l y  this  ene rgy  is lower  w h e n  f i lm-f ree  
a l u m i n u m  is i m m e r s e d  in  more  w e a k l y  adsorbed 
r ic ino lea te  solut ions.  C lea r ly  the m a g n i t u d e  of this 
ene rgy  is sufficiently h igh  t ha t  adsorp t ion  m u s t  be  
cons idered  to be the  p r i m a r y  cause of inh ib i t ion .  
The  s u b s e q u e n t  e n n o b l e m e n t  of po ten t i a l  wi th  t ime  

4 The  e lec t r ic  f ie ld  across  t he  ox ide  f i lm is p r o p o r t i o n a l  to t he  
a d s o r b e d  c h a r g e  d e n s i t y  a n d  i n v e r s e l y  p r o p o r t i o n a l  to t he  o x i d e  
t h i ckness .  The  cha rge  d e n s i t y  is  p r o p o r t i o n a l  to the  a n i o n  v a l e n c e  
an d  i n v e r s e l y  p r o p o r t i o n a l  to t he  a n i o n  area.  
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shown  in  Fig. 5 is a t t r i b u t e d  to the f o r ma t ion  of 
a l u m i n u m  oxide p r i m a r i l y  by  discharge of fa t ty  acid 
an ions  at anodic  areas on the  a l u m i n u m ;  the  fa t ty  
acid an ions  a re  p r o b a b l y  reduced  to complex  a lkyne  
or possibly  ke tonic  compounds .  The fo rma t ion  of 
oxide is a p p a r e n t l y  not  d e p e n d e n t  on the presence  
of dissolved oxygen  in  so lu t ion  since the  ext rac ts  
m a y  be s a tu ra t ed  wi th  h e l i u m  w i t hou t  m a r k e d l y  
a l t e r ing  the corrosion ra te  or potent ia l .  Ne i the r  is 
oxide fo rma t ion  be l ieved to occur u n i f o r m l y  over 
the  surface bu t  ins tead  occurs local ly  at areas  of 
m a x i m u m  ionic conduct iv i ty ,  i.e., at the  local anodes.  
Oxide fo rma t ion  by  adsorp t ion  of dissolved oxygen  
is p r o b a b l y  of some impor t ance  in  the  presence  of 
more  weak ly  adsorb ing  an ions  such as r ic inoleate .  
This  would  serve to exp la in  the  h igher  ra te  of en -  
n o b l e m e n t  of po ten t i a l  of in i t i a l ly  f i lm-f ree  a l u -  
m i n u m  in  lead r ic ino lea te  ex t rac t  (Fig. 5). Thus  the 
add i t iona l  fo rma t ion  of a l u m i n u m  oxide films in  
these sys tems is an i m p o r t a n t  secondary  cause of 
inh ib i t ion .  Work  to be repor ted  e lsewhere  shows 
tha t  at c u r r e n t  densi t ies  of 0.5-1.0 ~ a / c m  ~ the 
fo rma t ion  of oxide by  anodic  d i scharge  of f a t ty  
acid an ions  proceeds at c u r r e n t  efficiencies in  the  
reg ion  of 85-92%. Since oxide is no t  fo rmed  in 
s imi la r  e xpe r i me n t s  in  dis t i l led  water ,  its f o r ma t ion  
in  lead soap solut ions  m a y  be a t t r i b u t e d  w i th  some 
c e r t a i n t y  to d ischarge  of f a t ty  acid anions.  Tha t  
a l u m i n u m  oxide is fo rmed  by  anodic  discharge of 
fa t ty  acid an ions  at po ten t ia l s  of the  order  of 0.0 v 
on the Hydrogen  Scale indica tes  tha t  the oxygens  
in  the  RC001 groups are in  i n t i m a t e  contac t  wi th  
the  electrode surface.  

Since some smal l  local corrosion cu r r en t s  are p re -  
sumed  to flow in i t i a l ly  d u r i n g  the i nh ib i t i on  of cor-  
ros ion  of a l u m i n u m  in  lead soaps, these corrosion 
cu r r en t s  should  resu l t  in  local t h i cken ing  of the 
oxide film by  the m e c h a n i s m  ou t l ined  above at areas 
of h igher  ionic conduc t iv i ty  in  a ny  in i t i a l  oxide 
film. Since the  local c u r r e n t s  are p r e s u m a b l y  ve ry  
smal l  the c u r r e n t  efficiency of a l u m i n u m  oxide for-  
m a t i o n  m a y  be less t h a n  at  h igher  c u r r e n t  densi t ies .  
Local thickening of the oxide film will result in a 
further decrease in the electric fields accelerating 
aluminum ions into solution. Thus inhibition must 
be due to a combination of adsorption and oxide 
film formation. If aluminum is coupled to a lead 
cathode in the soap extracts the somewhat higher 
initial galvanic currents (Fig. 4) are considered to 
result in the formation of oxide at higher efficiencies 
on the aluminum anodes. Thus as the oxide film 
progressively thickens it becomes steadily more dif- 
ficult to pass further current and so the galvanic 

current rapidly decays (Fig. 4). 

That oxide formation due to very small local cor- 
rosion currents may proceed at lowered current 
efficiencies is supported by the polarization curves 
in Fig. 6. These all show a marked inflection at a 
current density of around 0.5 tta/cm ~ which is not 
obse rved  in  s imi la r  po la r i za t ion  curves  m e a s u r e d  
in  dis t i l led  water .  I t  is be l i eved  tha t  this  inf lect ion 
represen t s  the  occur rence  of the  Kolbe  reac t ion:  

2RC001 = R - R  ~ -~ 2CO~ ~ 2E 
5 In  e l ec t ro lys i s  of  t h e  h i g h e r  f a t t y  ac ids  olef ines r a t h e r  t h a n  pa r -  

affins are  u s u a l l y  e v o l v e d  a t  the  anode  (22), 
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w h i c h  a t  v e r y  low c u r r e n t s  m a y  be  an  a l t e r n a t i v e  
r e a c t i o n  to o x i d e  f o r m a t i o n  in  these  sys tems .  L a t i m e r  
(21) quo tes  a v a l u e  of --0.16 v for  t he  S t a n d a r d  
E l ec t rode  P o t e n t i a l  of t he  K o l b e  r e a c t i o n  for  acet ic  
acid.  S ince  an  i n c r e a s e  in t h e  c a r b o n  cha in  l e n g t h  
shou ld  no t  g r e a t l y  in f luence  the  Eo va lue ,  th is  r e -  
ac t ion  m u s t  be  cons ide red  to be  t h e r m o d y n a m i c a l l y  
poss ib le  a t  t he  p o t e n t i a l s  s h o w n  in Fig.  6. A t t e m p t s  
w e r e  m a d e  to ho ld  the  p o t e n t i a l  of a l u m i n u m  e lec -  
t rodes  cons t an t  in  t h e  r eg ion  of the  inf lec t ion  in  the  
p o l a r i z a t i o n  cu rves  w i t h  a v i e w  to co l lec t ing  and,  
if poss ib le ,  i d e n t i f y i n g  the  olefines w h i c h  m i g h t  
fo rm on the  a l u m i n u m  anodes .  These  a t t e m p t s  w e r e  
i n v a r i a b l y  unsuccess fu l  s ince  in  a sho r t  wh i l e  ox ide  
b e g a n  to f o r m  at  h i g h e r  c u r r e n t  efficiencies a n d  the  
p o t e n t i a l s  of t he  a l u m i n u m  anodes  w e r e  d i s p l a c e d  
to m u c h  m o r e  nob le  va lues .  T h e r e f o r e  i t  is con-  
c l u d e d  t h a t  t h e  K o l b e  r e a c t i o n  in  t h e  l e a d  soap  
sys t ems  p r o b a b l y  p roceeds  w i t h  a v e r y  h igh  s te r ic  
h i n d r a n c e  fac tor .  A t  v e r y  low c u r r e n t s  of less t h a n  
0.5 ~a/cm ~ i t  m u s t  be  cons ide r ed  as an  a l t e r n a t i v e  
anod ic  r e a c t i o n  to t he  f o r m a t i o n  of a l u m i n u m  ox ide  
by  d i s c h a r g e  of  soap  anions .  A t  e x t r e m e l y  low c u r -  
r en t  d e n s i t y  the  v e r y  s low l e a k a g e  of a l u m i n u m  
ions in to  so lu t ion  m a y  also occur  to a v e r y  l i m i t e d  
e x t e n t  a l t h o u g h  th is  is no t  d e t e c t a b l e  b y  m i c r o -  
c h e m i c a l  ana lys i s  us ing  the  a l i z a r i n  test .  

S ince  i nh ib i t i on  of a l u m i n u m  b y  l e a d  soaps  is 
a t t r i b u t e d  to the  a d s o r p t i o n  of l a rge  r a d i u s  f a t t y  
ac id  an ions  on the  o x i d e  su r f ace  a n d  the  r e s u l t a n t  
w e a k  e lec t r i c  f ields a c c e l e r a t i n g  a l u m i n u m  ions  
t h r o u g h  the  ox ide  film, i t  fo l lows  t h a t  t he  s i m u l -  
t aneous  a d s o r p t i o n  of even  a s m a l l  n u m b e r  of 
ch lo r ide  ions of m u c h  s m a l l e r  d i a m e t e r  shou ld  p r o -  
duce  in t ense  local  f ields w h i c h  w o u l d  e f fec t ive ly  
t r a n s p o r t  a l u m i n u m  ions  in to  solut ion.  A c c o r d i n g l y  
t he  i nh ib i t i on  a f fo rded  b y  l e a d  soaps  is b r o k e n  
d o w n  b y  the  a d d i t i o n  even  of 5 p p m  chlor ide .  

F r o m  t h e  m o r e  p r a c t i c a l  s t a n d p o i n t  of p e r f o r m -  
ance  of l e a d  b a s e d  p a i n t s  on  a l u m i n u m ,  th is  imp l i e s  
t ha t  l e ad  pa in t s ,  p a r t i c u l a r l y  those  p i g m e n t e d  w i t h  
r e d  l e a d  or  bas ic  l e a d  ca rbona t e ,  w o u l d  be  e x p e c t e d  
to p e r f o r m  w e l l  on a l u m i n u m  p r o v i d e d  t h a t  c h l o r i d e  
(or  su l f a t e )  ions  w e r e  a b s e n t  a t  the  m e t a l - p a i n t  
in t e r face .  A c c o r d i n g  to the  w o r k  of M a y n e  (3) th is  
cond i t i on  shou ld  be  rea l i zed ,  a t  l eas t  i n i t i a l ly ,  s ince  
o r gan i c  f i lms can  e f fec t ive ly  p r e v e n t  t he  p a s s a g e  of 
an ions  such  as c h l o r i d e  and  su l f a t e  ions  for  cons id -  
e r a b l e  per iods .  The re fo re ,  p r o v i d e d  t h a t  the  p a i n t  
c o m p l e t e l y  covers  t he  a l u m i n u m ,  i nh ib i t i on  of cor -  
ros ion  b y  v i r t u e  of t he  p r e s e n c e  of l e ad  soaps  shou ld  
occur .  H o w e v e r  once  the  p a i n t  suffers  b r e a k d o w n  
or  if  i t  is d i s con t inuous  i n i t i a l l y  so t ha t  ch lo r ide  or  

su l f a t e  ions r e a c h  the  m e t a l  sur face ,  i n h i b i t i o n  of 
co r ros ion  w o u l d  not  be  ob ta ined .  P a r t i c u l a r l y ,  in  
p a i n t s  p i g m e n t e d  w i t h  l i t ha rge ,  r a t h e r  s eve re  co r -  
ros ion  of the  a l u m i n u m  shou ld  resu l t .  I t  is f e l t  t h a t  
these  two  oppos ing  t e nde nc i e s  m a y  be  t h e  r e a s o n  
for  the  v e r y  v a r i a b l e  p e r f o r m a n c e  of a l u m i n u m  
cove red  w i t h  l e ad  p i g m e n t e d  pa in t s .  
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ABSTRACT 

A technique is described for coulometric reduct ion of films on copper and 
other electropositive metals which utilizes a granular  electrode for rapid and 
thorough pre-electrolysis of electrolyte to remove dissolved oxygen and traces 
of plateable cations. The sensit ivity of the method has been thereby increased, 
and as l i t t le as a quar ter  of a monolayer  of a reducible film can be detected 
readily. Results are reported for reversible cell potentials, overpotential  as a 
funct ion of pH and current  density, and the effect of oxygen in the electrolyte, 
for the reduction of films of cuprous oxide, and for reduction of hydrogen ions 
at a copper surface. Data are also reported on the reduction of thick films 
of cuprous oxide formed at 125~ and the usefulness of the coulometric 
method in providing informat ion about the topography of reducible surface 
films is demonstrated. Other films studied included cuprous sulfide, cupric 
oxide, and cupric hydrogen phosphate, occurring alone or as mixed films. The 
effectiveness of various preparatory  and r ins ing techniques in e l iminat ing 
phosphate contaminat ion from copper surfaces electropolished in o-phosphoric 
acid has been evaluated. With the most favorable technique, the residual  
phosphate appears to be much less than a monolayer.  

M a n y  i m p o r t a n t  opera t ions  i n v o l v i n g  the surfaces 
of solids, such as flotation, l i thography ,  b o u n d a r y  
lubr ica t ion ,  corrosion inh ib i t ion ,  and  adhesion,  de-  
pend  u l t i m a t e l y  on the  i n t e r ac t i on  of subs tances  
w i th  the ou t e rmos t  l ayer  of a toms or molecules  t ha t  
cons t i tu tes  the  surface  of the solid. In  the  case of 
ce r ta in  metals ,  i n f o r m a t i o n  abou t  bo th  the n a t u r e  
and  the  a m o u n t  of i no rgan ic  films which  m a y  be 
p re sen t  i n i t i a l l y  can of ten  be ob ta ined  by  cont ro l led  
e lec t rochemica l  r educ t ion  of the  films in situ. The 
ear ly  expe r imen t s  of Evans  and  B a n n i s t e r  (1) ,  in  
which  iodide films on s i lver  foil were  reduced  elec- 
t rochemica l ly  a t  cons t an t  potent ia l ,  we re  fol lowed 
by  the work  of Evans  and  Miley (2) on the  r educ -  
t ion  at cons t an t  c u r r e n t  of oxide films on Cu and  
Fe. In  subsequen t  work,  the  c o n s t a n t - c u r r e n t  
me thod  has been  prefer red ,  and  the  t echn ique  has 
been  cons ide rab ly  refined.  

In  theory,  the  me thod  is capable  of r ead i ly  de tec t -  
ing and  m e a s u r i n g  v e r y  t h in  films, even  f rac t ions  of 
a mono laye r .  W h e n  such sens i t iv i ty  is desired,  the 
p rob l em is to decrease the  concen t ra t ions  of p l a t e -  
able  cat ions and  dissolved oxygen  to sufficiently low 
levels,  s ince these subs tances  also compete  for the  
r educ t i on  cur ren t .  C a m p b e l l  and  Thomas  (3) p r e -  
boi led the  0.1N KC1 electrolyte ,  b u b b l e d  N~ th rough  
the so lu t ion  before  an  expe r imen t ,  and  passed N~ 
over  the  so lu t ion  d u r i n g  an  expe r imen t .  P r io r  to 
use, the  N~ was passed over  hot  r educed  Cu. 

Ea r ly  expe r imen t s  conduc ted  here  ind ica ted  tha t  
wi th  such t e c h n i q u e s  the  sens i t iv i ty  was  sti l l  l imi ted  
by  dissolved oxygen.  To lower  the oxygen  level  
even  fa r ther ,  the aqueous  so lu t ion  was  p re -e l ec t ro -  
lyzed by  a modif ica t ion  of the  p re -e l ec t ro lys i s  t ech-  
n i q u e  which  has found  favor  in  s tudies  of h y d r o g e n  
ove rpo ten t i a l  (4) .  The p re sen t  paper  describes an  
appa ra tu s  for r ap id  and  thorough  pre -e lec t ro lys i s  of 
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e lec t ro ly te  by  c i rcu la t ion  of the l iqu id  t h r ough  the 
in ters t ices  in  a large g r a n u l a r  electrode. F i lms  on 
Cu of the  order  of one  A have  been  detected,  and  
reduc t ion  po ten t ia l s  observed  for a va r i e t y  of films 
agreed  wi th  theory  in  most  ins tances .  

Experimental 
Apparatus  

The appa ra tu s  consists of two in t e r connec t ed  
cells, one for p re -e l ec t ro ly t i c  t r e a t m e n t  of the  so lu-  
tion, and  the other  for r educ t ion  of the  film on a 
specimen.  The e lec t r ica l  c i rcui t  is essen t ia l ly  the  
same for each cell, cons tan t  c u r r e n t  be ing  ob ta ined  
f rom a 90-v d ry -ce l l  supp ly  by  p lac ing  the  r e d u c -  
t ion  cell in  series w i t h  a la rge  resistor.  Wi th  su i t -  
able swi tch ing  to change  the  size of the la rge  re -  
sistor, the c u r r e n t  m a y  r ead i ly  be var ied  in  the  
r a nge  0.008-1000 #a, and  is m e a s u r e d  w i th  a mic ro -  
a m m e t e r  and  su i t ab le  shunts .  A Ag-AgC1 re fe rence  
electrode wi th  a L u g g i n  cap i l l a ry  is coupled w i th  
the  cathode to p rov ide  a po t en t i a l  s ignal  which  is 
amplif ied by  an  e lec t rometer ,  1 the ou tpu t  of which  
opera tes  a r e c o r d e r /  The recorder  is connec ted  to 
the  ou tpu t  of the  e lec t romete r  by  a po ten t i a l  d iv ider  
in  pa ra l l e l  w i th  an  appropr i a t e  condense r - r e s i s to r  
c omb i na t i on  which  s l ight ly  damps  the  response  of 
the recorder .  A plot  of po t en t i a l  as a f unc t i on  of 
t ime  is t he r e by  ob ta ined  w i t hou t  d r a w i n g  app re -  
c iable  c u r r e n t  f rom the e lect rode pair.  In  pa ra l l e l  
w i th  the e lec t rometer ,  a pH me t e r  is also inc luded  
to p rov ide  more  accura te  va lues  of the  po ten t i a l  
w h e n  desired. The  e x p e r i m e n t a l  poin ts  ind ica ted  in  
all  of the  figures were  ob ta ined  in  this way.  Shie lded  
conductors  are used for all  connec t ions  invo lved  in  

1 I4e i th ley ,  Mode l  210, i n p u t  i m p e d a n c e  10 ~4 ohms  across  a capaci -  
t ance  of 6 ~ f .  

Br i s to l ,  r a n g e  0~5 m v  d.c., r a t e  of cha r t  t r a v e l  s/s i n . / m i n .  
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Fig. 1. Cell 1 for pre-electrolysis of electrolyte 
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Fig. 2. Cell for reduction of f i lms on metal surfaces 

measur ing  or recording the potential ,  and the 
shielding is grounded.  

Cell 1, shown in Fig. 1, and Cell 2, shown in Fig. 
2, are  s imi lar  in pr incip le  in tha t  Cu is the cathode, 
and the anode and cathode sections are separa ted  
by a f r i t t ed-g lass  d iaphragm.  Cell 1 receives its 
solution at  A from a 4- l i te r  supply  bot t le  through 
which hydrogen  has been vigorously  bubbled  for a 
considerable  time. Af ter  p re -e lec t ro lys i s  in Cell 1, 
a por t ion of the solution is passed to Cell 2 through 
the Tygon connection at B. 

Cathode C of Cell 1 consists of a 3.2-ram Cu rod 
embedded  in a large  mass of Cu granules  (Merck 
reagen t ) .  These granules  have  an average  d iamete r  

of 2 mm and all  are re ta ined  on a No. 18 sieve. 
Their  to ta l  weight  is 713 g, and the apparen t  sur -  
face area  is es t imated to be 1300 cm ~. The granules  
a re  suppor ted  on a Cu tr ipod, the upper  p la te  of 
which is a Cu disk having many  perforat ions.  When 
the glass pump, D, is energized, the solution flows 
into the cathode chamber  near  the top, down 
through the g ranu la r  e lectrode and Cu disk, and 
back to the pump in a cyclic path,  thus making  
in t imate  contact  wi th  the la rge  surface of the  elec- 
trode. A small  f ract ion of the flow passes through 
the capi l lary ,  E, the reby  main ta in ing  posi t ive c i r -  
culat ion of l iquid in all par t s  of the cell. Around  the 
Cu rod which forms pa r t  of the cathode a t ight ly  
fitt ing Teflon sleeve, F, e l iminates  any spurious 
effect which might  arise at the gas- l iquid  interface.  
The Ag-AgC1 reference electrode,  G, passes through 
a cork into a glass tube, H, which extends into the 
g ranu la r  Cu mass and has an orifice (0.05 cm in 
d iamete r )  at its ex t remi ty ,  thus acting as a Luggin  
bridge.  A hole in tube H jus t  above the catholyte  
surface, I, permits  en t ry  of hydrogen  or ni t rogen 
gas, thereby  main ta in ing  an iner t  a tmosphere  over 
the solution. Anode J is at P t  wire. Diffusion of 
e lectr ical ly  formed CI~ f rom anode to cathode com- 
pa r tments  is h indered  by use of a f r i t t ed-g lass  disk 
and capi l la ry  tubing. Dra inage  of the anode com- 
pa r tmen t  is effected at K. The pump shaft  is sup-  
por ted  by Teflon bear ings  at L and M, a slot in the 
upper  bear ing  al lowing for escape of gas enter ing  
at N. The volume of ca tholyte  is about 800 ml. 
When the e lec t ro ly te  has been sufficiently freed of 
oxygen and p la teab le  cations, it is forced from Cell 
1 to Cell 2 by sui tably  adjus t ing  the speed of the 
pump and opening the clamp at B. The e lec t ro ly te  
may  be dra ined  from Cell 1 at O, and samples for 
pH determinat ions  are  obta ined at P. 

In Cell 2, Fig. 2, agi ta t ion may  be secured by  
passing hydrogen  or n i t rogen through the solution 
in fine bubbles  formed by  the f r i t t ed-g lass  disk, Q. 
If agi ta t ion is not desired,  the  gas is passed over the  
solution by ad jus tment  of the t h r e e - w a y  stopcock, 
R. The Pt  wire,  S, is led th rough  a sealed glass tube  
to a Pt  saddle, T, which holds the Cu specimen. The 
Ag-AgC1 electrode, U, is mounted  in a Teflon sleeve, 
and the e lect rolyte  is d r awn  up by  suction through 
the Luggin  capi l lary,  V. The anode compar tmen t  
wi th  Pt  anode, W, is a t tached  wi th  cap i l l a ry  tubing  
to al low for r eady  e l iminat ion  of bubbles  and for 
dra in ing  through a stopcock, X. A f r i t t ed -g lass  
d iaphragm,  u  separates  the two compar tments .  
Gas enter ing the cell through stopcock R escapes 
through a groove in the cork, Z. The volume of the  
cathode compar tmen t  is about  80 ml. Screw clamps 
on Tygon tubing  are used wherever  contaminat ion 
of e lec t ro ly te  by  stopcock grease might  occur, and 
glass stopcocks are used to control  d ra inage  f rom 
anode compar tments  and to regu la te  gas flow. 

Method o] Operation 
A 0.1N KC1 solution is p r e p a r e d  in a 4- l i ter  bot t le  

from r eagen t -g r ade  KC1 and conduct ivi ty  water ,  
and is bubbled  with  H~ for 1 hr. Bubbles  are formed 
by a submerged,  medium-poros i ty ,  f r i t t ed-g lass  
disk. A por t ion of e lec t ro ly te  is then a l lowed to 
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e n t e r  Cel l  1 un t i l  t h e  l eve l  is a t  I (Fig .  1),  a n d  a 
c u r r e n t  of a b o u t  1 m a  is a p p l i e d  w h i l e  e l e c t r o l y t e  is 
c i r c u l a t e d  at  a m o d e r a t e  ra te .  The  o b s e r v e d  ca thode  
p o t e n t i a l  m e a s u r e d  aga in s t  the  r e f e r e n c e  e l ec t rode  
is a b o u t  --0.25 v, c o r r e s p o n d i n g  to r e d u c t i o n  of 
oxide ,  and  is s u b s t a n t i a l l y  cons t an t  for  15-30 min ,  
a f t e r  w h i c h  i t  r a p i d l y  changes  to --1.0 to --1.2 v, 
c o r r e s p o n d i n g  to r e d u c t i o n  of h y d r o g e n  ions. By 
this  t ime,  mos t  of t h e  o x y g e n  has  been  r e m o v e d  
f rom t h e  e l ec t ro ly t e ,  b u t  t r aces  a r e  s t i l l  p resen t .  
Some  m e a s u r e  of the  a m o u n t  r e m a i n i n g  can  be  
o b t a i n e d  b y  r e d u c i n g  success ive ly  t he  c u r r e n t  in  t h e  
c i rcu i t  to d e t e r m i n e  the  v a l u e  at  w h i c h  the  p o t e n -  
t i a l  r e t u r n s  to abou t  --0.25 v. This  change  occurs  
w h e n  the  r a t e  of a r r i v a l  a t  t he  e l e c t r o d e  of o x y g e n  
f r o m  t h e  e l e c t r o l y t e  is j u s t  e q u a l  to t he  r a t e  of r e -  
duc t ion  of t h a t  o x y g e n  (or  ox ide )  b y  the  i m p o s e d  
cu r ren t .  To f u r t h e r  d e c r e a s e  the  o x y g e n  l eve l  in t he  
e l ec t ro ly t e ,  r e d u c t i o n  is c o n t i n u e d  w i t h  a m o d e r a t e  
flow of e l e c t r o l y t e  for  a p p r o x i m a t e l y  1 hr,  t he  c u r -  
r e n t  be ing  j u s t  suff icient  to r e d u c e  the  o x y g e n  as 
fas t  as i t  a r r ives .  By  this  t ime,  the  o x y g e n  con ten t  
is u s u a l l y  suff ic ient ly  low so t ha t  the  p o t e n t i a l  cor -  
r e s p o n d i n g  to evo lu t i on  of h y d r o g e n  in Cel l  1 does  
no t  m o v e  in  t he  m o r e  pos i t i ve  d i r ec t i on  b y  m o r e  
t h a n  25 m v  in 30 m i n  w i t h  a c u r r e n t  of 20 /~a 
t h r o u g h  the  cell .  In  t he  p r e s e n t  work ,  p r e - e l e c -  
t r o ly s i s  is a r b i t r a r i l y  cons ide r ed  sufficient  w h e n  
such a cond i t i on  is a t t a i ned ,  and,  i f  done  co r rec t ly ,  
t he  p H  of t he  r e s u l t i n g  e l e c t r o l y t e  w i l l  no t  be  a b o v e  
8.5. 

D u r i n g  p r e - e l e c t r o l y s i s  of t he  so lu t ion  in Cel l  1, 
the  Cu spec imen ,  u s u a l l y  a 1-in.  s q u a r e  of 16 -gauge  
me ta l ,  ~ is p l a c e d  in  pos i t i on  in  Ce l l  2 and  h y d r o g e n  
is pa s sed  t h r o u g h  the  cel l  p r i o r  to i n t r o d u c t i o n  of 
p r e - e l e c t r o l y z e d  so lu t ion  f rom Cel l  1. The  fi lm on 
a s p e c i m e n  is u s u a l l y  r e d u c e d  w i t h o u t  ag i t a t ion ,  
and  h y d r o g e n  is pa s sed  over  the  su r face  of the  
e l e c t r o l y t e  d u r i n g  r e d u c t i o n  to p r e v e n t  e n t r y  of 
o x y g e n  f r o m  the  air .  The  inf lec t ion  p o i n t  in t he  
p o t e n t i a l - t i m e  c u r v e  is t a k e n  as the  endpo in t ,  and  
the  film th i ckness  is c a l c u l a t e d  b y  the  re la t ion ,  

100itM 
T ( I )  

aNFd 

w h e r e  T is t he  t h i cknes s  in  A, i is the  c u r r e n t  in 
m i c r o a m p ,  t is t he  t i m e  in sec, M is t he  f o r m u l a  
we igh t ,  a is t he  a r e a  in  cm ~, N is t he  n u m b e r  of 
f a r a d a y s  r e q u i r e d  to r educe  one g r a m  f o r m u l a  
we igh t ,  F is t he  f a r a d a y  v a l u e  in cou lombs ,  and  d 
is t he  d e n s i t y  of t he  f i lm in g / c m t  The  p H  of the  
e l e c t r o l y t e  is m e a s u r e d  j u s t  b e f o r e  a n d  jus t  a f t e r  
m a n y  of t he  runs ,  a n d  i t  is c u s t o m a r y  to d i s c a r d  t h e  
e l e c t r o l y t e  b e f o r e  t h e  p H  r e a c h e s  11.0. Mos t  of the  
w o r k  r e p o r t e d  h e r e  was  done  in  t he  p H  r a n g e  of 
9.0-10.5, a n d  t h e  p r e f e r r e d  c u r r e n t  d e n s i t y  for  r e -  
duc t i on  of f i lms in  t he  t h i c k n e s s  r a n g e  of 20-40A 
was  2.5 # a / c m t  The  t i m e  r e q u i r e d  for  the  a c t u a l  
r e d u c t i o n  was  15-25 min .  

Overpotential and pH 
P o t e n t i a l  d a t a  p r e s e n t e d  b e l o w  a r e  c o m p a r e d  

w i t h  the  r e v e r s i b l e  va lue s  c a l c u l a t e d  f rom d a t a  on 

3 P h o t o e n g r a v e r s '  copper ,  Edes M a n u f a c t u r i n g  Co., P l y m o u t h ,  
Mass. 
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f ree  e n e r g y  of f o r m a t i o n  c o m p i l e d  b y  L a t i m e r  (5 ) ,  
u s ing  the  s ign  c o n v e n t i o n  of G la s s tone  (6 ) ,  a v a l u e  
of 0.770 for  the  a c t i v i t y  coefficient  of  0.1N KC1, and  
e q u a t i n g  a c t i v i t y  and  c o n c e n t r a t i o n  for  h y d r o g e n  
ions a n d  h y d r o x y l  ions. This  p r o c e d u r e  l eads  to t h e  
fo l lowing  r e l a t i o n s  for  t he  r e v e r s i b l e  c a thode  p o t e n -  
t i a l  w i t h  r e spe c t  to t he  A g-A gC1  e l e c t r o d e  in  0.1N 
K C h  

Cu_~O ~ Cu E z 0.181-0.0591 p H  ( I I )  

H + -~ ~/z H_~ E = --0.288-0.0591 p H  ( I I I )  

CuO ~ Cu E = 0.281-0.0591 p H  ( IV)  

CuO-~  Cu~O E = 0.381-0.0591 p H  (V)  

The  c h a n g e  in p o t e n t i a l  w i t h  r e spe c t  to c u r r e n t  
d e n s i t y  w h e n  c up rous  ion is b e i n g  r e d u c e d  to Cu is 
s h o w n  for  two  va lues  of p H  in Fig .  3. T h e  cu rves  
a p p r o a c h  the  t h e o r e t i c a l  r e v e r s i b l e  va lues ,  c a l c u -  
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Fig. 3. Observed and calculated values of the potential for 
reduction of Cu=O at low current density, and for reduction of 
hydrogen ions at a Cu surface: open circle, reduction of oxide 
at pH z 8.50; closed circle, reduction of oxide at pH ~--- 
10.45; open square, reduction of hydrogen ions at pH = 
10.S, with hydrogen bubbling; closed square, reduction of 
hydrogen ions at pH : 10.5, with no bubbling; 
observed; reversible. 
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Fig. 4. Variat ion with pH of the potential for Cu20 re- 
duction and for reduction of hydrogen ions at o Cu surface 
for various values of current density: open circle, oxide re- 
duction at 0.00063 ~o/cm=; dosed circle, oxide reduction at 
2.51 /~a/cm2; open square, hydrogen ion reduction at 0.63 
~a/crn2; closed square, hydrogen ion reduction at 2.51 /~a/cmt 
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l a t ed  b y  Eq. ( I I ) ,  as t he  c u r r e n t  d e n s i t y  becomes  
smal l .  The  d e v i a t i o n  a t  h i g h e r  c u r r e n t  dens i t i e s  m a y  
be cons ide r ed  to be  due  to t he  " c o p p e r  o v e r p o t e n -  
t i a l "  w h i c h  is ana logous  to t h e  m o r e  f a m i l i a r  h y -  
d r o g e n  o v e r p o t e n t i a l .  T h e  v a r i a t i o n  of p o t e n t i a l  
w i th  c u r r e n t  d e n s i t y  for  r e d u c t i o n  of h y d r o g e n  ions 
at  a Cu su r f ace  is also s h o w n  in Fig .  3 for  a p H  of 
10.5. As  for  the  cup rous  ion, t he  a p p r o a c h  to the  
r e v e r s i b l e  v a l u e  is s a t i s f a c t o r y  a t  v e r y  low va lues  
of t he  c u r r e n t  dens i ty .  B u b b l i n g  h y d r o g e n  t h r o u g h  
the  l i qu id  d u r i n g  r e d u c t i o n  is b e l i e v e d  to r e d u c e  
c o n c e n t r a t i o n  p o l a r i z a t i o n  and  t h e r e b y  to sh i f t  t h e  
ca thode  p o t e n t i a l  to m o r e  pos i t i ve  va lues .  A t  a 
c u r r e n t  d e n s i t y  of a b o u t  0.1 ~ a / c m  ~, b u b b l i n g  h a d  
i n c r e a s e d  the  r a t e  of a r r i v a l  of d i s so lved  o x y g e n  
at  t he  c a thode  to such  a l eve l  t h a t  a s u b s t a n t i a l  p a r t  
of the  c u r r e n t  was  u sed  in  r e d u c i n g  th is  oxygen .  A t  
even  l o w e r  c u r r e n t  d e n s i t y  va lues ,  the  r a t e  of 
a r r i v a l  of o x y g e n  a t  t he  c a thode  in  t h e  a g i t a t e d  
e l e c t r o l y t e  e x c e e d e d  t h a t  w h i c h  could  be  t a k e n  ca re  
of b y  t h e  a v a i l a b l e  cu r ren t ,  a n d  the  p o t e n t i a l  b e -  
c a m e  m u c h  less nega t ive .  This  effect is b e l i e v e d  to 
be  d u e  no t  to o x y g e n  t r a n s f e r r e d  f r o m  the  h y d r o g e n  
b u b b l e s  b u t  to the  i n c r e a s e d  r a t e  of a r r i v a l  a t  the  
ca thode  of r e s i d u a l  o x y g e n  a l r e a d y  p r e s e n t  in  t he  
e l ec t ro ly t e .  Once t h e  o x y g e n  con ten t  of t he  e lec -  
t r o l y t e  is qu i t e  low, t a n k  h y d r o g e n  m a y  b e  b u b b l e d  
v i g o r o u s l y  t h r o u g h  t h e  so lu t ion  for  2 h r  w i t h o u t  
p r o d u c i n g  a n y  m e a s u r a b l e  ox ide  fi lm on the  spec i -  
men,  t he  s e n s i t i v i t y  of m e a s u r e m e n t  be ing  a b o u t  
0.5A. 

Some  i d e a  of the  effect  of p H  on the  o b s e r v e d  
po t en t i a l s  for  r e d u c t i o n  of cup rous  ox ide  f i lms a n d  
for  r e d u c t i o n  of h y d r o g e n  ions  was  o b t a i n e d  b y  
p l o t t i n g  the  d a t a  o b t a i n e d  f r o m  m a n y  m o n t h s  of 
ope ra t i on ;  Fig .  4 is t y p i c a l  of t he  r e su l t s  ob t a ined .  
C o n s i d e r a b l e  s ca t t e r  was  obse rved ,  and  the  n u m b e r  
of o b s e r v a t i o n s  was  insuff ic ient  , a t  m a n y  va lue s  of 
c u r r e n t  dens i ty ,  to p r o v i d e  h i g h l y  s ign i f ican t  co r -  
r e l a t ions .  F o r  v e r y  low v a l u e s  of c u r r e n t  dens i ty ,  
howeve r ,  t he  s lopes  of t h e  l ines  of bes t  fit on a p H -  
p o t e n t i a l  p lo t  w e r e  in  f a i r  a g r e e m e n t  w i t h  t h e o r y  
( - -0 .0591) ,  but ,  a t  n o r m a l  va lue s  of c u r r e n t  dens i ty ,  
t h e  l ines  w e r e  m o r e  n e a r l y  hor izon ta l .  M e a s u r e -  
m e n t s  on a s ingle  s p e c i m e n  w e r e  cons i s t en t  w i t h i n  
themse lves ,  bu t  p r o n o u n c e d  s ca t t e r  was  o f t en  ob -  
s e r v e d  w h e n  d i f fe ren t  spec imens  w e r e  c o m p a r e d .  
This  sugges t s  t h a t  sub t l e  v a r i a t i o n s  m a y  occur  f r o m  
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Fig. 5. Variat ion of reduction potential 
density for a thick Cu.~O film at a pH of 9.6. 
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w i t h  c u r r e n t  

one r u n  to t he  n e x t  in  t h e  n a t u r e  of t he  sur face ,  
r e s i d u a l  s t resses  in  su r f ace  c rys ta l s ,  the  r e a l  su r f ace  
area ,  the  n u m b e r  and  n a t u r e  of a n y  a d s o r b e d  m o l e -  
cules  (7) ,  and  the  t o p o g r a p h y  of t he  su r f a c e  film. 

By  s u b t r a c t i n g  the  c a l c u l a t e d  r e v e r s i b l e  v a l u e s  
f r o m  p a r t i c u l a r  va lue s  t a k e n  f r o m  the  l ines  of bes t  
fit, v a lue s  of o v e r p o t e n t i a l  w e r e  o b t a i n e d  for  t he  
two e l ec t rode  processes  as a f u n c t i o n  of pH, a n d  a r e  
g iven  in T a b l e  I. I t  is o b s e r v e d  tha t ,  for  bo th  e l ec -  
t r o d e  processes ,  the  va lue s  of o v e r p o t e n t i a l  dec rea se  
w i t h  i n c r e a s i n g  p H  at  a b o u t  t he  s a m e  ra te .  The  
o v e r p o t e n t i a l  for  ox ide  r e d u c t i o n  is m u c h  l o w e r  
t h a n  t ha t  for  r e d u c t i o n  of h y d r o g e n  ions, an  o b s e r -  
va t i on  w h i c h  sugges t s  a s m a l l e r  p o t e n t i a l  e n e r g y  
b a r r i e r  in the  case  of ox ide  r educ t ion .  A s l igh t  
e x t r a p o l a t i o n  of the  d a t a  for  r e d u c t i o n  of cup rous  
ox ide  ind i ca t e s  t ha t  t h e  o v e r p o t e n t i a l  w o u l d  b e c o m e  
zero  at  p H  = 11.0. In  a d i scuss ion  of Cu and  i ts  
ox ides  b y  P o u r b a i x  (8) ,  a s t a b i l i t y  d i a g r a m  is p r e -  
s en t ed  w h i c h  ind i ca t e s  t h a t  the  m e t a l  is p a s s i v a t e d  
and  Cu~O is t he  s t ab l e  p h a s e  in  t he  p H  r a n g e  8.0- 
11.5. F o r  m o r e  a l k a l i n e  so lu t ions ,  t h e  d i a g r a m  i n d i -  
ca tes  t ha t  Cu~O films a re  no t  s tab le ,  a n d  shou ld  
d i s so lve  spon t aneous ly ,  in  w h i c h  case  t he  o v e r -  
p o t e n t i a l  w o u l d  be  zero.  In  a q u a l i t a t i v e  way ,  t he  
au tho r s '  m e a s u r e m e n t s  of o v e r p o t e n t i a l  a r e  in  ac -  
cord  w i t h  th is  p red ic t ion .  

In  the  p r e s e n t  s tudy ,  m a n y  m e a s u r e m e n t s  of 
ox ide  th i ckness  on bo th  a b r a d e d  and  e l e c t ropo l i shed  
su r faces  h a v e  been  m a d e  b y  t h e  c o u l o m e t r i c  t e c h -  
n ique ,  b u t  l i t t l e  d i f fe rence  in  t h i cknes s  of o x i d e  has  
been  o b s e r v e d  as a r e s u l t  of d i f fe rences  in  the  
m e t h o d  of su r face  p r e p a r a t i o n .  I t  a p p e a r s  t h a t  a 
p r o t e c t i v e  Cu20 fi lm of 20-40A is f o r m e d  v e r y  
r a p i d l y  on e x p o s u r e  to air ,  t a n k  h y d r o g e n ,  or  t a n k  
n i t rogen ,  a n d  t h e  p a r t i c u l a r  t h i cknes s  s eems  to d e -  
p e n d  m o r e  on r i n s ing  and  d r y i n g  cond i t ions  t h a n  on 
the  m e t h o d  of su r face  p r e p a r a t i o n .  

Thick Oxide Films on Copper and Topography of the 
Oxide Layer 

I t  is g e n e r a l l y  a g r e e d  t h a t  on ly  Cu~O is f o r m e d  
b y  ae r i a l  o x i d a t i o n  of Cu b e l o w  150~ a l t h o u g h  the  
s e n s i t i v i t y  l im i t s  of t he  d i f f r ac t ion  t e c hn ique s  n o r -  
m a l l y  used  do no t  e x c l u d e  the  poss ib le  ex i s t ence  
of a f ew  p e r c e n t  of CuO. T h i c k  ox ide  f i lms on Cu 
in the  r a n g e  of 200-400A w e r e  p r e p a r e d  b y  s to r ing  
c l eaned  spec imens  in  a i r  a t  125~ for  s e v e r a l  h o u r s  
or  days .  The  f i lms w e r e  t hen  r e d u c e d  c o u l o m e t r i -  
ca l ly .  W i t h  a v e r y  low c u r r e n t  dens i ty ,  6.3 x 10-' 
~ a / c m  ~, these  spec imens  a l w a y s  s h o w e d  an  in i t i a l  
p o t e n t i a l  in  t he  r a n g e  of --0.13 to  - -0 .20 v, s u b s t a n -  
t i a l l y  less  n e g a t i v e  t h a n  t h a t  o b s e r v e d  for  m u c h  

Table I. Overpotential as a function of pH at a current density 
of 2.51 ~.a/cm ~ 

O v e r p o t e n t i a l ,  v o l t s  

E l e c t r o d e  p r o c e s s  p--~ = 8.5 p H  = 9 .0  p H  ~ 10.0  p H  = 10.5  

Reduct ion of 
Cu~O to Cu --0.095 --0.077 --0.038 --0.018 

Reduct ion of  
hydrogen  
ions at a 
Cu surface --0.288 --0.265 --0.219 --0.198 
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t h i n n e r  f i lms (--0.30 to --0.35 v ) .  W i t h  t ime ,  t he  
p o t e n t i a l  b e c a m e  m o r e  nega t ive ,  and  f ina l ly  b e c a m e  
c o m p a r a b l e  to t ha t  of t h in  f i lms of Cu20. The  r a t e  
of change  of p o t e n t i a l  w i t h  t i m e  was  no t  a c c e l e r a t e d  
b y  c h a n g i n g  t h e  c u r r e n t  d e n s i t y  ove r  a w ide  r a n g e  
or  by  s t i r r i n g  the  e l ec t ro ly t e .  

As a t e n t a t i v e  e x p l a n a t i o n  for  t h e s e  p h e n o m e n a ,  
i t  is p o i n t e d  out  t ha t  t he  i n i t i a l  p o t e n t i a l  a p p r o x i -  
m a t e s  t ha t  for  r e d u c t i o n  of CuO to Cu~O, as shown  
b y  Eq. (V) ,  and  m a y  t h e r e f o r e  i n d i c a t e  t r aces  of 
CuO. W h e n  i m m e r s e d  in  the  e l ec t ro ly t e ,  a change  
in  t he  f i lm occurs  w h i c h  is no t  d e p e n d e n t  on t h e  r a t e  
of cha rge  t r a n s f e r  and  w h i c h  r e su l t s  in  the  a t t a i n -  
m e n t  of the  n o r m a l  p o t e n t i a l  for  a Cu~O fi lm a f t e r  
sufficient  t ime  has  e lapsed .  I f  t h e  i n i t i a l  p o t e n t i a l  
is a c t u a l l y  due  to t r a ce s  of CuO, th is  ox ide  m a y  be  
c o n v e r t e d  s l owly  to Cu~O, or  m a y  p e r h a p s  b e  d i s -  
so lved  on s t a n d i n g  in  the  KC1 solut ion.  

The  p h e n o m e n a  o b s e r v e d  d u r i n g  r e d u c t i o n  of  
t h i ck  f i lms a n d  the  u n c e r t a i n t y  of the  specu l a t i on  
conce rn ing  the  o r ig in  of these  effects l ed  the  au tho r s  
to p r e s e n t  t he  d a t a  on t h i c k  fi lms s e p a r a t e l y  f r o m  
those  for  t h in  fi lms f o r m e d  a t  r o o m  t e m p e r a t u r e ,  
the  t y p i c a l  v a r i a t i o n  of r e d u c t i o n  p o t e n t i a l  w i t h  
c u r r e n t  d e n s i t y  be ing  s h o w n  in Fig .  5 for  t h i c k  f i lms 
f o r m e d  a t  125~ 

Because  the  r e d u c t i o n  p o t e n t i a l  is s t r o n g l y  d e -  
p e n d e n t  on c u r r e n t  d e n s i t y  in t he  r a n g e  of c u r r e n t  
d e n s i t y  n o r m a l l y  used,  c o n s i d e r a b l e  i n f o r m a t i o n  
conce rn ing  the  t o p o g r a p h y  or  u n i f o r m i t y  of d i s -  
t r i b u t i o n  of a f i lm ove r  t h e  su r f ace  of the  m e t a l  can 
be  o b t a i n e d  f rom the  r e d u c t i o n  curve .  V e r y  th in  
films, h a v i n g  a t h i ckness  of  t he  o r d e r  of 20A, m i g h t  
b e  e x p e c t e d  to be  qu i t e  u n i f o r m  in th ickness ,  and,  
on r educ t ion ,  such f i lms y i e l d  a r a t h e r  flat  p l a t eau ,  
f o l l owed  b y  a r a p i d  change  in p o t e n t i a l  w h e n  the  
f i lm is exhaus t ed .  In  th is  case, t he  t r a n s i t i o n  f r o m  
one p l a t e a u  to the  n e x t  p r o b a b l y  r e q u i r e s  t h e  p e r i o d  
of t ime  n e e d e d  for  the  r e d u c t i o n  of the  l as t  m o n o -  
l a y e r  of t he  a lmos t  e x h a u s t e d  c o m p o n e n t  in  t he  
film. To p r o v e  t h a t  t he  shape  of t he  c u r v e  in the  
t r a n s i t i o n  r eg ion  is not  con t ro l l ed  b y  some o t h e r  
process ,  such as diffusion,  a s p e c i m e n  h a v i n g  abou t  
t he  u s u a l  t h i cknes s  of o x i d e  was  r e d u c e d  a t  ha l f  the  
u s u a l  c u r r e n t  dens i ty .  The  t r a n s i t i o n  occup ied  tw ice  
as much  t i m e  as p r e v i o u s l y ,  and,  w h e n  the  c u r v e  
w a s  r e p l o t t e d  w i t h  t he  absc i ssa  c o m p r e s s e d  b y  a 
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Fig. 6. Effect of variations in topography of Cu20 films on 
the reduction curves: open circle, thick f i lm on 50% of area, 
2_.53 /~o/cm2; closed circle, th ick f i lm on 10% of area, 1.2.9 
/~a/cm ~. 
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f ac to r  of two,  the  shape  of the  c u r v e  was  i den t i ca l  
w i t h  t h a t  o b t a i n e d  b y  r e d u c i n g  a t  the  h i g h e r  c u r -  
r e n t  dens i ty .  If  one  r e l a t e s  t h e  change  in p o t e n t i a l  
w i th  c u r r e n t  dens i ty ,  s h o w n  in Fig.  5, to the  s h a p e  
of the  c u r v e  in  the  t r a n s i t i o n  r eg ion  for  a spec imen  
h a v i n g  a th in  f i lm of CthO, i t  is e v i d e n t  t h a t  90% 
or  m o r e  of t he  l as t  m o n o l a y e r  of Cu~O has  been  
r e d u c e d  w h e n  the  p o t e n t i a l - t i m e  c u r v e  r eaches  t he  
inf lec t ion  point .  

A t h i c k  film, on the  o the r  hand ,  is o f ten  less  u n i -  
f o r m  in  t h i cknes s  ove r  t he  a r e a  of the  spec imen .  
This  could  c o n c e i v a b l y  r e su l t  in  a g r a d u a l  i nc rea se  
in p o t e n t i a l  a long  t h e  p l a t eau ,  as some a r e a s  a r e  
v i r t u a l l y  f r e e d  of f i lm w h i l e  o the r s  s t i l l  h a v e  a con-  
s i d e r a b l e  coat ing .  W h e n  t h e  f i lm is a lmos t  gone, i t s  
p e r s i s t e n c e  in  loca l  a r e a s  w h i c h  w e r e  t h i c k e r  o r ig -  
i n a l l y  m i g h t  t e n d  to p r o d u c e  a m o r e  g r a d u a l  change  
in  p o t e n t i a l  in  t h e  t r a n s i t i o n  region .  The  v a l i d i t y  
of  t h e s e  ideas  was  conf i rmed  b y  r e d u c i n g  spec imens  
w i t h  n o n u n i f o r m  fi lm d i s t r i b u t i o n s  on w h i c h  i n t e r -  
f e r e nc e  colors  v a r i e d  ove r  t h e  area .  A f u r t h e r  check  
was  p r o v i d e d  b y  r e d u c t i o n  of spec imens  w h i c h  c a r -  
r i ed  bo th  a t h i c k  a n d  a th in  f i lm on a d j a c e n t  a r eas  
of t he  s a m e  spec imen .  One of t he se  was  p r e p a r e d  
b y  f o r m i n g  a t h i c k  ox ide  depos i t  a t  125~ t h e n  
d i s so lv ing  the  o x i d e  on  ha l f  t he  s p e c i m e n  b y  d i p p i n g  
in  0.02N HC1, fo l l owed  b y  r a p i d  r i n s ing  in  w a t e r  
and  in alcohol .  W h e n  dry ,  t he  s p e c i m e n  was  t h e r e b y  
c ove re d  ove r  ha l f  t he  a r e a  w i t h  a t h i c k  ox ide  d e -  
pos i t  and  the  r e m a i n d e r  h a d  on ly  a t h in  film. In  
a n o t h e r  case, n i n e - t e n t h s  of t he  t h i c k  fi lm was  d i s -  
so lved  in the  d i lu t e  acid.  R e d u c t i o n  p o t e n t i a l  cu rves  
for  t he se  spec imens  a r e  s h o w n  in  Fig.  6, and ,  in  each  
case, one  obse rves  two  p l a t e a u s  a r i s ing  f rom the  
fac t  t h a t  the  ef fec t ive  c u r r e n t  d e n s i t y  changes  r a t h e r  
a b r u p t l y  w h e n  the  t h in  f i lm becomes  e xha us t ed .  

W h e n  a t h i c k  f i lm is p r e p a r e d  b y  a 5 - m i n  a e r i a l  
o x i d a t i o n  at  500~ on ly  cupr i c  o x i d e  is f o rmed ,  
a cco rd ing  to D i x i t  and  A g a s h e  (9) .  Such  a f i lm g a v e  
p o t e n t i a l s  g e n e r a l l y  a b o u t  0.09 v m o r e  n e g a t i v e  t h a n  
w e r e  o b t a i n e d  for  t h i c k  f i lms of c u p r o u s  oxide ,  
a l t h o u g h  Eqs. ( I I )  and  ( IV)  i nd i ca t e  a p o t e n t i a l  
0.10 v m o r e  pos i t ive ,  as t he  l i m i t i n g  case  of zero  
c u r r e n t  is a p p r o a c h e d .  The  p r e s e n t  e x p e r i m e n t s  do 
not  a g r e e  w e l l  w i t h  those  of Mi l ey  (10) ,  w h o  o b -  
s e rved  for  r e d u c t i o n  of CuO a p o t e n t i a l  0.315 v m o r e  
n e g a t i v e  t h a n  t h a t  r e q u i r e d  for  r e d u c t i o n  of Ctt20. 

Other Films on Copper 
M e a s u r e m e n t  of  m i x e d  sul f ide  and  o x i d e  f i lms on 

Cu y i e l d e d  r e su l t s  s i m i l a r  to those  of C a m p b e l l  a n d  
T h o m a s  (3) ,  t h e  sulf ide  b e i n g  f o r m e d  b y  d i p p i n g  a 
p u m i c e d  s p e c i m e n  in H~S w a t e r .  W h e n  r e d u c e d  a t  
a c u r r e n t  d e n s i t y  of 2.51 ~ a / c m  ~, t he  first  p l a t e a u  
o c c u r r e d  a t  - -0.394 v, a r e a s o n a b l e  v a l u e  for  Cu~O 
reduc t ion ,  and  the  second  p l a t e a u  o c c u r r e d  a t  
--0.956 v, a v a l u e  b e l i e v e d  to c o r r e s p o n d  to t h e  
r e d u c t i o n  of Cu~S to Cu. The  m i x e d - f i l m  e x p e r i -  
m e n t  d e m o n s t r a t e s  t h a t  m a n y  r e d u c i b l e  f i lms can  
be  a n a l y z e d  b y  th i s  t e c h n i q u e  if  t h e y  a r e  r e l a t i v e l y  
i n so lub l e  in the  e l ec t ro ly t e ,  and  if  t he  r e d u c t i o n  
occurs  a t  a p o t e n t i a l  less n e g a t i v e  t h a n  the  evo lu t ion  
of h y d r o g e n  or  o t h e r  l i m i t i n g  reac t ion .  

The  n a t u r e  of e l e c t r o p o l i s h e d  su r faces  is of con-  
s i d e r a b l e  i n t e r e s t  in  o the r  s tud ies  c u r r e n t l y  b e i n g  
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gas a b o v e  the  solu t ion .  The  su r f a c e  f i lm was  t hen  
r e d u c e d  aga in ,  and  the  d a t a  p r o v i d e  the  l o w e r  c u r v e  
of Fig .  7, i n d i c a t i n g  c o m p l e t e  a b se nc e  of t he  p h o s -  
p h a t e  sal t .  I f  t h e  r e d u c e d  s p e c i m e n  was  a l l o w e d  to 
r e m a i n  in  the  e l e c t r o l y t e  in  w h i c h  the  p h o s p h a t e  
sa l t  h a d  been  reduced ,  no r e - f o r m a t i o n  of a p h o s -  
p h a t e  f i lm on the  s p e c i m e n  was  o b s e r v e d  on s u b -  
s equen t  r educ t ion .  A f t e r  r e d u c t i o n  of a sulf ide film, 
h o w e v e r ,  g r a d u a l  r e - f o r m a t i o n  of the  sulf ide f i lm 
was  o b s e r v e d  w h e n  t h e  r e d u c e d  s p e c i m e n  was  le f t  
in the  e l ec t ro ly t e .  This  d i f f e rence  in b e h a v i o r  m a y  
be due to a difference in the solubility product con- 
stants of the sulfide and phosphate salts. 

Films on Electronegative Metals 

The  re su l t s  j u s t  d e s c r i b e d  d e m o n s t r a t e  t h a t  cou lo -  
m e t r i c  r e d u c t i o n  is a v a l u a b l e  tool  for  t he  s t u d y  of 
r e d u c i b l e  fi lms on Cu, the  s e n s i t i v i t y  be ing  suff icient  
for  m e a s u r e m e n t  of f r a c t i o n a l  m o n o l a y e r s .  A p p l i -  
ca t ion  of t h e  m e t h o d  to e l e c t r o n e g a t i v e  m e t a l s  in 
aqueous  so lu t i on  is p r e c l u d e d ,  h o w e v e r ,  b y  the  evo -  
l u t i on  of h y d r o g e n  a t  p o t e n t i a l s  less  n e g a t i v e  t h a n  
a r e  n e c e s s a r y  for  r e d u c t i o n  of su r f ace  films. I t  was  
h o p e d  t ha t  a n o n a q u e o u s  sy s t em could  be  found  
w h i c h  w o u l d  avo id  th is  d i f f icul ty  w i t h o u t  i n t r o d u c -  
ing  o t h e r  p r o b l e m s ,  b u t  p r e l i m i n a r y  e x p e r i m e n t s  
h a v e  not  led  to t h e  d i s c o v e r y  of such  a sys tem.  

Manuscr ip t  received Feb.  19, 1957. Communicat ion  
No. 1882 f rom the Kodak  Research Laborator ies .  

An.y discussion of this pape r  wi l l  appea r  in a Dis- 
cussion Section to be publ i shed  in the December  1958 
JOURNAL. 
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c o n d u c t e d  here .  W h e n  a smoo th  Cu s p e c i m e n  was  
p r e p a r e d  b y  e l e c t r o p o l i s h i n g  in  an  aqueous  so lu t ion  
c on t a in ing  63% b y  w e i g h t  of o - p h o s p h o r i c  acid,  fo l -  
l o w e d  b y  t h o r o u g h  r i n s ing  in  r e d i s t i l l e d  w a t e r  and  
e t h a n o l  be fo re  d r y i n g ,  two  p l a t e a u s  w e r e  o b s e r v e d  
in  t he  r e d u c t i o n  curve .  The  first  a t  --0.413 v p r o b -  
a b l y  i n d i c a t e d  Cu~O, w h i l e  t he  second  a t  --0.792 v 
is b e l i e v e d  d u e  to a p h o s p h a t e  sa l t  i n so lub i l i zed  
d u r i n g  r in s ing  of the  e l e c t r o p o l i s h e d  spec imen .  
[ F o l l o w i n g  W a l t o n  (11) ,  i t  is a s s u m e d  t h a t  the  sa l t  
is cupr i c  h y d r o g e n  p h o s p h a t e . ]  A l l e n  (12) has  r e -  
p o r t e d  s i m i l a r  r e su l t s  b u t  c l a ims  t h a t  the  p h o s p h a t e  
film can  b e  r e m o v e d  c o m p l e t e l y  b y  a r i n s e  w i t h  
10% o - p h o s p h o r i c  acid,  f o l l o w e d  b y  a t h o r o u g h  r i n s e  
w i t h  wa te r .  Our  r e d u c t i o n  e x p e r i m e n t s ,  w h i c h  
a r e  b e l i e v e d  to b e  m o r e  sens i t ive  t h a n  A l l en ' s ,  h a v e  
no t  ve r i f i ed  the  abso lu t e  r e m o v a l  of p h o s p h a t e  b y  
this  r i n s ing  t echn ique .  I t  s e e m e d  l i k e l y  t ha t  the  
p h o s p h a t e  sa l t  m i g h t  r e s ide  l a r g e l y  in  p i t s  or  i r r e g u -  
l a r i t i e s  in  the  sur face ,  a n d  these  w e r e  m i n i m i z e d  
b y  po l i sh ing  in  a v e r t i c a l  p l a n e  and  b y  f i l ing the  
l o w e r  edge  of t he  s p e c i m e n  to a k n i f e - e d g e  b e f o r e  
po l i sh ing  to e l i m i n a t e  a t t a c h m e n t  of b u b b l e s  and  
s u b s e q u e n t  p i t t ing .  This  t e c h n i q u e  r e d u c e d  t h e  e s t i -  
m a t e d  a m o u n t  of p h o s p h a t e  to a b o u t  1.3A, as shown  
in t he  u p p e r  c u r v e  of Fig .  7. [Us ing  a r a d i o a c t i v e  
t r a c e r  t e chn ique ,  S i m p s o n  a n d  H a c k e r m a n  (13) 
r e c e n t l y  s t ud i ed  t h e  e l i m i n a t i o n  of p h o s p h a t e  con-  
t a m i n a t i o n  f r o m  e l e c t r o p o l i s h e d  Cu surfaces ,  b u t  
t he  10% p h o s p h o r i c  ac id  r i n se  was  not  e m p l o y e d  in 
t h e i r  w o r k . ]  

A f t e r  r educ t ion ,  the  s p e c i m e n  was  l i f t ed  out  of 
t h e  e l e c t r o l y t e  and  le f t  for  t h r e e  days  in n i t r o g e n  
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ABSTRACT 

A method  for p la t ing  copper on a luminum and its al loys is recorded tha t  
e l iminates  the need for special  p re t rea tments ,  zincate dips, etc. A mode ra t e ly  
acid copper  solut ion conta ining oxalates,  pyrophosphates ,  ammonia,  and t r i -  
e thy lamine  has been found to be most effective. Rack and ba r re l  p la ted  work  
can be control led  to give adhesion be t te r  than  the u l t imate  p roper t ies  of t in-  
lead  solder;  cont inuously  p la ted  wire  has been produced on a smal l  scale. 

F o l l o w i n g  an  i n i t i a l  o b s e r v a t i o n  tha t ,  w h e n  a 
Cu-A1 coup le  is i m m e r s e d  in g l ac i a l  ace t ic  acid,  t h e  
Cu is a t t a c k e d  p r e f e r e n t i a l l y ,  an  a t t e m p t  was  m a d e  
to a p p l y  th is  p h e n o m e n o n  to u se fu l  s y s t e m s  for  
p l a t i n g  Cu on A1. This  s eemed  to open  the  poss i -  
b i l i t y  of us ing  s t r o n g l y  ac id  so lu t ions  for  t he  d i r ec t  
e l e c t r o d e p o s i t i o n  of Cu or  o t h e r  m e t a l s  on A1, in  
m a r k e d  c o n t r a s t  to t h e  n o r m a l  p r a c t i c e  of u s ing  
n e u t r a l  or  n e a r l y  n e u t r a l  so lu t ions  for  t h e  e l e c t r o -  
p l a t i n g  s tep  (1, 2),  e x c e p t  for  t he  m e t h o d  of Burges s  
and  H a m b u e c h e n  (3) .  

The i r  m e t h o d  d e p e n d s  on m e c h a n i c a l  k e y i n g  for  
adhes ion ,  b u t  r e m o v e s  f inal  t r aces  of t he  ALO, fi lm 
by  ca thod ic  ac t ion  in  t he  m i l d l y  ac id  zinc su l f a t e  
p l a t i n g  so lu t ion  p r e s c r i b e d .  O t h e r w i s e  t h e r e  has  
been  a n  i m p l i c i t  a s s u m p t i o n  (4)  t h a t  e l e c t r o p l a t i n g  
on A1 f rom an  ac id  so lu t ion  is imposs ib le .  On ly  
w i t h i n  the  l as t  f ew m o n t h s  has  a r e f e r e n c e  to an  
ac id  Cu so lu t ion  for  d i r ec t  p l a t i n g  on a l u m i n u m  
b e e n  p u b l i s h e d  (5) ,  a l t h o u g h  this  p rocess  r e q u i r e s  
p r e t r e a t m e n t  s teps  u n d e r  v a c u u m  a n d  its p r a c t i c a l  
u t i l i t y  is u n k n o w n .  

A r e v i e w  of p l a t i n g  v a r i o u s  m e t a l s  f r o m  ac id  
so lu t ions  led  to an  i n t e r e s t i n g  r e d i s c o v e r y  of t he  
G a u d u i n  (6) process .  U n f o r t u n a t e l y  t h e  o r ig ina l  
p a t e n t  was  as v a g u e  as t he  b r i e f  r e f e r ences  found,  
a n d  m e r e l y  e s t a b l i s h e d  t h a t  the  b a t h  cons i s t ed  of 
a m m o n i u m  oxa la te ,  coppe r  oxa la t e ,  a n d  oxa l i c  ac id  
and  shou ld  be  o p e r a t e d  at  f r om 40 ~ to 60~ 

A l t h o u g h  h e a t i n g  l a r g e  p l a t i n g  t a n k s  w a s  difficult ,  
the  process  was  used  for  Cu p l a t i n g  some cast  i ron  
s t a t u a r y  for  the  P a r i s  e x h i b i t i o n  of 1878, the  l a rge s t  
p ieces  b e i n g  two  cast  i ron  bu l l s  w e i g h i n g  1600 k g  
each.  La t e r ,  a t t e m p t s  to h e a t  the  p l a t i n g  t a n k s  w e r e  
a p p a r e n t l y  a b a n d o n e d ,  and  the  p rocess  was  modi f i ed  
to o p e r a t e  at  r oom t e m p e r a t u r e  b u t  a t  l o w e r  c u r -  
r e n t  dens i ty .  

This  modi f i ca t ion  a p p e a r s  to h a v e  r u i n e d  the  
G a u d u i n  process .  I t  was  no t  r e v i v e d  even  when ,  
a r o u n d  the  t u r n  of the  cen tu ry ,  p r a c t i c a l  m e t h o d s  
of h e a t i n g  p l a t i n g  t a n k s  p a v e d  the  w a y  for  g e n e r a l  
a ccep t ance  of  c y a n i d e  coppe r  p l a t ing .  I t  is i n d e e d  
s t r a n g e  t h a t  t h e r e  has  been  no r e - e x a m i n a t i o n  of 
t he  G a u d u i n  process ,  as t h e r e  has  b e e n  a good d e a l  
of i n t e r e s t  in  r e p l a c i n g  c y a n i d e  b a t h s  b y  less  tox ic  
f o r m u l a t i o n s  of c o m p a r a b l e  usefu lness ,  p a r t i c u l a r l y  
in v i e w  of t h e  t e chn i ca l  exce l l ence  of the  p rocess  
in i ts  e a r l y  s tages.  

Once  i t  was  e s t a b l i s h e d  h e r e  e x p e r i m e n t a l l y  t ha t  
even  a m o d e r a t e  Cu-A1 a d h e s i o n  could  r e s u l t  f r om 
d i r ec t  p l a t i n g  me thods ,  effor t  was  c o n c e n t r a t e d  on 
such me thods .  T h e s e  w o u l d  h a v e  c o n s i d e r a b l e  p r a c -  
t i ca l  as we l l  as t h e o r e t i c a l  i n t e re s t .  R e m o v a l  of 
ox ide  f i lm c o n c u r r e n t l y  w i t h  t he  depos i t i on  of a n -  
o t h e r  m e t a l  such  as Cu f r o m  a p l a t i n g  b a t h  of o t h e r -  
w i se  n o r m a l  c h a r a c t e r i s t i c s  shou ld  p r o v i d e  a n  e l e -  
gan t  so lu t ion  of the  ox ide  fi lm diff icul t ies  p r e v i o u s l y  
a s soc ia t ed  w i t h  p l a t i n g  on A1. E l i m i n a t i o n  of ac id  
t r e a t m e n t  a n d  z inca te  i m m e r s i o n  s teps  w o u l d  n a t u -  
r a l l y  a p p e a l  to t he  p r a c t i c a l  p l a t e r .  

Experimental Work 
E x p e r i m e n t s  s h o w e d  t h a t  A1 d id  no t  co r rode  

r a p i d l y  in  a w i d e  v a r i e t y  of m o r e  or  less  c o n v e n -  
t i ona l  ac id  Cu p l a t i n g  so lu t ions  and  a t t e m p t s  w e r e  
m a d e  to use  these  to p l a t e  on A1. H o w e v e r ,  poor  
a d h e s i o n  r e s u l t e d  f r o m  a t t e m p t s  to p l a t e  f r o m  s t a n d -  
a r d  fo rmu la t i ons .  A d d i t i o n  of an  a g e n t  d e s i g n e d  to 
i nc rea se  cor ros ion  of A1 b y  the  e l e c t r o l y t e  r e su l t ed ,  
in c e r t a i n  cases, in  the  m a r k e d  i m p r o v e m e n t  of t he  
a d h e s i o n  of t h e  p l a t e  to  t he  bas i s  me ta l .  A l l  of t he se  
tes ts  w e r e  c o n d u c t e d  us ing  c o m m e r c i a l l y  p u r e  A1 
tha t  h a d  been  so lven t  or  v a p o r  c leaned ,  and  d e -  
g r e a se d  in a c o n v e n t i o n a l  p h o s p h a t e - c a r b o n a t e  
c leaner .  

The  in i t i a l  c r i t e r i o n  of a d h e s i o n  was  an  180 ~ 
b e n d i n g  tes t  w i t h o u t  a m a n d r e l .  The  p r a c t i c a l  c r i t e -  
r ion  ( in  sp i te  of ob jec t ions  to s i m p l e  t e s t i ng  p r o -  
c e du re )  of E h r h a r d t  and  G u t h r i e  (8)  was  l a t e r  
adop ted .  Tha t  is, an  a d e q u a t e  tes t  for  p l a t e d  A1 
is t he  m e c h a n i c a l  d e s t r u c t i o n  of a s o l d e r e d  j o i n t  
w i t h o u t  caus ing  the  p l a t e  to p a r t  f r o m  the  bas is  
me ta l .  Essen t i a l ly ,  t he  a d h e s i o n  in s h e a r  was  m e a s -  
u r e d  v i a  a so lde red  jo in t  of 1/16 in. ~ a r ea ;  t h e  f inal  
r e f ined  ve r s i on  of th i s  t e s t  ha s  b e e n  p u b l i s h e d  e l se -  
w h e r e  (9) .  Much  of t he  w o r k  r e p o r t e d  in  th is  p a p e r  
p r e c e d e d  this  d e v e l o p m e n t ,  a n d  a d h e s i o n  is t h e r e -  
fo re  c h a r a c t e r i z e d  as good, i n t e r m e d i a t e ,  a n d  poor  
w h e n  it  exceeds  5000 psi,  is b e t w e e n  2000 and  5000 
psi, and  is less t h a n  2000 psi,  r e spec t i ve ly .  Con-  
f i r m a t o r y  tes t s  of s a m p l e s  c ons ide r e d  to h a v e  good 
a d h e s i o n  showed  t h a t  no p l a t i n g  f a i l u r e  b y  r e p e a t e d  
b e n d i n g  could  be  de tec t ed .  In  t h e  case  of some  such 
s a m p l e s  a n n e a l e d  a t  350~ a f t e r  p l a t ing ,  m e t a l -  
l o g r a p h i c  e x a m i n a t i o n  s h o w e d  e x t e n s i v e  f o r m a t i o n  
of i n t e r m e t a l l i c  c o m p o u n d  at  t he  in t e r face .  

24 
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Table I. Results of initial plating trials 

M e t a l  O t h e r  A n i o n s  O t h e r  
p l a t e d  ca t ions  p r e s e n t  a d d i t i o n s  A d h e s i o n  R e m a r k s  

Cu - -  Acetate Various Poor Solubil i ty of Cu 
too low 

Cu - -  Citrate, n i t ra te  - -  Poor-inter.  - -  
Cu - -  Citrate, nitrate,  - -  Inter. - -  

fluoride 
Cu Ammonium Citrate, nitrate,  - -  Inter. - -  

fluoride 
Cu - -  Citrate, sulfate, - -  Inter.  - -  

fluoride 
Cu - -  Sulfate - -  Poor - -  
Cu - -  Sulfate Various* Poor-inter.  - -  
Cu A m m o n i u m  Oxalate - -  Inter.  Gauduin ' s  b a t h - -  

pH 5 
Cu A m m o n i u m  Oxalate Varioust  Inter.-good Approx. pH 5 

* To inc rease  s o l u b i l i t y  of AlcOa f i lm;  c o m p l e x i n g  a g e n t s  such  as a l u r n i n o n  and  c o r r o d e n t s  such  as g r a p e f r u i t  j u i ce  we re  he lp fu l .  
See Tab le  II .  

Resul ts  of in i t i a l  e x p e r i m e n t s  w i th  Cu p la t ing  are 
consol ida ted  in to  Tab le  I. The  pH of the  p l a t i ng  
solut ions,  except  whe re  noted,  was  less t h a n  2, and  
of ten  less t h a n  1. S imi l a r  tests w i th  Zn,  Cd, Ni, Sn, 
Pb, and  Ag were  gene ra l ly  less promis ing .  In  the  
case of Pb  and  Ag the re  was  ser ious corrosion of 
the  A1 cathode.  

Development of Solutions Based on Oxalates 
A l t h o u g h  cons ide rab le  effort was  d i rec ted  t oward  

d e v e l o p m e n t  of p l a t i ng  solut ions  re la ted  to the  con-  
ven t i ona l  acid su l fa te  ba th  a n d  the  sys tems i n c l u d -  
ing  citr ic acid, on ly  in  the  case of the  oxala te  solu-  
t ions were  the best  resul t s  ob ta inab le .  Since the  
pub l i shed  i n f o r m a t i o n  on G a u d u i n ' s  ba th  was  so 
meager ,  work  had  to s tar t  w i th  so lubi l i ty  studies.  
The  p re f e r r ed  ba th  composi t ion  consis ted of 20 g 
of cupr ic  oxide dissolved in  a hot  so lu t ion  of 100 g 
of a m m o n i u m  oxa la te  crysta ls  and  60 g of oxalic 
acid crystals ,  the f inal  v o l u m e  be ing  made  up  to 
1 l i ter .  This  ba th  gives a fu l ly  a d h e r e n t  i m m e r s i o n  
deposi t  on steel  in  add i t i on  to g iv ing  good m a t t  
e lectrodeposi ts  at  abou t  2 a m p / d m "  at 50~176 By 
m o d e r n  s t anda rds  the  r a t e  of deposi t ion  is too low 
and  the  anode  corrosion infer ior .  For  di rect  p l a t i ng  
on A1 the  adhes ion  was  as good as the  best  ob ta ined  
in  a l t e r n a t i v e  sys tems re fe r red  to in  Tab le  I. 

L imi t a t i ons  of the  G a u d u i n  b a t h  appeared  to be 
twofold:  low so lubi l i ty  of a m m o n i u m  oxala te  a n d / o r  
a Cu complex;  insuff icient  r eac t iv i ty  wi th  a l u m i n u m  

Table II. Modifications to Gauduin bath 

A n i o n  r e p l a c i n g  or O t h e r  
a d d e d  to oxa l a t e :  a d d i t i o n  A d h e s i o n  C o m m e n t s  

Sulfate, ni trate,  
Citrate, acetate, 
Tartrate,  malate, 
Salicylate, sulfo 
Salicylate, or 
succinate 
Boric acid 

Fluor ide 

Pyrophosphate 

Not 
improved 

Slight 10 g/1 
improvement  

Slight 0.2 g/1 
improvement  

A luminon  Slight Up to l imit  
improvement  of 

solubil i ty 
Maj o r  

improvement  

oxide to develop good adhesion.  Modificat ions were  
m a d e  to overcome these defects, a n d  a re  s u m m a r i z e d  
in  Tab le  II. 

Wi thou t  quest ion,  the  mos t  effective of the in i t i a l  
modif icat ions  was  the  r e p l a c e m e n t  of al l  the a m -  
m o n i u m  oxala te  in  the  o r ig ina l  f o r m u l a t i o n  by  a 
l ike a m o u n t  of a m m o n i u m  pyrophospha te .  This  
def ini te ly  overcomes the  so lub i l i ty  l imi t a t ions  no ted  
ear l ie r  a nd  also puts  the  adhes ion  on A1 cons i s t en t ly  
in  the good r ange  for the r e l a t i ve ly  t h i n  deposits  
employed.  Anode  corrosion was  st i l l  somewha t  i n -  
ferior,  however ,  so a t t empt s  were  m a d e  to r e m e d y  
this. 

Since the adhes ion  of Cu to A1 fel l  off as pH was 
increased,  this  me thod  of i m p r o v i n g  anode  corrosion 
was not  acceptable.  The inf luence  of a l a rge  n u m b e r  
of amines  on anode  corrosion was t h e n  s tudied,  and  
it was found  tha t  those w i th  so luble  Cu complexes  
were  gene ra l l y  he lp fu l  i n  p r o m o t i n g  adhesion.  How-  
ever,  on ly  the t e r t i a r y  a lky l  amines  were  s table  to 
ex t ended  electrolysis,  and  t r i e t h y l a m i n e  appeared  
to be the p re fe r red  addi t ion.  

The  so lu t ion  composi t ion  which  has b e e n  tes ted 
most  ex t ens ive ly  is: a m m o n i u m  pyrophospha te ,  100 
g; oxalic acid crystals ,  60 g; copper  oxide, 20 g; 
t r i e t hy l amine ,  50 g; w a t e r  to m a k e  1 l i ter ;  in i t i a l  
pH, 5.6-5.8. 

The a m m o n i u m  pyrophospha te  was  p r e p a r e d  by  
reac t ion  of a m m o n i a  a nd  pyrophosphor ic  acid at or 
nea r  0~ to avoid excessive hydrolys is .  In  v iew of 
this  compl ica t ion,  a nd  the  difficulty of d issolv ing 
copper oxide, the  use of copper  py rophospha te  as 
s t a r t ing  m a t e r i a l  m a y  be superior ,  p a r t i c u l a r l y  for 
l a rge -sca le  use. 

Details of Plating Procedure 
The b u l k  of the  work  w i th  this so lu t ion  has been  

pe r f o r me d  on rack  p la ted  work,  i n  so lu t ion  batches  
r a n g i n g  up to 55 gal and  us ing  the same ba tch  of 
so lu t ion  for per iods  of up  to the  order  of months .  
Bar re l  p la ted  work  has been,  so far  as can be j udged  
wi th  the  l imi t ed  adhes ion  test  used, fu l ly  sat isfac-  
tory, whi le  wi re  p la ted  in  the  low speed con t inuous  
w i r e  p la t ing  device developed i n t e r m e d i a t e  adhe -  
sion only.  

Typica l  p rocedure  is as follows: the  work,  fo l low-  
ing  vapor  degreas ing,  is c leaned  by  i m m e r s i o n  for 
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abou t  45 sec in  a so lu t ion  con t a in ing  3% each,  b y  
weigh t ,  of t r i s o d i u m  p h o s p h a t e  and  soda  ash,  a t  a 
t e m p e r a t u r e  of a b o u t  65~ The  t i m e  of i m m e r s i o n  
c l ean ing  is v a r i e d  s l i gh t ly  acco rd ing  to the  a l loy  
used,  b e i n g  g r e a t e r  for  the  m o r e  cor ros ion  r e s i s t a n t  
a l loys .  The  w o r k  is t hen  r i n s e d  a n d  i m m e r s e d  in 
t he  p l a t i n g  solut ion ,  w i t h  t he  p l a t i n g  c u r r e n t  be ing  
a p p l i e d  at  up  to a m i n u t e  or  two  a f t e r  t he  i m m e r -  
s ion of t he  work .  P l a t i n g  t h e n  p r o c e e d s  at  2.7 a m p /  
d m  '~ at  a t e m p e r a t u r e  of 60~ w i t h  ca thode  b a r  ag i -  
t a t ion  at  90 i n . / m i n .  U n d e r  these  condi t ions ,  d e -  
posi ts  of good adhes ion ,  acco rd ing  to the  so lde r  a d -  
hes ion  test ,  can  be  o b t a i n e d  at  l eas t  up  to 0.0005 in. 
in th ickness .  

The  s tep  r e q u i r i n g  closest  con t ro l  in  t he  a b o v e  
sequence  a p p e a r s  to be  the  i m m e r s i o n  c l ean ing  step.  
This  s tep  is no t  d r a s t i c  enough  to r e m o v e  a n y  a p -  
p r e c i a b l e  c o n t a m i n a t i o n ,  y e t  a d h e s i o n  can  suffer  
f rom ove rc l ean ing .  W i d e  v a r i a t i o n s  in  so lu t ion  c o m -  
pos i t ion  seem to be  a c c e p t a b l e  for  t h e  p l a t i n g  ba th ,  
and  s a t i s f a c t o r y  r e su l t s  h a v e  b e e n  o b t a i n e d  w i t h  
compos i t ions  r u n n i n g  f r o m  one ha l f  to t h r e e  t imes  
t ha t  of the  e x a m p l e  g iven.  Too h igh  a r a t io  of p y r o -  
p h o s p h a t e  to Cu a p p e a r s  to be u n d e s i r a b l e ,  as i t  a p -  
p e a r s  to l e a d  to m o r e  r a p i d  h y d r o l y s i s  of t h e  p y r o -  
phospha te ,  b u t  o t h e r w i s e  t h e r e  seems  to b e  cons id -  
e r a b l e  l e e w a y  in so lu t ion  f o r m u l a t i o n .  As  w o u l d  be  
expec ted ,  t h e  m o r e  c o n c e n t r a t e d  so lu t ions  g ive  good  
p l a t i n g  a t  h i g h e r  c u r r e n t  dens i t i e s  and  t e m p e r a -  
tu res .  

A n  i n t e r e s t i n g  ser ies  of o b s e r v a t i o n s  is connec t ed  
w i t h  t h e  r e l a t i o n  b e t w e e n  p l a t i n g  adhes ion ,  p l a t i n g  
condi t ions ,  p l a t i n g  th ickness ,  a n d  a n u m b e r  of pos -  
s ib le  i n t e r m e d i a t e  t r e a t m e n t s .  Some  incons i s t enc ies  
in adhes ion  h a d  been  no ted ,  b u t  a p p e a r e d  to cor -  
r e l a t e  w i t h  t h e  o b s e r v a t i o n  t ha t  good adhes ion  could  
on ly  be  o b t a i n e d  for  t h i n  deposi ts ,  un less  ef fec t ive  
ca thode  a g i t a t i o n  was  emp loyed .  W i t h o u t  such  ag i -  
t a t ion ,  good a d h e s i o n  could  on ly  be  o b t a i n e d  for  
depos i t s  b e l o w  0.0001 in. in th i ckness ,  w i t h  t h e  
Cu-A1 a d h e s i o n  of depos i t s  over  0.001 in. d e c i d e d l y  
poor .  Poo r  Cu-A1 a d h e s i o n  also r e s u l t e d  f rom t r a n s -  
f e r r i n g  the  w o r k  to o t h e r  so lu t ions  for  depos i t s  of 
ac id  copper ,  c y a n i d e  copper ,  p y r o p h o s p h a t e  copper ,  
W a t t s  n icke l ,  etc. H o w e v e r ,  th is  de fec t  cou ld  b e  
a m e l i o r a t e d  b y  l e a v i n g  the  w o r k  w i t h  t he  th in  Cu 
s t r i ke  at  r oom t e m p e r a t u r e  for  a few days ,  or  i m -  
m e r s i n g  i t  for  20 or  30 m i n  in bo i l ing  w a t e r  p r i o r  
to c o n t i n u e d  p la t ing .  A d h e s i o n  of m o d e r a t e l y  t h i c k  
depos i t s  was  also i m p r o v e d  b y  p l a t i n g  w i t h  i n t e r -  
r u p t e d  d.c., a l t h o u g h  th is  was  no t  so ef fec t ive  as 
ca thode  b a r  ag i t a t ion .  I t  shou ld  b e  no ted  t h a t  Cu 
p l a t e d  f r o m  this  b a t h  on sol id  su r f aces  a n d  subse -  
q u e n t l y  s t r i p p e d  was  on ly  s l i g h t l y  cur led ,  s u g g e s t -  
ing  t ha t  s t ress  l eve ls  in the  p l a t e  w e r e  q u i t e  low. 

A l u m i n u m  w i r e  p l a t e d  c o n t i n u o u s l y  f r o m  th is  
b a t h  gave  i n t e r m e d i a t e  a d h e s i o n  only .  This  is b e -  
l i eved  to be  due  to t he  i n a b i l i t y  to o p e r a t e  the  p l a t -  
ing  dev ice  used  a t  h igh  w i r e  speed.  A t r i a l  on a 
l a rge r ,  h igh  speed  d e v i c e  seems  w a r r a n t e d .  

Discussion of Results 
The  g e n e r a l  f ield of o x a l a t e  p l a t i n g  of Cu on A1 

has  s h o w n  promise ,  a n u m b e r  of a d d i t i v e s  be ing  
a v a i l a b l e  to e n h a n c e  the  p e r f o r m a n c e  of t h e  a m -  

m o n i u m  o x a l a t e - o x a l i c  a c i d - c o p p e r  o x a l a t e  t y p e  of 
ba th .  

The  o r ig ina l  f o r m u l a t i o n  was  i m p r o v e d  b y  the  
a d d i t i o n  of f luor ides  or  bor i c  acid,  and  b y  r e p l a c i n g  
a l l  or  p a r t  of t he  a m m o n i u m  o x a l a t e  b y  a m m o n i u m  
p y r o p h o s p h a t e .  The  p r o p e r t i e s  of t he  p y r o p h o s -  
p h a t e - o x a l a t e  s y s t e m  n o t e d  a b o v e  c o u l d  b e  i m -  
p r o v e d  s t i l l  f u r t h e r  b y  the  a d d i t i o n  of t r i e t h y l -  
amine .  U n f o r t u n a t e l y ,  s o l u b i l i t y  l i m i t a t i o n s  p r e -  
v e n t e d  the  o p e r a t i o n  of these  so lu t ions  a t  p H  v a l u e s  
b e l o w  abou t  5, w h e r e  m o r e  r a p i d  d i s so lu t ion  of t he  
a l u m i n u m  ox ide  fi lm could  be  expec ted .  This  is 
p r o b a b l y  w h y  a b r i e f  i m m e r s i o n  p e r i o d  p r i o r  to 
p l a t i n g  was  s o m e t i m e s  he lp fu l .  

The  p r i n c i p a l  s h o r t c o m i n g  no ted  in  t h e  e x p e r i -  
m e n t a l  w o r k  was  a s soc ia t ed  w i t h  a t t e m p t s  to p r o -  
duce  depos i t s  of  s e v e r a l  t en  t h o u s a n d t h s  of an  inch  
in t h i ckness  u n d e r  i m p r o p e r  condi t ions .  The  i m -  
p r o v e m e n t  in  a d h e s i o n  r e s u l t i n g  f rom l e a v i n g  p l a t e d  
w o r k  for  a few d a y s  a t  r o o m  t e m p e r a t u r e  or  for  a 
few hour s  at  100~ s t r o n g l y  sugges t s  t he  poss ib i l -  
i ty  of gas  a c c u m u l a t i o n  a t  the  Cu-A1 in te r face .  Tha t  
th is  occurs  w i t h  a v a r i e t y  of p l a t i n g  so lu t ions  sug -  
ges ts  t ha t  codepos i t ed  h y d r o g e n  a c c u m u l a t e s  in 
m o l e c u l a r  f o r m  at  t he  Cu-A1 in te r face .  This  h y -  
po thes i s  r e q u i r e s  an  a b n o r m a l l y  h igh  di f fus ion r a t e  
for  h y d r o g e n  in e l e c t r o p l a t e d  Cu, ana logous  to  t h a t  
r e c e n t l y  r e p o r t e d  b y  Ewing ,  Tobin ,  and  F o u l k e  (11) 
for  h y d r o g e n  in e l e c t r o p l a t e d  Ni. 

The  r e su l t s  o b t a i n e d  a p p e a r  to sugges t  t h a t  t he  
a m i n e  modi f i ed  p y r o p h o s p h a t e - o x a l a t e  p rocess  for  
p l a t i n g  Cu on A1 shows  p r o m i s e  of p r o v i d i n g  a s ig-  
n i f icant  t e chn i ca l  advance .  The  f u l l y  success fu l  
b a r r e l  p l a t i n g  ope ra t i ons  and  the  h i g h l y  p r o m i s i n g  
con t inuous  w i r e  p l a t i n g  a r e  e spec i a l l y  n o t e w o r t h y .  

The  concept  of a p l a t i n g  b a t h  for  A1 i n c o r p o r a t i n g  
an  ac id  p i c k l i n g  as w e l l  as a p l a t i n g  ac t ion  also 
seems  to be  s u b s t a n t i a t e d  b y  the  r e su l t s  ob ta ined .  
I t  is ev iden t ,  h o w e v e r ,  t h a t  t he  ac t ion  of the  p y r o -  
p h o s p h a t e - o x a l a t e  b a t h s  is h i g h l y  specific,  s ince  th is  
t y p e  of b a t h  p r o d u c e s  so m u c h  b e t t e r  r e su l t s  t h a n  
those  f o u n d  for  o t h e r  solut ions .  

R e t u r n i n g  to t he  G a u d u i n  process  i tself ,  t h e r e  is 
some  r e a s o n  to be l i e ve  t h a t  i ts r e d i s c o v e r y  m a y  
l ead  to i m p o r t a n t  p r a c t i c a l  a p p l i c a t i o n s  in  the  p l a t -  
ing  of m e t a l s  o t h e r  t h a n  A1, n o t a b l y  Zn and  Fe.  F o r  
this ,  some modi f i ca t ion  of t he  o r i g i n a l  p rocess  
w o u l d  l i k e l y  be  m o r e  ef fec t ive  t h a n  to use  t he  
o r i g i n a l  t h r e e  c o m p o n e n t  f o r m u l a t i o n .  

T h e  success fu l  use  of ac id  Cu so lu t ions  for  d i r e c t  
p l a t i n g  on A1 imp l i e s  t h a t  t he  co r ros ion  of A1 in ac id  
Cu so lu t ions  is m u c h  less t h a n  expec t ed .  S ince  bo th  
Pb  and  A g  show n o r m a l  a c c e l e r a t i o n  of A1 cor ros ion  
in ac id  solu t ion ,  i t  m a y  b e  s p e c u l a t e d  t h a t  Cu  ions 
t e n d  to  b e h a v e  as co r ros ion  i nh ib i t o r s  for  A1 in ac id  
solu t ion .  In  connec t ion  w i t h  this ,  Cobb  a n d  Uh l ig ' s  
(12) conc lus ion  t h a t  Cu ions  i n h i b i t  co r ros ion  of Ti  
in ac id  so lu t ion  shou ld  be  m e n t i o n e d  p a r e n t h e t -  
ica l ly .  
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ABSTRACT 

Previous  invest igat ions,  showing tha t  calc ium fluoride ac t iva ted  wi th  cer ium 
and manganese  forms a sensi t ized phosphor  of high efficiency, a re  confirmed 
as a resul t  of measurements  on ac t iva ted  single crystals .  Measurements  of 
osci l lator  s t reng th  enable  the  absorpt ive  t ransi t ions  at the cer ium center  to be 
identified, and the t rans i t ion  giving r ise to the  observed manganese  emission 
is also identified. Evidence  is p resented  to show tha t  the  t rans fe r  involves a 
spin exchange  in terac t ion  be tween  the un l ike  impur i t y  ions which  mus t  be 
s i tua ted  wi th in  a few la t t ice  sites of each o ther  in the  f luori te latt ice.  

I n  r e c e n t  y e a r s  t he  s u b j e c t  of sens i t i zed  l u m i n e s -  
cence has  been  s t u d i e d  e x t e n s i v e l y ,  bo th  on accoun t  
of t he  a p p l i c a t i o n s  to t he  f luorescen t  l a m p  i n d u s t r y  
a n d  also b e c a u s e  of t he  g r e a t  t h e o r e t i c a l  i n t e r e s t  
a t t a c h e d  to t h e  so lu t i on  of a p r o b l e m  i n t r i n s i c a l l y  
m u c h  s i m p l e r  t h a n  mos t  o the r s  in  the  f ield of 
l uminescence .  A f u n d a m e n t a l  s t u d y  of t he  p r o b l e m  
invo lves  t he  d e t e r m i n a t i o n  of t h e  m e c h a n i s m  of 
i n t e r a c t i o n  b e t w e e n  the  sens i t i ze r  center ,  w h i c h  is 
r e s p o n s i b l e  for  mos t  of  t h e  e n e r g y  abso rp t ion ,  and  
t h e  a c t i v a t o r  cen te r ,  w h i c h  g ives  r i se  to t he  m a i n  
emiss ion  band .  

A v a r i e t y  of t heo r i e s  has  been  p r o p o s e d  to e x -  
p l a i n  t he  t r a n s f e r  m e c h a n i s m ,  and  these  h a v e  been  
s u m m a r i z e d  in  an  e x c e l l e n t  a r t i c l e  b y  B o t d e n  (1) .  
As  a r e s u l t  of an  e x t e n s i v e  e x p e r i m e n t a l  s t u d y  of 
m a n y  d i f fe ren t  sens i t i zed  sy s t ems  i t  is poss ib l e  to  
e l i m i n a t e  mos t  of the  theor ies ,  chief ly  on the  
g r o u n d s  t h a t  t h e  d e p e n d e n c e  of t he  a c t i v a t o r  e m i s -  
s ion on e x c i t a t i o n  i n t e n s i t y  is l i n e a r  a n d  no t  q u a d -  
ra t ic ,  and  because  sens i t i zed  sy s t ems  a re  n o n p h o t o -  
conduc t ing .  The  mos t  l i k e l y  e x p l a n a t i o n  of t h e  e n -  
e r g y  t r a n s f e r  p rocess  i n v o l v e s  the  concep t  of r e so -  
n a n c e  b e t w e e n  t h e  e x c i t e d  s t a t e s  of s ens i t i ze r  a n d  
a c t i v a t o r  centers ,  w h i c h  possess  a s i m i l a r  a m o u n t  of 
e n e r g y  w i t h  r e s p e c t  to t he  e n e r g y  l eve l  s cheme  in 
t h e  hos t  m a t e r i a l .  T r a n s f e r  of e n e r g y  b y  a q u a n t u m  
m e c h a n i c a l  r e s o n a n c e  p rocess  w i l l  be  s t r o n g l y  d e -  
p e n d e n t  on  t h e  d i s t a n c e  ove r  w h i c h  t h e  e n e r g y  m u s t  
be  t r a n s f e r r e d  a n d  also on the  p r ec i s e  n a t u r e  of t he  
op t i ca l  t r a n s i t i o n  a t  each  center .  

The  t h e o r e t i c a l  t r e a t m e n t  of t he  r e s o n a n c e  p r o c -  
ess is d i r e c t l y  ana logous  to t h a t  d e v e l o p e d  b y  P e r r i n  
(2)  and  also F S r s t e r  (3)  to accoun t  for  c e r t a i n  e n -  
e r g y  t r a n s f e r  p rocesses  in  gases.  H o w e v e r ,  in  t h e  
so l id  s t a t e  t h e  a c t i v a t o r  emis s ion  u s u a l l y  o r i g ina t e s  
f r o m  a f o r b i d d e n  t r a n s i t i o n  a n d  t hus  t h e  r e s o n a n c e  
p rocess  dif fers  f r o m  t h a t  in  gases  w h e r e  on ly  e l ec t r i c  
d ipo le  i n t e r a c t i o n s  need  be  cons ide red .  D e x t e r  (4)  
has  e x t e n d e d  t h e  t h e o r e t i c a l  t r e a t m e n t  a n d  c a l c u -  
la tes ,  for  t r a n s i t i o n s  of  d i f fe r ing  m u l t i p o l e  o rde r ,  
the  n u m b e r  of l a t t i c e  s i tes  ove r  w h i c h  t r a n s f e r  is 
poss ib le .  The  t r a n s f e r  r a n g e  is l a r g e  for  d i p o l e -  
d ipo le  t r a n s i t i o n s  f a l l i ng  off to s m a l l  v a l u e s  for  e x -  
c h a n g e  in t e rac t ions ,  a n d  b e c o m i n g  n e g l i g i b l y  s m a l l  
for  d i p o l e - m a g n e t i c  d ipo l e  i n t e r ac t ions ,  

I t  is diff icult  to accoun t  for  t he  h igh  o b s e r v e d  
t r a n s f e r  efficiencies occu r r i ng  w i t h  qu i t e  l ow  ac -  
t i v a t o r  c o n c e n t r a t i o n s  on the  bas is  of t he  a b o v e  
s i m p l e  p i c t u r e  a lone ,  a n d  mos t  w o r k e r s  h a v e  a t -  
t e m p t e d  to o v e r c o m e  the  def ic iency  b y  p o s t u l a t i n g  
success ive  s ens i t i z e r - s ens i t i z e r  t r a n s i t i o n s  u n t i l  t h e  
e x c i t a t i o n  e n e r g y  r eaches  a sens i t i ze r  c e n t e r  suffi- 
c i e n t l y  close to an  a c t i v a t o r  c en t e r  for  t he  t r a n s f e r  
to b e  poss ib le .  H o w e v e r ,  in  m a n y  s y s t e m s  l a r g e  
F r a n k - C o n d o n  sh i f t s  occur  b e t w e e n  the  m a x i m a  of 
t he  sens i t i ze r  a b s o r p t i o n  a n d  emis s ion  b a n d s  w h e r e -  
as i t  is e s sen t i a l  in  a l l  r e s o n a n c e  t r a n s f e r s  for  t h e  
e xc i t e d  s t a tes  c o n c e r n e d  to h a v e  s i m i l a r  ene rg i e s  
w i t h  r e s p e c t  to t h e  l eve l  s cheme  of  t h e  m a t r i x  l a t -  
t ice.  Thus  t r a n s f e r  to a n e i g h b o r i n g  i d e n t i c a l  s e n -  
s i t i ze r  c en t e r  m u s t  b e  n e c e s s a r i l y  u n l i k e l y  in  v i e w  
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of the  c o n s i d e r a b l e  e n e r g y  d i f fe rence  b e t w e e n  the  
occup ied  and  u n o c c u p i e d  e x c i t e d  s ta tes .  

This  p a p e r  desc r ibes  the  r e su l t s  of e x p e r i m e n t s  
w h i c h  h a v e  been  c a r r i e d  ou t  on t h e  sens i t i zed  sy s -  
t e m  f o r m e d  b y  CaF~ a c t i v a t e d  w i t h  t r i v a l e n t  Ce a n d  
d i v a l e n t  Mn as sens i t i ze r  a n d  ac t i va to r ,  r e spec t i ve ly .  
I t  is d e m o n s t r a t e d  t h a t  the  r e su l t s  a r e  in  a g r e e m e n t  
w i t h  the  p r e d i c t i o n s  of t he  r e s o n a n c e  t h e o r y  of 
e n e r g y  t r ans f e r ,  a l t h o u g h  in t he  absence  of s ens i -  
t i z e r - s e n s i t i z e r  t r ans i t i ons ,  the  h igh  t r a n s f e r  effi- 
c iencies  can  on ly  be  e x p l a i n e d  b y  a s s u m i n g  a n o n -  
r a n d o m  d i s t r i b u t i o n  of ac t iva to r s .  

Experimental 
The  CaF~-Ce -Mn  s y s t e m  has  b e e n  s t u d i e d  b y  

G i n t h e r  (5)  who  m a d e  e x t e n s i v e  m e a s u r e m e n t s  of 
re f lec t ion  s p e c t r a  a n d  l u m i n e s c e n c e  e x c i t a t i o n  a n d  
emiss ion  spec t ra .  His  spec imens  w e r e  a l l  in  t h e  f o r m  
of  m i c r o c r y s t a l l i n e  p o w d e r s .  T h e  p r e s e n t  m e a s u r e -  
m e n t s  w e r e  i n s p i r e d  b y  the  a v a i l a b i l i t y  of l a rge ,  
syn the t i c ,  s ing le  c r y s t a l s  of f luor i te  in to  w h i c h  the  
a c t i v a t o r s  cou ld  be  i n t r o d u c e d  e i t he r  in  the  m e l t  or  
b y  s u b s e q u e n t  d i f fus ion  p rocesses  a t  t e m p e r a t u r e s  
w e l l  b e l o w  the  m e l t i n g  p o i n t  of CaF~. The  use  of 
s ingle  c rys t a l s  p e r m i t s  a w i d e  r a n g e  of p h y s i c a l  
m e a s u r e m e n t s  to be  m a d e  and,  in  t h e  p r e s e n t  case,  
i n f o r m a t i o n  o b t a i n e d  f r o m  m e a s u r e m e n t s  of a b -  
so rp t ion  coefficients e n a b l e d  the  n a t u r e  of t h e  
t r a n s i t i o n s  a t  each  cen t e r  to be  e s t ab l i shed .  D i f -  
fus ion  e x p e r i m e n t s  u s ing  s m a l l  c l e a v a g e  c r y s t a l s  
p r o v i d e d  i m p o r t a n t  ev idence  in  s u p p o r t  of t he  e x -  
i s t ence  of l a r g e  loca l i zed  i m p u r i t y  d i s t r i bu t i ons .  

The  f luor i t e  c ry s t a l s  w e r e  g r o w n  in vacuo b y  the  
S t o c k b a r g e r  me thod .  In  t he  cases  w h e r e  t he  i m -  
p u r i t i e s  w e r e  i n t r o d u c e d  in  t he  m e l t  the  l u m i n e s -  
cence c h a r a c t e r i s t i c s  i n d i c a t e d  a u n i f o r m  d i s t r i b u -  
t ion  of Ce, b u t  a zone pu r i f i ca t i on  effect  o c c u r r e d  in  
t h e  case  of  Mn. This  de f ec t  was  o v e r c o m e  b y  m a k i n g  
a l l  m e a s u r e m e n t s  on a s ing le  s lab  of c r y s t a l  cu t  
p e r p e n d i c u l a r  to t he  g r o w t h  d i rec t ion .  The  Mn con-  
t en t  was  d e t e r m i n e d  b y  c o l o r i m e t r i c  ana lys i s .  

Thermal diffusion.--The spec imens  a c t i v a t e d  b y  
t h e r m a l  d i f fus ion w e r e  p r o d u c e d  b y  h e a t i n g  smal l ,  
g o o d - q u a l i t y ,  c l e a v a g e  c rys t a l s  of f luor i t e  in  a s i l ica  
tube ,  t o g e t h e r  w i t h  t he  d e s i r e d  q u a n t i t y  of m a n -  
ganous  or  cerous  f luor ide  m i x e d  w i t h  CaF~ p o w d e r ,  
w h i c h  p r e v e n t e d  t h e  s m a l l  q u a n t i t i e s  of t h e  a c -  
t i va to r s  f r o m  b e i n g  los t  d u r i n g  the  p r e l i m i n a r y  
e v a c u a t i o n  of t he  s y s t e m  a n d  also p r o v i d e d  a u se fu l  
c o m p a r i s o n  w i t h  t he  r e s u l t a n t  l u m i n e s c e n c e  of t h e  
c r y s t a l  a f t e r  ac t iva t ion .  The  t u b e  was  h e a t e d  in  an  
e lec t r i c  f u r n a c e  in  an  a t m o s p h e r e  of a r g o n  w h i c h  
s e r v e d  to p r e v e n t  ox ida t ion .  C a t h o d o l u m i n e s c e n t  
f luor i te  cou ld  be  p r e p a r e d  b y  d i f fus ion  of Mn in to  
t he  l a t t i c e  a t  t e m p e r a t u r e s  as l ow  as 800~ a l -  
t h o u g h  at  th is  t e m p e r a t u r e  d i f fus ion took  p l ace  
m a i n l y  a long  the  d i r ec t i on  of d i s loca t ions  in  t he  
l a t t i ce  and  on the  su r f ace  of t he  spec imens .  As  t h e  
f i r ing t e m p e r a t u r e  was  r a i s ed  the  ac t iva t ion ,  as 
j u d g e d  b y  d i s cha rge  e x c i t a t i o n  fo l l owing  c l e a v i n g  
a n d  pol i sh ing ,  b e c a m e  m o r e  u n i f o r m .  I t  was  no t  
poss ib le  to p r o d u c e  c a t h o d o l u m i n e s c e n t  c ry s t a l s  b y  
h e a t i n g  f luor i tes  w h i c h  h a d  an  e v a p o r a t e d  l a y e r  of 
m e t a l l i c  Mn on t h e  sur face .  

C e r i u m  could  be  i n t r o d u c e d  in to  t he  l a t t i c e  b y  
t h e r m a l  d i f fus ion on ly  w i t h  g r e a t  d i f f icul ty  and  r e -  
q u i r e d  p e r i o d s  of s e v e r a l  days  a t  t e m p e r a t u r e s  of 
a r o u n d  1300~ S ince  the  a p p a r e n t  n o n e x i s t e n c e  of  
a zone pu r i f i ca t ion  effect w i t h  Ce, in  c r y s t a l s  g r o w n  
f rom t h e  mel t ,  sugges t s  t h a t  t he  m o b i l i t y  of Ce ions 
in t h e  f luor i te  l a t t i c e  is e x t r e m e l y  smal l ,  the  diffi- 
cu l ty  in  o b t a i n i n g  a c t i v a t i o n  w i t h  Ce b y  the  t h e r m a l  
d i f fus ion  p rocess  was  no t  u n e x p e c t e d .  Thus  mos t  
of t he  e x p e r i m e n t s  w e r e  conf ined to the  i n t r o d u c t i o n  
of Mn in to  c r y s t a l s  w h i c h  a l r e a d y  c o n t a i n e d  Ce 
a d d e d  to t h e  o r i g i n a l  mel t .  H o w e v e r ,  in  th is  case  
t h e  a m o u n t  of s ens i t i z a t i on  was  v e r y  smal l ,  m u c h  
less t h a n  o b t a i n e d  f r o m  c rys t a l s  a c t i v a t e d  w i t h  
s i m i l a r  i m p u r i t y  c o n c e n t r a t i o n s  in the  mel t .  

Paramagnetic resonance.--The p a r a m a g n e t i c  r e s -  
o n a n c e  s p e c t r u m  of c ry s t a l s  a c t i v a t e d  in  t he  m e l t  
was  c o m p a r e d  w i t h  the  s p e c t r u m  of c r y s t a l s  a n d  
p o w d e r s  a c t i v a t e d  b y  t h e r m a l  diffusion.  S ince  Ce 
r e s o n a n c e  can  on ly  be  o b s e r v e d  a t  20~  (6) ,  t he  
on ly  r e s o n a n c e  o b s e r v e d  was  t h a t  due  to d i v a l e n t  
Mn. M a r k e d  d i f fe rences  in  the  fine s t r u c t u r e  of t h e  
r e s o n a n c e  l ine  w e r e  f o u n d  acco rd ing  to t he  m o d e  of 
ac t iva t ion .  In  a l l  cases  of c o m p a r a b l e  Mn conten t ,  
the  fine s t r u c t u r e  e x h i b i t e d  b y  c r y s t a l s  a c t i v a t e d  in 
the  m e l t  was  m o r e  d e e p l y  d e v e l o p e d  t h a n  those  ac -  
t i v a t e d  b y  t h e r m a l  diffusion.  T h e  e x p l a n a t i o n  of 
th is  effect a p p e a r s  to  be t ha t  Mn is u n i f o r m l y  d i s -  
t r i b u t e d  t h r o u g h o u t  the  c r y s t a l s  a c t i v a t e d  in t he  
m e l t  w h e r e a s  i t  is c o n c e n t r a t e d  in  agg rega t e s ,  p o s -  
s ib ly  a long  the  l ines  of d i s loca t ions  a n d  s i m i l a r  
fau l t s ,  in  c r y s t a l s  a n d  p o w d e r s  a c t i v a t e d  b y  t h e r m a l  
diffusion.  The  a g g r e g a t i o n  l eads  to a q u e n c h i n g  of 
the  fine s t r u c t u r e  effect  b y  sp in  e x c h a n g e  i n t e r a c -  
t ion  b e t w e e n  n e a r b y  Mn ions. E v e n  in t he  u n e x c i t e d  
s t a t e  some i n t e r a c t i o n  b e t w e e n  the  Ce a n d  Mn ions, 
w h i c h  a r e  bo th  p a r a m a g n e t i c ,  was  f o u n d  a n d  an  in -  
c rease  in Ce con ten t  p r o d u c e d  a s l igh t  b r o a d e n i n g  
of  t he  s ix  p e a k s  in  t h e  f ine s t r u c t u r e  of  the  Mn re so -  
nance .  This  effect  a p p e a r e d  to be  s m a l l e r  in  c rys t a l s  
c on t a in ing  Ce a d d e d  to t h e  m e l t  and  in to  w h i c h  Mn 
was  i n t r o d u c e d  b y  t h e r m a l  diffusion,  t h a n  in  spec i -  
mens  a c t i v a t e d  w i t h  bo th  i m p u r i t i e s  in t he  mel t .  

X-ray analysis.--Debye-Scherrer " p o w d e r "  p h o -  
t o g r a p h s  of each  of t h e  s a m p l e s  s h o w e d  t h a t  in  a l l  
cases  Ce p r o d u c e s  an  e x p a n s i o n  a n d  Mn a c o n t r a c -  
t ion  of t he  f luor i te  la t t ice .  This  is e x p e c t e d  f rom a 
c o n s i d e r a t i o n  of t h e  ionic  rad i i .  

Optical measurements.--Specimens used  in  t he  
op t i ca l  m e a s u r e m e n t s  w e r e  c l eavage  c r y s t a l s  0.5 
m m  to 1 m m  th ick ,  p o l i s h e d  w i t h  a c o m m e r c i a l  
d i a m o n d  compound. In  r eg ions  f a r  r e m o v e d  f rom 
a n y  a b s o r p t i o n  b a n d s  t he  c r y s t a l  t r a n s m i s s i o n  was  
at  l eas t  90% in a l l  cases. No a b s o r p t i o n  was  f o u n d  
in t he  w a v e - l e n g t h  r eg ion  b e t w e e n  2 and  0.4~ and,  
t he re fo re ,  w i t h  one excep t ion ,  d e t a i l e d  m e a s u r e -  
m e n t s  w e r e  on ly  m a d e  in  the  r eg ion  of  t he  cerous  
ion a b s o r p t i o n  bands ,  b e t w e e n  0.2 and  0.4~. W i t h i n  
th is  r eg ion  e x p e r i m e n t s  w e r e  m a d e  us ing  800 cps 
" c h o p p e d "  r a d i a t i o n  f r o m  a h y d r o g e n  arc  l a m p  in 
c o n j u n c t i o n  w i t h  a Le iss  p a t t e r n  doub le  p r i s m  
m o n o c h r o m a t o r .  T r a n s m i t t e d  l igh t  i n t e n s i t y  was  
m e a s u r e d  b y  an  EMI  5311 l l - s t a g e  p h o t o m u l t i p l i e r  
f eed ing  in to  a t u n e d  ampl i f i e r  w i t h  o u t p u t  m a t c h e d  
to a p e n r e c o r d i n g  m i l l i a m m e t e r .  W h e r e  n e c e s s a r y  
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Fig. 1. Absorption spectra of activator fluorite crystals. 
Curve A, 0.2% Mn, 0.01% Ce; curve B, 0.45% Mn, 
0.7% Ce; curve C, 0.22% Mn, 0.6% Ce; curve D, 1.1% 
Mn, 5.0% Ce; curve E, 5.0% Ce. 
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Fig. 2. Absorption spectra of cerous chloride solutions. 

Curve A, Zero Ce concentration; curve B, 0.00075 g/cc; 
curve C, 0.00126 g/cc; curve D, 0.00]88 g/cc; curve E, 
0.00251 g/cc; curve F, 0.00374 g/cc; curve G, 0.00753 
g/cc. 

co r r ec t i on  was  m a d e  for  l igh t  re f lec ted  a n d  sca t -  
t e r e d  f r o m  the  c r y s t a l  sur faces .  

Absorption spectra.--Figure 1 g ives  a f a m i l y  of 
cu rves  of a b s o r p t i o n  coefficient  vs. w a v e  l e n g t h  for  
a ser ies  of spec imens  of v a r y i n g  i m p u r i t y  conten t .  
The  cu rves  show t h a t  a b s o r p t i o n  t a k e s  p l a c e  in  the  
t h r e e  b a n d s  l i s t ed  b y  G i n t h e r  (5 ) .  F o r  a l l  Ce con-  
c e n t r a t i o n s  g r e a t e r  t h a n  a b o u t  0.1% the  a b s o r p t i o n  
b a n d  in t h e  r eg ion  of 0.25~ was  the  mos t  p r o n o u n c e d  
a n d  the  p e a k  of th is  b a n d  could  no t  be  loca ted .  A 
second  b a n d  p e a k i n g  a t  a b o u t  0.305~ was  v e r y  
s t r o n g  in  spec imens  of  a n y  Ce concen t r a t i on .  T h e  
t h i r d  band ,  w i t h  p e a k  at  abou t  0.33~, was  mos t  ev i -  
den t  in  c ry s t a l s  of low Mn con ten t  and  d i m i n i s h e d  
in  i n t e n s i t y  r a p i d l y  w i t h  i n c r e a s i n g  Mn c o n c e n t r a -  
t ion.  This  effect w a s  no t  c o m m e n t e d  on b y  G i n t h e r  
(5) ,  a l t h o u g h  i t  c an  b e  no t i ced  in  his  p u b l i s h e d  da ta .  

29 

90 

7C 

5C 

F o r  t he  p u r p o s e  of compar i son ,  a b s o r p t i o n  coeffi- 
c ients  of a ser ies  of so lu t ions  of cerous  c h l o r i d e  in  
w a t e r  w e r e  m e a s u r e d .  These  a r e  p l o t t e d  in  Fig .  2 
a n d  3. T h r e e  a b s o r p t i o n  b a n d s  w e r e  found ,  t he  f irst  
o c c u r r i n g  w i t h  m a x i m u m  a b s o r p t i o n  at  a b o u t  0.305/~ 
and  the  r e m a i n i n g  two  w i t h  a b o u t  e q u a l  i n t e n s i t y  
at  0.2530~ a n d  0.2475/~. F o r  a l l  concen t r a t i ons ,  a b -  
so rp t ion  in  t h e  two  sho r t  w a v e - l e n g t h  b a n d s  w a s  
a b o u t  100 t i m e s  as i n t ense  as  t h a t  in  t h e  b a n d  a t  
l o n g e r  w a v e  leng ths .  

C r y s t a l s  c o n t a i n i n g  Mn b u t  no Ce s h o w e d  no 
a b s o r p t i o n  in  t h e  r e g i o n  of t he  b a n d s  desc r ibed .  
H o w e v e r ,  in  a c r y s t a l  s p e c i m e n  0.5 cm t h i c k  a c t i -  
v a t e d  w i t h  a b o u t  5% Mn b y  diffusion,  v e r y  f eeb le  
a b s o r p t i o n  was  f o u n d  in a b r o a d  b a n d  w i t h  m a x i -  
m u m  at  a b o u t  0.375~. This  effect is s h o w n  in Fig.  4. 
The  a b s o r p t i o n  b a n d  a p p e a r s  to c o r r e s p o n d  w i t h  
the  f eeb le  e x c i t a t i o n  r eg ion  w h i c h  G i n t h e r  (5)  o b -  
s e r v e d  at  0.4~ in  spec imens  w i t h  h igh  Mn c oncen -  
t r a t ion .  

Excitation and emission spectra.--Measurements 
of e x c i t a t i o n  a n d  emiss ion  s p e c t r a  w e r e  not  so e x -  
h a u s t i v e  as  those  of G i n t h e r  (5)  but ,  n e v e r t h e l e s s ,  
s e r v e d  to  v e r i f y  his  obse rva t ions .  Se ns i t i z a t i on  was  
v e r y  p r o n o u n c e d  in t he  two  s h o r t e r  w a v e - l e n g t h  
Ce a b s o r p t i o n  b a n d s  b u t  was  e x t r e m e l y  f eeb le  fo l -  
l owing  a b s o r p t i o n  in  t he  0.33~ Ce band .  The  b road ,  
g reen ,  emiss ion  b a n d  a t t r i b u t e d  to t he  Mn ion could  
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Fig. 4. Spectral transmission of CaF~-5% Mn. Specimen 
thickness 5 ram. 

Fig. 3. Absorption spectra of cerous chloride solutions. 
Curve A, Zero Ce concentration; curve B, 0.000064 g/cc; 
curve C, 0.000096 g/cc; curve D, 0.000192 g/cc. 
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Fig. 5 Emission spectra of typical activated fluorites, at 

293~ and 90~ Impurity concentrations in this case are 
Ce 0.6%, Mn 0.20%. 

be  e x c i t e d  b y  an  e l e c t r i c a l  d i s c h a r g e  in  air ,  in  a g r e e -  
m e n t  w i t h  t he  e a r l i e r  i nves t iga t ion .  H o w e v e r ,  t he  
sens i t i zed  emiss ion  of Mn was  v e r y  f eeb l e  in  c r y s -  
t a l s  a c t i v a t e d  w i t h  th is  i m p u r i t y  b y  t h e r m a l  d i f fu-  
sion; m u c h  less t h a n  in  c r y s t a l s  con t a in ing  a c o m -  
p a r a b l e  a m o u n t  of Mn i n t r o d u c e d  in to  t h e  me l t ,  
a l t h o u g h  d i s c h a r g e  e x c i t a t i o n  of t he  two  t y p e s  of 
c r y s t a l  gave  a b o u t  e q u a l  i n t ens i t i e s  of luminescence .  
M e a s u r e m e n t  of emiss ion  s p e c t r a  at  90~  s h o w e d  
l i t t l e  d i f f e rence  in  f o r m  f r o m  the  r o o m  t e m p e r a t u r e  
case, as i n d i c a t e d  b y  Fig .  5. C u r v e s  of emis s ion  
i n t e n s i t y  vs. t e m p e r a t u r e  a r e  p l o t t e d  on Fig.  6 as a 
t y p i c a l  c r y s t a l  was  a l l o w e d  to w a r m  up  f r o m  90~ 

Lifetime investigation.--The d e c a y  t imes  for  t he  
v a r i o u s  emiss ion  b a n d s  w e r e  i n v e s t i g a t e d  us ing  a 
p h o s p h o r o s c o p e  w h e e l  me thod .  In  e v e r y  case  t h e  
u.v. emis s ion  h a d  a d e c a y  t ime  less t h a n  10-" sec 
w h i c h  was  the  e x p e r i m e n t a l  l i m i t  of m e a s u r e m e n t .  
The  d e c a y  t i m e  for  the  v i s ib l e  Mn emiss ion  was  
m e a s u r e d  a t  va r i ous  t e m p e r a t u r e s  and  f o u n d  to be  
of the  o r d e r  of t ens  of mi l l i seconds .  F i g u r e  7 is a 
p lo t  of t he  d e c a y  t i m e  of emiss ion  in  th is  b a n d  as 
a f u n c t i o n  of Mn concen t r a t i on ,  for  a ser ies  of spec i -  
m e n s  in  w h i c h  the  Ce c o n c e n t r a t i o n  also v a r i e d  ove r  
a w i d e  r ange .  The  c u r v e  shows  t h a t  the  d e c a y  t i m e  
is p r o p o r t i o n a l  to the  Mn c o n c e n t r a t i o n  b u t  r e m a i n s  
una f fec t ed  b y  l a r g e  changes  in t h e  Ce concen t r a t ion .  
The  d e c r e a s e  in  d e c a y  t i m e  w i t h  i n c r e a s i n g  Mn 
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Fig. 6. F l u o r e s c e n c e  i n t e n s i t y  vs.  t e m p e r a t u r e  curves .  
Curve A, Ce emission, 0.254/~ excitation; curve B, Mn e m i s -  
s ion,  0.254/~ e x c i t a t i o n ;  curve  C, Mn emission, 0.3139. e x c i t a -  
t ion .  
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Fig. 7. Decay time for Mn emission at room temperature, 
and 90~ and for varying Mn concentration. 

c o n c e n t r a t i o n  is p r e s u m a b l y  due  to  a sp in  e x c h a n g e  
i n t e r a c t i o n  b e t w e e n  n e a r b y  Mn ions. 

Discussion 

B y  m e a n s  of o t h e r  e x p e r i m e n t s  no t  d e s c r i b e d  
a b o v e  i t  was  poss ib l e  to show t h a t  the  a c t i v a t e d  
c rys t a l s  w e r e  n o n p h o t o c o n d u c t o r s ,  and  also t h a t  t he  
Mn emiss ion  i n t e n s i t y  v a r i e d  l i n e a r l y  w i t h  t he  exc i -  
t a t i on  in t ens i ty .  Thus  i t  can  be  c o n c l u d e d  t h a t  t h e  
s y s t e m  is an  e x a m p l e  of sens i t i zed  luminescence .  As  
in  a l l  o t h e r  l u m i n e s c e n t  sy s t e ms  i t  is of p a r a m o u n t  
i m p o r t a n c e  to i d e n t i f y  t he  p a r t i c u l a r  l eve ls  of t he  
i m p u r i t y  cen te r s  w h i c h  a r e  r e s p o n s i b l e  for  t he  e m i s -  
sion, a n d  e n e r g y  l eve l  schemes  a r e  sugges t ed  for  
bo th  a c t i v a t o r s  be low.  F i n a l l y ,  t he  p rocess  of e n e r g y  
t r a n s f e r  b y  r e sonance ,  in th is  sys tem,  is d iscussed .  

The Cerous Ion Center 
A c o m p a r i s o n  of the  a b s o r p t i o n  b a n d s  in  t h e  c r y s -  

t a l s  w i t h  those  for  the  cerous  c h l o r i d e  so lu t ions  i m -  
m e d i a t e l y  sugges t s  a d i r ec t  c o r r e s p o n d e n c e  b e t w e e n  
the  two  cases. The  two  d o m i n a n t  b a n d s  in  f luor i te  
a t  0.305/~ and  0.25~ a p p e a r  to c o r r e s p o n d  e x a c t l y  
w i t h  t he  s a m e  two  b a n d s  in  the  so lu t ions  (see Fig.  
1, 2, and  3).  The  shape  of t he  sho r t  w a v e - l e n g t h  
a b s o r p t i o n  band ,  as m e a s u r e d  in  re f lec t ion  s p e c t r a  b y  
G i n t h e r  (5) ,  i nd i ca t e s  t he  s a m e  f o r m  as t h e  d o u b l e  
p e a k e d  b a n d  in t he  solu t ions ,  w h i l e  t he  b a n d  at  
l o n g e r  w a v e  l e ng th s  c o r r e s p o n d s  exac t ly .  

Osc i l l a to r  s t r e n g t h s  w e r e  c a l c u l a t e d  for  t he  0.305/~ 
and  0.25~ b a n d s  in  t h e  cerous  ch lo r ide  solu t ions ,  
us ing  S m a k u l a ' s  f o r m u l a  (7) .  T h e  r e su l t s  a r e  t a b u -  
l a t e d  in  T a b l e  I. C a l c u l a t i o n  of t he  osc i l l a to r  s t r e n g t h  
for  t h e  0.305~ Ce b a n d  in f luori te ,  a s s u m i n g  t h a t  a l l  
of t he  Ce a d d e d  to t he  m e l t  s t ays  in  t he  la t t i ce ,  
g ives  v a l u e s  w h i c h  di f fer  f r o m  those  for  t he  so lu-  
t ions  b y  a f ac to r  of  on ly  four .  This  r e l a t i v e l y  good 
a g r e e m e n t  se rves  to f u r t h e r  v e r i f y  the  s u g g e s t e d  
c o r r e s p o n d e n c e  b e t w e e n  the  t r a n s i t i o n s  in  aqueous  
so lu t ion  a n d  in  f luor i te  a c t i v a t e d  w i t h  Ce. The  0.33/~ 
b a n d ,  w h i c h  does  no t  occur  in  t h e  solut ions ,  is a s -  
s u m e d  to be  due  to some i n t e r a c t i o n  b e t w e e n  a Ce 
ion a n d  i ts  s u r r o u n d i n g s  in  t he  f luor i te  la t t ice .  

Because  of t he  s i m i l a r i t y  b e t w e e n  t h e  a b s o r p t i o n  
of cerous  ions in so lu t ion  and  in  t h e  f luor i te  l a t t i c e  
i t  a p p e a r s  f a i r l y  c e r t a i n  t h a t  Ce goes in to  t h e  l a t t i c e  
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Table I. Oscillator strengths for transitions giving rise to 0.30/~ 
and 0.25~ absorption bands in aqueous solutions of cerous chloride 

and in cerium activated fluorite 

0.30~ A b s o r p t i o n  b a n d  in  c e r o u s  ch lor ide  

No. of Max.  abs. H a l f  Osc i l l a to r  
Conc  c e n t e r s / c c  coeff, w i d t h  s t r e n g t h  

Soln.  g / c c  No cm-~ ev  (:D 

B 0.00075 1.88 X 10 TM 0.08 0.28 1.37 X 10 -4 
C 0.0013 2.90 >< 10 TM 0.15 0.28 1.67 X 10 -4 
D 0.0019 4.73 X 10 TM 0.235 0.26 1.49 X 10 -~ 
E 0.0025 6.30X 10 ~ 0.315 0.28 1.61 X 10-' 
F 0.0037 9.37 X 10 TM 0.515 0.31 1.95 X 10 -~ 
G 0.0075 18.9 X i0 TM 0.97 0.31 1.83 X I0 -~ 

Mean value = 1.65 X 10-' 

0.25~ A b s o r p t i o n  b a n d  i n  c e r o u s  ch lo r ide  

No. of Max.  abs. H a l f  Osc i l l a tor  
Conc cen te r s / cc  coeff, w i d t h  s t r e n g t h  

Soln.  g / cc  No cm -1 ev  (f) 

B 0.000064 1.61 X I0 ~ 0 .340  0 . 3 0  7.27 X I0 -~ 
C 0.000096 2.41 X I0 ~7 0 .550  0 . 3 0  8.00 X i0 -3 
D 0.000192 4.81 X 10 ~ 0 .845  0 . 3 0  6.07 • 10 -s 

Mean value = 7.11 >< 10 -8 

0,30/z Absorption band in cerium containing fluorite 

No. of  Max.  abs. Ha l f  Osc i l l a to r  
Conc cen te r s / cc  coeff, w i d t h  s t r e n g t h  

Spec.  a t o m i c  % No cm -1 e v  (~) 

A 0.01 0.024 X 10 ~~ 0.93 0.15 6.67 X 10-' 
B 0.7 1.75 X 10 ~ 62.5 0.16 6.57 X 10-4 
C 0.6 1.63 X 10 ~~ 66.5 0.14 6.56 X 10 -~ 

Mean value = 6.60 X 10 -~ 

as the  t r i v a l e n t  Ce +§247 ion, and  not  in  the  q u a d r i v a l e n t  
form. Thus  one has the  s i tua t ion  of a t r i v a l e n t  ion 
of g rea te r  size t h a n  the  Ca ion  be ing  subs t i t u t ed  
into a d iva len t ,  p r e d o m i n a n t l y  ionic, latt ice.  A p p l y -  
ing s imple  ideas of localized charge compensa t ion  
it appears  tha t  two Ce *++ ions should  replace  two Ca 
ions a long the 110 axis, which  is the d i rec t ion  of 
least  po ten t i a l  ene rgy  in  the  crystal ,  w i t h  a Ca ion 
s i tua ted  m i d w a y  b e t w e e n  them.  However ,  B leaney  
(8) has s ta ted tha t  no ax ia l  s y m m e t r y  is observed  
in  the  p a r a m a g n e t i c  r e sonance  spec t rum of Ce in  a 
d iva l en t  la t t ice  and  this  seems to p rec lude  the  above  
mechan i sm.  The a l t e r n a t i v e  is to suppose tha t  there  
is a d i rect  subs t i t u t i on  of Ce *+§ for Ca ++ wi th  charge 
compensa t i on  r e su l t i ng  f rom the  p resence  of a n e a r b y  
in t e r s t i t i a l  f luor ine  ion. This  s i tua t ion  wi l l  lead  to 
severe local d i s tor t ion  of the la t t ice  due  to the la rge  
d i spa r i ty  in  ion size. 

In  f luori te  the  shor t  w a v e - l e n g t h  abso rp t ion  b a n d  
does no t  appea r  for ve ry  low Ce concen t r a t i on  but ,  
as the  concen t r a t i on  of Ce increases,  absorp t ion  in  
this b a n d  r ap id ly  becomes  m u c h  more  i n t ense  t h a n  
tha t  in  a n y  other.  The 0.25~ absorp t ion  b a n d  is the  
mos t  p r o n o u n c e d  in  cerous chlor ide  solut ions  of al l  
concen t ra t ions  i nd i ca t i ng  tha t  the n a t u r e  of the  Ce 
cen te r  changes  w i th  the  concen t r a t i on  of this  act i -  
va to r  in  fluorite. G i n t h e r  (5) pos tu la t ed  the  exis t -  
ence of an  aggregate  or "c lus te r"  of Ce ions to 
account  for  the  increased  shor t  w a v e  l eng th  absorp -  
t ion  w i t h  h igh Ce concent ra t ions .  In  this  case the  
p e r t u r b a t i o n  of the  local  field p roduced  b y  the  i n t e r -  
ac t ion b e t w e e n  n e a r b y  Ce ions is p r e s u m a b l y  suffi- 

c ient  to p e r m i t  abso rp t ion  in  the  0.25~ band .  H o w -  
ever,  severe  d i s tor t ion  of the  s u r r o u n d i n g  la t t ice  
resul t s  f rom the  presence  of localized groups  of Ce 
ions, each ion be ing  compensa ted  by  an  in t e r s t i t i a l  
f luor ine ion. A de ta i led  inves t iga t ion  of the  p a r a -  
magne t i c  r e sonance  s p e c t r u m  due to Ce in  f luori te 
should y ie ld  i n t e r e s t i ng  resu l t s  which  mi gh t  d e m o n -  
s t ra te  the  i nc reas ing  i n t e r a c t i on  b e t w e e n  Ce ions as 
the c onc e n t r a t i on  of this  i m p u r i t y  is increased.  

I t  is somewha t  su rp r i s ing  tha t  the  same t r a n s i -  
t ions appear  to occur in  bo th  solut ions  of cerous 
salts and  ce r ium ions in  c rys ta l l ine  media .  However ,  
this  is in  accord w i th  magne t i c  da ta  on the  r a r e  
ear ths  a nd  is a t t r i b u t e d  to the  sh ie ld ing  of the  
so l i ta ry  4f e lec t ron  by  the  ou te r  filled 5s and  5p 
orbi tals .  H u n d ' s  select ion ru les  appl ied  to the  Ce §247 
ion give 4~F~/~ for the  g r o u n d  state, s ince the  sepa ra -  
t ion  of the  double t  4~F5/~- 4~F~ is m u c h  grea te r  
t h a n  k T  at  room t e m p e r a t u r e .  The  sc reen ing  effect 
of the  ou te r  e lec t rons  w ou l d  be expec ted  to resu l t  
in  l i ne  spect ra  for i n n e r  shel l  t r ans i t i ons  a n d  this  
suggests  t ha t  the  exci ted  s ta tes  of the  ion, cor res -  
p o n d i n g  to the  m e a s u r e d  abso rp t ion  bands ,  are  
ou te r  levels. Roberts ,  Wallace,  and  P ie rce  (9) ca lcu-  
la ted  osci l la tor  s t r eng ths  for  solut ions  of cerous 
sulfate ,  f rom m e a s u r e m e n t s  of the  F a r a d a y  effect, 
a s suming  tha t  the  ou te r  levels  w e r e  5~D~ a nd  5~Dh/~ 
for the  0.305~ and  0.25~ absorp t ion  bands ,  respec-  
t ively.  The va lues  they  ob t a ined  are  in  subs t an t i a l  
a g r e e m e n t  wi th  those quoted  in  Ta b l e  I as a resu l t  
of the  p re sen t  opt ical  m e a s u r e m e n t s .  Thus  it  seems 
l ike ly  tha t  the  exci ted states concerned  in  these  
t r ans i t ions  are  at  a n y  ra te  p e r t u r b e d  S t a r k  levels  
of the  ~D state  of this  ion. 

The  low v a l u e  of the  osci l la tor  s t r eng th  is at  
first s ight  u n e x p e c t e d  since the  pos tu la t ed  t r a n s i t i o n  
is a l lowed by  the  usua l  select ion rules .  However ,  
as po in ted  out  by  Mort and  G u r n e y  (10),  the oscil-  
la tor  s t r eng th  is essen t ia l ly  fixed by  the  p roduc t  of 
the  w a v e  func t ions  of the  exci ted and  g r o u n d  states 
concerned  and  in  this  case the  r ad ia l  ex tens ion  of 
the outer  shell,  exci ted state, w a v e  f u n c t i o n  wi l l  be  
m a n y  t imes  g rea te r  t h a n  t ha t  of the  shielded,  i n n e r  
shell, g round  state  and  thus  the osci l la tor  s t r eng th  
wi l l  be  necessa r i ly  small .  Bril ,  Klasens ,  and  Za lm 
(11) m e a s u r e d  the  l i fe t ime for decay of l u m i n e s -  
cence in  Ce -ac t iva t ed  phosphors  a nd  ob ta ined  va lues  
of abou t  1 ~sec which  aga in  suggests  a smal l  oscil-  
la tor  s t r e n g t h  for the  lowest  ene rgy  t r ans i t i ons  of 
the  Ce +§247 ion, in  a g r e e m e n t  w i th  the  suggested  
scheme. 

The  Manganese  Ion Cen ter  

The  d iva l en t  Mn  ion possesses an  ou te r  i ncomple te  
3d e lec t ron  shel l  c o n t a i n i n g  five electrons,  and  in  
the  isola ted condi t ion  the  g r o u n d  s ta te  wou ld  be 
3~S~/~. In  the  c rys t a l l i ne  s tate  the  suscept ib i l i ty  of 
t r ans i t i on  me t a l  ions is g iven  by  an  express ion  of 

the  fo rm ~ --_ __Nil" . 4 S ( S  + 1), wh ich  can  only  be  
3kT  

exp la ined  if the  o rb i t a l  a n g u l a r  m o m e n t u m  is com-  
p le te ly  quenched .  V a n  Vleck (12) s ta tes  t ha t  this  
o rb i t a l  q u e n c h i n g  is p r o b a b l y  due to the  presence  
of s t rong  as symet r i ca l  electr ic  fields which  b r e a k  
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down the sp in -o rb i t  coupling. This view is sup-  
por ted  by the d isappearance  of al l  fine s t ruc ture  in 
the pa ramagne t i c  resonance spec t rum of Mn at con- 
centra t ions  of more than  a few percent .  Orgel (13) 
has considered the spectra  of t rans i t ion  meta l  com- 
plexes  and the same genera l  considerat ions apply  
to the present  case w h e r e  Mn ~ is assumed to enter  
the fluorite la t t ice subst i tu t ional ly ,  by  simple re -  
p lacement  of Ca ions. The degeneracy  of the d 
orbi ta ls  complete ly  vanishes, leaving five separa te  
levels wi th  t ransi t ions  possible be tween  any two of 
them. In general ,  the  t ransi t ions  are all  forbidden,  
and strong associated absorpt ion  is not expected.  
However,  some d-p hybr id iza t ion  occurs in the 
exci ted s tates  and in cer ta in  cases this  may  lead to 
an increased t rans i t ion  p robab i l i ty  be tween  pa r -  
t icular  states. Thus for  Mn ~+ the ground s ta te  is a 
3~S level  which is not significantly spli t  by  the crys-  
ta l l ine  field and the lowest  exci ted state predic ted  
is the 34G level  (14), involving a spin reversa l  only. 
Even in the free s ta te  t ransi t ions  to outer  levels 
involve energies of many  electron volts and for 
cubical, or octahedral ,  coordinat ion in the  c rys ta l -  
line s ta te  these separat ions  wil l  increase and thus 
m a y  be prec luded  here. Orgel  (13) states tha t  the 
'G state in Mn is spli t  into three  and the t rans i t ion  
responsible  for the  observed luminescence in the 
present  case is p robab ly  f rom one of the higher  pa i r  
of these states back  to the  ~S ground state. 

Very weak  absorpt ion  has been repor ted  for the 
hyd ra t ed  Mn ion at  about  0.39~ (15) and this seems 
to fit in wi th  the above theore t ica l  picture.  The 
broad, weak,  absorpt ion  band located in fluorite 
conta ining app rox ima te ly  5% of Mn (see Fig. 4) 
wi th  m a x i m u m  absorpt ion  at  0.375~, and also the 
exci ta t ion at 0.4# repor ted  by  Gin the r  (5) fu r the r  
suppor t  this  t en ta t ive  al locat ion of energy states. 
The long luminescence decay t ime measured  in the 
present  exper iments  is in agreement  wi th  the sup-  
posit ion tha t  the rad ia t ive  t rans i t ion  is one which 
is normal ly  forbidden.  

Mechanism for Energy Transfer 
In agreement  wi th  Gin ther ' s  conclusions (5),  the 

present  exper iments  suppor t  the view tha t  CaF~ 
ac t iva ted  wi th  Ce and Mn forms a sensit ized system 
of high efficiency. In  view of the  la rge  spin change 
involved in the  suggested t rans i t ion  at  the  Mn center,  
energy t rans fe r  by  resonance must  involve a spin 
exchange in terac t ion  be tween  the exci ted states of 
Ce and Mn. According to the de ta i led  theoret ica l  
calculat ions of Dexter  (4) this type  of in teract ion 
is one of ex t r eme ly  short  range.  However ,  exchange 
forces can produce the necessary strong coupling 
be tween  the spins of two highly  pa ramagne t i c  ions 
such as Ce and Mn when  the ions are  s i tuated wi th in  
a few la t t ice  sites of each other. 

Most previous  authors  have  re jec ted  the idea of 
a close spat ia l  association be tween  ac t iva tor  and 
sensit izer  on the grounds tha t  a close in teract ion 
be tween the two impur i t y  centers  would severe ly  
pe r tu rb  the  form and posit ion of the absorpt ion and 
emission spectra  obta ined when ei ther  ac t iva tor  is 
present  alone. However,  a comparison of the exper i -  
men ta l ly  de te rmined  absorpt ion and emission spectra  

of the  present  two act ivators  wi th  those for  the 
same two elements  in other  phosphor  systems and 
in aqueous solution shows tha t  the sur rounding  
la t t ice  has l i t t le  effect on the  posit ion of the energy 
levels. Ac t iva tor  pa i r ing  would not be expected to 
produce any large  addi t ional  pe r tu rba t ion  and the re -  
fore the pr inc ipa l  object ion to the  close association 
of the act ivators  is removed.  Dexter  (4) calculates 
the upper  l imit  for energy t rans fe r  by  a spin ex-  
change in teract ion to be about  40 la t t ice  sites sur-  
rounding a given exci ted sensit izer  center.  A rap id  
calculat ion shows tha t  in a phosphor  containing 1% 
MnF2 and 1% CeF8 by  weight  there  a re  only ap-  
p rox imate ly  two Mn ions and one Ce ion for every  
two normal  cat ion points and thus pa i r ing  appears  
to be essential  in order  to exp la in  the high t ransfe r  
efficiencies found wi th  ac t iva tor  concentrat ions of 
a few tenths  of a percent .  

Evidence for Association of Activators in Specimens 

Prepared from the Melt 

The ionic sizes of Ce and Mn are, respect ively,  
la rger  and smal ler  than  tha t  of Ca and x - r a y  ana ly -  
sis showed tha t  addi t ion of Ce leads to an expansion,  
and addi t ion of Mn to a contraction,  of the fluorite 
latt ice.  When the two ions were  present  together  
in about  equal  propor t ions  l i t t le  change in the 
fluorite la t t ice spacing was detected,  nor was there  
apprec iab le  l ine  broadening.  The in t roduct ion  of 
Ce into the fluorite la t t ice  wi l l  lead to a severe 
local la t t ice dis tor t ion which wil l  be pa r t i cu l a r ly  
m a r k e d  when Ce aggregat ion  occurs. However,  the 
la t t ice  dis tor t ion is min imized  by  the presence of a 
n e a r b y  Mn ion. The format ion  of associations of 
i m p u r i t y  ions is opposed by  considerat ions of the 
s ta t is t ical  na tu re  of en t ropy  and also by  e lect ro-  
stat ic repulsion,  but  at the t e m p e r a t u r e  at  which 
the la t t ice  was formed f rom the mel t  these effects 
are less impor tant .  

The cri t ical  dependence  on t empe ra tu r e  of the 
factors which tend to p romote  pa i r ing  of Ce and Mn 
is wel l  i l lus t ra ted  by  the diffusion exper iments .  I t  
was s ta ted in a previous  section tha t  i t  was possible 
to diffuse Mn into fluorite at qui te  low tempera tures ,  
and so far  as could be ascer ta ined  f rom the lumines-  
cence proper t ies  the  act ivat ion was uni form th rough-  
out  the bu lk  of the lattice.  However,  diffusion of 
Mn into a crys ta l  which a l r eady  contained Ce added 
to the mel t  did not  produce apprec iab le  sensi t iza-  
tion, even af te r  prolonged diffusion per iods  at 
1300~ It  appears  tha t  the influence favor ing pa i r -  
ing is opera t ive  only at  t empera tu re s  at, or close 
to, the mel t ing  point  of CaF~, where  the cation 
mobi l i ty  is high. Efficient sensi t izat ion is only  found 
in crysta ls  in which the association of ac t ivators  
has t aken  place. However ,  efficient powder  phos-  
phors  were  obta ined by  firing cerous and manganous  
fluorides wi th  CaF~ at  l l 0 0 ~  but  in this case it 
was shown by pa ramagne t i c  resonance measure -  
ments, which indica ted  l i t t le  fine s t ruc ture  even for 
low Mn concentrat ions,  tha t  the impur i t ies  were  
ma in ly  contained in the surface layers  of the  mic ro-  
c rys ta l l ine  grains.  Since this  is the  case for Mn 
which has a r e l a t ive ly  high mobi l i ty  in fluorite, the 
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su r f ace  d i s t r i b u t i o n  of Ce w h i c h  has  a l ow  m o b i l i t y ,  
m a y  be  e x p e c t e d  to b e  even  m o r e  p r o n o u n c e d .  Thus  
the  loca l  c o n c e n t r a t i o n  in  t h e  su r f ace  of t h e  p o w d e r  
g r a in s  w i l l  be  h igh  enough  for  i n t e r a c t i o n  b e t w e e n  
Ce a n d  Mn. 

The  s p e c t r a l  m e a s u r e m e n t s  p r o v i d e  f u r t h e r  ev i -  
dence  for  the  f o r m a t i o n  of a n o n r a n d o m  d i s t r i b u t i o n  
of ac t iva to r s .  G i n t h e r ' s  i n v e s t i g a t i o n s  (5)  a r e  in  
a g r e e m e n t  w i t h  t he  p r e s e n t  w o r k  in  two  s igni f icant  
respects ,  (a )  the  sh i f t  to l onge r  w a v e  l eng th s  of t he  
Mn emiss ion  w i t h  i n c r e a s i n g  Ce concen t r a t i on ,  a n d  
(b)  t he  d i m i n u t i o n  of t he  0.33~ Ce a b s o r p t i o n  b a n d  
w i t h  i n c r e a s i n g  Mn concen t r a t ion .  The  f irst  effect, 
t he  sh i f t  in  the  p e a k  of t he  Mn emiss ion  band ,  w o u l d  
on ly  be  e x p e c t e d  to r e s u l t  f r o m  a v e r y  c lose  i n t e r -  
ac t ion  b e t w e e n  Mn and  Ce ions  s ince  mos t  r e p o r t e d  
e x p e r i m e n t a l  e v i d e n c e  shows  t h a t  t h e  s p e c t r a  of 
t r a n s i t i o n  m e t a l  e l e m e n t s  a r e  b u t  l i t t l e  a f fec ted  b y  
t h e i r  e n v i r o n m e n t .  The  0.33/~ Ce a b s o r p t i o n  b a n d  in 
f luor i te  has  been  shown,  b y  c o m p a r i s o n  w i t h  the  
a b s o r p t i o n  of cerous  sa l t  so lu t ions ,  to be  due  to a 
t r a n s i t i o n  c h a r a c t e r i s t i c  of t he  Ce ion in t he  f luor i te  
la t t ice .  The  d i s a p p e a r a n c e  of th is  b a n d  a t  h i g h  Mn 
c o n c e n t r a t i o n s  sugges t s  t h a t  t he  p r e s e n c e  of a n e a r -  
b y  Mn ion reduces ,  or  r emoves ,  the  p a r t i c u l a r  f ield 
p e r t u r b a t i o n  w h i c h  m a d e  the  t r a n s i t i o n  poss ib le  in  
an  i so l a t ed  Ce cen te r .  This  a s s u m p t i o n  was  ver i f i ed  
b y  m e a s u r i n g  the  a b s o r p t i o n  of  a c r y s t a l  a c t i v a t e d  
w i t h  Ce in the  mel t ,  b o t h  b e f o r e  a n d  a f t e r  d i f fus ion 
of Mn in to  t h e  la t t ice .  No d i m i n u t i o n  in t he  m a g -  
n i t u d e  of t h e  0.33~ a b s o r p t i o n  b a n d  was  a p p a r e n t  in 
th is  case, a l t h o u g h  d i s c h a r g e  e x c i t a t i o n  showed  tha t  
Mn h a d  e n t e r e d  the  la t t ice .  

The  d a t a  o b t a i n e d  f r o m  m e a s u r e m e n t s  of p a r a -  
m a g n e t i c  r e s o n a n c e  p r o v i d e  s t rong  ev idence  in  s u p -  
p o r t  of t he  a s soc ia t ion  of i m p u r i t y  ions in  t he  f luo-  
r i t e  l a t t i c e  of s p e c i m e n s  a c t i v a t e d  in  t he  me l t .  F o r  
spec imens  a c t i v a t e d  in th is  w a y  a n o t i c e a b l e  d i m i -  
n u t i o n  in  t h e  d e p t h  of t h e  s ix  fine s t r u c t u r e  p e a k s  of 
t h e  Mn r e s o n a n c e  w a s  f o u n d  to a c c o m p a n y  an  in -  
c rease  in  t he  Ce conten t .  The  effect  can  be  a t t r i -  
b u t e d  d i r e c t l y  to a sp in  e x c h a n g e  i n t e r a c t i o n  b e -  
t w e e n  Ce and  Mn ions. The  e x t r e m e l y  sho r t  r a n g e  
of t he  e x c h a n g e  forces  necess i t a t e s  the  a s s u m p t i o n  
of a n o n r a n d o m  d i s t r i b u t i o n  of a c t i v a t o r s  s ince  
o the rwise ,  w i t h  t h e  a c t i v a t o r  c o n c e n t r a t i o n s  used  
in  t h e  p r e s e n t  work ,  an  effect  of o b s e r v a b l e  m a g n i -  
t u d e  w o u l d  no t  be  expec t ed .  I t  is h o p e d  t h a t  a d e -  
t a i l e d  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  account  of the  
p a r a m a g n e t i c  r e s o n a n c e  s tud ies  wi l l  f o r m  t h e  sub -  
j ec t  of a f u t u r e  c o m m u n i c a t i o n .  

Conclusion 
G i n t h e r ' s  o b s e r v a t i o n  (5)  t h a t  CaF~-Ce -Mn  p h o s -  

pho r s  f o r m  a sens i t i zed  l u m i n e s c e n c e  s y s t e m  of h igh  
efficiency has  b e e n  ver i f ied.  M e a s u r e m e n t s  of a b -  
so rp t ion  coefficients and  emiss ion  s p e c t r a  h a v e  e n -  
a b l e d  t e n t a t i v e  spec t roscop ic  s ta tes  to be  p r o p o s e d  
for  the  g r o u n d  s t a tes  of bo th  i m p u r i t y  ions, for  the  
p r i m a r y  exc i t ed  s t a tes  of Ce a n d  for  t he  e xc i t e d  

state of Mn responsible for the observed emission. 
Evidence in favor of a close association of Mn and 
Ce in the fluorite lattice has been presented. This 
helps to explain the high energy transfer efficiency 
found in this phosphor system despite the extremely 
short range of the spin exchange forces. It has not 
been possible to identify the particular excited 
states between which the resonance occurs, nor has 
the precise nature of the luminescence center been 
established. A limit to the size of the latter is sup- 
plied by Dexter's calculation (4) which puts 40 
lattice sites as the maximum distance before the 
exchange interaction becomes negligibly small. How- 
ever, it is likely that the separation of the impurity 
ions comprising the center is much less than 40 lat- 
tice sites in view of the high transfer efficiency and 
the magnitude of the observed spectral shifts. 
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ABSTRACT 

An efficient phosphor can be prepared by a co-crystallization of ~-CaSiO~: 
Mn+Pb  and CaWO,:Pb. The fluorescence, exicted by either 2537A or cathode 
radiation, is that of a mechanical mixture of $-CaSiO~:Mn+Pb and CaWO,:Pb. 
In the presence of tungstic oxide, the formation of ~-CaSiO~ is greatly 
accelerated. 

Determination of the pertinent compatibility tetrahedra in the system 
CaO-MnO-SiO2-WO8 revealed that the phosphor compositions lie in the sub- 
tetrahedron ~-CaSiO~-MnSiO~-SiO~-CaWO4. X-ray data showed that there was 
no solid solubility of fl (Cal_,Mru) SiO~ in CaWO,; the fluorescence of CaWO, is 
adversely affected by MnO. 

Working independently Froelich (1) and Merrill 
and Stewart  (2) made the discovery that  fl-CaSiO~ 
could be cooperatively activated by incorporating 
small quantities of Pb and Mn ions into the wollas- 
tonite structure. 

The properties of the fl-CaSiO~:Mn + Pb phos- 
phor have been described by Froelich (3), Merrill 
and Schulman (4), Schulman, Ginther, and Evans 
(5), Fonda and Froelich (6). 

The synthesis of wollastonite (fl-CaSiO~) involves 
several intermediate stages. Landiya and Mchedlov- 
Petrosyan (7) showed again recently that when an 
equimolar mixture of CaO and SiO~ was heated be- 
tween 1000 ~ and l l00~ the first phase to form was 
Ca=SiO,. The orthosilicate reacted with excess SiO~ 
to form either Ca~Si~O~ or fl-CaSiO3. Ca~Si~O7 subse- 
quently reacted with excess SiO~ to yield fl-CaSiOs. 
The final reaction product  consisted entirely of wol-  
lastonite. 

In the absence of mineralizers, the synthesis of 
wollastonite is a sluggish reaction. Steadman (8) 
used 100% excess silica in the preparat ion of 
CaSiO~:Mn and CaSiO~:Pb phosphors to help pro-  
mote the rate of reaction. Schulman (9) found that  
0.0025-0.0088 moles of P b F J m o l e  Ca served as an 
effective mineralizer. Froelich (10) used 0.05-5.0% 
of an equimolar mixture  of CaF~ and CaCI~ to pro- 
duce an efficient phosphor which required only 4-5 
hr  firing time between 1100 ~ and 1200~ Froelich 
(1,3,11) also found that  steam was an efficient cata-  
lyst during the firing of silicate phosphors. 

This paper describes the phase relationships and 
fluorescent characteristics of a phosphor prepared 
by a co-crystallization of fl-CaSiO~:Mn + Pb and 
CaWO,:Pb. In the presence of tungstic oxide, wol- 
lastonite can be synthesized readily without  the use 
of PbF~, CaF~, steam, or excessive temperature.  

Experimental Procedure 
The raw materials used for phosphor synthesis 

were as follows: Mallinckrodt Special Bulky silica, 
and Reagent Grade PbSO~ and MnCO~. The H~WO, 
and CaCO~ were prepared by Chemical Products 
Plant of the General Electric Company for phosphor 
production. 

Preparation of compositions and heat treatments. 
- - T h e  components were mixed in a mortar  with re-  
agent grade acetone until it had evaporated and a 
dry powder resulted. Calcines were prepared in 
fused silica crucibles at temperatures ranging from 
1000~176 for periods of 2 hr  to several days. 
For survey work in a temperature  gradient, a Pt -  
wound furnace was used. For heat t reatments at 
constant temperature,  silicon carbide element fur-  
naces were used. 

Apparatus and techniques.--(  A ) X - r a y  patterns:  
x - r ay  data were obtained from Norelco and General 
Electric recording spectrometers using CuK~ radi-  
ation (X = 1.5418A) filtered with Ni (Table I) ; (B) 
Infrared absorption measurements:  data were ob- 
tained by means of a Perkin-Elmer  Model 21, in- 
frared spectrophotometer. Samples were prepared 
using pellets of KBr formed under pressure (Table 
I I ) ;  (C) Fluorescence measurements:  emission 
curves were obtained with an automatically record- 
ing General Electric spectroradiometer. 

Results and Discussion 
Calcium fluoride serves as an effective mineralizer 

toward wollastonite. However,  when using a batch 
consisting of CaCO~, SiO~, PbSO,, MnCOs, and CaF~, 
the material  produced has coarse and variable grain 
size. Quench experiments disclosed the presence of 
considerable liquid formation in the temperature  
region between 800 ~ and 900~ This liquid results 
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Table I. Calcium silicate, calcium tungstate, and calcium-silicate- 
tungstate compositions used in x-ray analysis 

CALCIUM-SILICATE-TUNGSTATE PHOSPHOR 35 

M o l e c u l a r  r a t io  W e i g h t  pe r  cen t  composition 
CaO MnO SiOe WO8 CaO MnO SiO2 WO3 

1.000 0.010 - -  1.010 19.27 0.246 - -  80.59 
1.000 0.031 - -  1.031 18.86 0.738 - -  80.40 
1.000 0.064 - -  1.064 18.25 1.47 - -  80.28 
1.000 0.031 0.757 0.343 30.59 1.20 24.79 43.43 
1.000 0.064 0.781 0.354 29.57 2.39 24.73 43.32 
1.000 0.750 1.777 0.150 14.39 13.61 27.37 44.64 
1.000 1.331 2.029 1.331 9.63 16.23 20.98 53.15 
1.000 0.500 1.500 0.500 18.84 11.92 30.28 38.96 
1.000 2.000 2.000 2.000 7.17 18.14 15.36 59.33 
1.000 1.000 1.000 3.009 6.35 8.03 6.80 78.80 

Table II. Compositions used in infrared study 

M o l e c u l a r  r a t io  W e i g h t  pe r  cent  composition 
CaO WO3 SiO~ CaO WO3 SiO2 

1.00 1.00 - -  19.47 80.53 - -  
1.00 - -  1.10 45.91 - -  54.09 
1.00 0.08 1.02 39.86 13.18 46.96 

p r i m a r i l y  f r o m  eu tec t ics  in  t he  s y s t e m  PbO-CaF~  or  
PbSO~-CaF~ and  also to a l esser  e x t e n t  f r o m  e u t e c -  
t ics in  the  s y s t e m  PbO-SiO~.  The  l iqu id  fo rmed ,  
w h i c h  s e rves  to a c c e l e r a t e  t h e  r eac t ion ,  has  on ly  
t e m p o r a r y  ex is tence .  H o w e v e r ,  i t  p r o m o t e s  the  fo r -  
m a t i o n  of l a r g e  a g g r e g a t e s  of/~-CaSiO~. 

The  a d d i t i o n  of 10-15 w t  % WO~ to an  e q u i m o l a r  
m i x t u r e  of CaCO~ a n d  SiO~ f ac i l i t a t e s  t h e  f o r m a t i o n  
of w o l l a s t o n i t e  w i t h o u t  the  d e v e l o p m e n t  of a l i qu id  
phase .  In  t he  p r e s e n c e  of  1VInO a n d  PbO,  a f ine-  
g r a i n e d  p o w d e r  can  be  o b t a i n e d  b y  f i r ing th is  m a t e -  
r i a l  a t  1050~ for  3 hr .  A t y p i c a l  compos i t i on  is 
g iven  in  T a b l e  III .  

The  c a l c i u m - s i l i c a t e - t u n g s t a t e  p h o s p h o r  is no t  a 
s i l i co tungs t a t e  b u t  an  i n t i m a t e  m e c h a n i c a l  m i x t u r e  
of  fl-CaSiO~ and  CaWO~ crys ta l s .  Th is  can  be  s h o w n  
in s e v e r a l  w a y s :  ( a )  x - r a y  d i f f r ac t ion  d a t a  s h o w e d  
two  phases ,  f l-CaSiO~ and  CaWO~. (b)  Mic roscop ic  
e x a m i n a t i o n  of t he  compos i t e  w h i l e  i t  was  b e i n g  i r -  
r a d i a t e d  b y  2537~_ e x c i t a t i o n  r e v e a l e d  b lue  f luo-  
r e sc ing  C a W O , : P b  c rys t a l s  s i t u a t e d  in a g g r e g a t e s  
of o r a n g e  f luoresc ing  fl-CaSiO~: M n  Jr P b  c rys t a l s .  I t  
was  no t  poss ib le  to s e p a r a t e  t he  two  phase s  b y  
m a n i p u l a t i n g  the  a g g r e g a t e s  w i t h  a p robe .  T h e  
b o n d i n g  of t h e  CaWO,  and  fl-CaSiO~ c rys t a l s  was  
f u r t h e r  d e m o n s t r a t e d  b y  no t i ng  t h a t  p r a c t i c a l l y  
none  of the  c o - c r y s t a l l i z e d  f l -CaSiO~-CaWO,  p h o s -  
phor ,  w h i c h  h a d  b e e n  p r e v i o u s l y  g r o u n d  in a m o r -  
ta r ,  f loa ted in  t e t r a b r o m e t h a n e  (sp  gr  2.964) w h e r e -  
as m u c h  of  a m a t e r i a l  p r e p a r e d  b y  m i x i n g  CaWO,  
a n d  fl-CaSiO~ phosphor s ,  each  of w h i c h  h a d  been  
p r e p a r e d  s e p a r a t e l y ,  was  c a r r i e d  in  suspens ion  b e -  
cause  of t h e  b u o y a n c y  of f l -CaSiO. .  

Optica~ Properties 
The  f luorescen t  emis s ion  of t he  f l -CaSiO, :  M n - t - P b  

and  CaWO4: P b  phase s  in  t he  c a l c i u m - s i l i c a t e - t u n g -  

Table III. Typical calcium-silicate-tungstate composition 

M o l e c u l a r  r a t i o  %Veight pe r  cen t  composition 
CaO MnO P bO SiO2 WO~ CaO MnO P b O  SiO2 WO3 

1.000 0.062 0.018 1.112 0.085 37.15 2.90 2.72 44.22 13.01 

s t a t e  p h o s p h o r  is t he  s a m e  as those  of t he  two  phases  
w h e n  each  is p r e p a r e d  s e p a r a t e l y .  The  compos i t e  
is eff ic ient ly  e x c i t e d  b y  2537A a n d  ca thode  r a d i a t i o n  
and  inef f ic ien t ly  e xc i t e d  b y  3650A. A r e l a t i v e  spec -  
t r a l  d i s t r i b u t i o n  c u r v e  is shown  in Fig .  1. 

A c o m p a r i s o n  of t he  x - r a y  d a t a  of fl-CaSiO~ a n d  
CaWO,,  each  of w h i c h  h a d  been  p r e p a r e d  s e p a r a t e l y ,  
w i t h  t h e  x - r a y  d a t a  of t he  phases  in  t he  compos i t e  
f l -CaSiO~-CaWO,  m a t e r i a l  r e v e a l e d  no modi f i ca t ion  
in e i t he r  t he  w o l l a s t o n i t e  or  s chee l i t e  pa t t e rn s .  
H o w e v e r ,  a c o m p a r i s o n  of t h e  i n f r a r e d  a b s o r p t i o n  
s p e c t r o g r a m s  of 0.92 fl-CaSiO~ 0.08CaWO~:0.10SiO~ 
w i t h  those  of CaWO,  a n d  fl-CaSiO~: 0.10SiO2 showed  
t h a t  some  modi f i ca t ions  h a d  o c c u r r e d  in  t h e  ~-CaSiO~ 
s p e c t r u m .  The  mos t  m a r k e d  c h a n g e  o c c u r r e d  a t  
14.0/~; s m a l l e r  changes  w e r e  o b s e r v e d  b e t w e e n  9 a n d  
11/~. The  CaWO,  a n d  f l - C a S i O ~ - t - q u a r t z  a b s o r p t i o n  
s p e c t r o g r a m s  w e r e  in  good a g r e e m e n t  w i t h  t hose  r e -  
p o r t e d  b y  M i l l e r  and  W i l k e n s  (12) a n d  b y  Hunt ,  
W i s h e r d ,  a n d  B o n h a m  (13) ,  r e spe c t i ve ly .  I n f r a r e d  
a b s o r p t i o n  s p e c t r o g r a m s  a re  s h o w n  in Fig.  2. 

A l t h o u g h  the  s t r u c t u r a l  modi f i ca t ions  in  fl-CaSiO~ 
p r o d u c i n g  changes  in  t h e  a b s o r p t i o n  s p e c t r u m  a re  
no t  known ,  i t  is sugges t ed  t h a t  t h e y  m a y  be  the  r e -  
su l t  of su r f a c e  forces  b o n d i n g  t h e  fl-CaSiO~ and  
CaWO~ c rys t a l s .  

Phase Relationships 
The  b e h a v i o r  of Mn in t he  f l-CaSiO~-CaWO~ c o m -  

pos i t e  was  u n e x p e c t e d .  W h e n  the  phases  w e r e  e x -  
a m i n e d  i n d i v i d u a l l y ,  m a n g a n e s e  o x i d e  was  f o u n d  
to be  a s eve re  poison  t o w a r d  CaWO,.  K r o g e r  (14) 

~ ~ 'C=  SJO~  ~ MN+PB 

F IGURE 1 

Fig. 1. Relative spectral distribution curves exci ted by 
2537A ultraviolet. 
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Fig. 2. Infrared absorption spectrograms 
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Fig. 3. Variation of unit cell dimensions of CaWO~ with Mn 
substitutions in (0.67 CaSi03:0.33 CAW04). 

repor ted  tha t  as l i t t le  as 0.1 mole % Mn in CaWO, 
decreased the fluorescent in tens i ty  by  37%. 

The d is t r ibut ion  of Mn in the fl-CaSiO~-CaWO, 
composite was de te rmined  by  measur ing  the changes 
in the la t t ice  pa rame te r s  of CaWO~. The results  for 
a sample  consisting of 67 mole  % fl-CaSiO~ 33 mole 
% CaWO~ wi th  up to 6 mole % subst i tut ions of Mn 
for Ca are shown in Fig. 3. The dashed line indicates  
the changes in the (a) and (c) la t t ice  pa rame te r s  
a t tending  subst i tut ions of Mn for Ca in CaWO,. The 
solid line shows the resul ts  of measurements  of 
CaWO~ lat t ice pa ramete r s  in the  composite conta in-  
ing silica and Mn. The "d" spacings were  de te r -  
mined to an accuracy of 0.0025%. The da ta  show no 
de tec table  solid solubi l i ty  of MnWO~ in CaWO~. 

This r a the r  unexpec ted  resul t  can be exp la ined  
read i ly  by considering the compat ib i l i ty  t e t r ahed ra  
in the qua t e rna ry  system CaO-MnO-SiO~-WO~. The 
subsolidus phase re la t ionships  in the t empera tu re  
region be tween  1000 ~ and 1200~ were  de te rmined  
using x - r a y  and microscopic techniques.  Only the 
per t inen t  sub te t r ahedra  in the high SiO~-WO~ region 
were  invest igated.  A d iagram of the system CaO- 
MnO-SiO~-WO~ is shown in Fig. 4. 

The B-CaSiO~:CaWO, phosphor  compositions lie 
in the sub te t rahedron  ~-CaSiO,-MnSiO,-CaWO~- 
SiO~. Neglect ing a smal l  excess of silica, the phos-  
phor  composit ions lie in the p lane  B-CaSiO~-MnSiO~- 
CaWO,  Since there  is complete  solid solubi l i ty  be -  
tween fl-CaSiO~ and MnSiO, in this t empera tu re  
region (15), two phases a re  involved,  i.e., 
~(Ca~_~Mn~)SiO~ and CaWO+. The fi-CaSiO~-MnSiO~- 
CaWO, plane is shown in Fig. 5. X - r a y  da ta  showed 
that  there  was no solid solubi l i ty  of B(Ca~_~Mn~) 
SiO, in CaWO~. 

On the MnWO~ side of the p lane  SiO_~-CaWO~- 
MnSiO~, i.e., in the  sub te t rahedron  CaWO~-MnSiO,- 
MnWO~-SiO~, the s i tuat ion is different, for there  is 
considerable  solid solubi l i ty  be tween  CaWO, and 
MnWO~. This effect can be demons t ra ted  optically.  

wo 

MW 

MnO 

SiOz CS C3S2 C2S 

Fig. 4. The system CoO-MnO-SiO2-W03 (1100~ 

~ CAW04 

Fig. 5. The plane/~-CaSiO3-MnSiOE-CaW04 

Two composit ions were  selected, one at  10 mole % 
CaSiO3 on one side of the common plane MnSiO~- 
CaWO,-SiO~ and the second on the other  side of the 
plane at  10 mole  % MnWO,. Af te r  firing at l l 00~  
for 4 hr, the fluorescent character is t ics  were  com- 
pared.  The composit ions containing fl-CaSiO+ fluo- 
resced a br igh t  blue whereas  tha t  containing 
MnWO, fluoresced only weakly .  

The small  addi t ion of Pb requ i red  to sensit ize the 
phosphor  under  2537A radia t ion  does not  appear  to 
a l te r  the phase relat ionships.  Lead oxide d is t r ibutes  
i tself  be tween the two phases. Determina t ion  of the 
la t t ice  pa rame te r s  of CaWO,:Pb  in the composite 
f l - (Ca ,Mn,Pb)SiO~-CaWO,:Pb  showed tha t  from 0 
to 2 mole % PbO enters  the tungs ta te  phase. The 
re tent ion  of lead by  the CaWO, phase is ve ry  de-  
pendent  upon the  firing conditions. Kroger  (16) has 
presented  da ta  on the changes in luminescent  emis-  
sion with  composit ion for CaWO+-PbWO4 solid solu- 
tions. 

Manuscript received June 6, 1957. This paper is a 
part  of a thesis submitted by D. E. Harrison in part ial  
fulfillment of the requirements for the Ph.D. degree 
to the Pennyslvania State University; contribution No. 
56-64 from the Mineral Industries Experiment Station, 
The Pennsylvania State University. This paper was 
prepared for delivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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The Calcium-Silicate-Tungstate Phosphor 
Preparation and Physical Properties 

S h a n n o n  J o n e s  

Lamp Wire and Phosphors Department, General Electric Company, Cleveland, Ohio 

ABSTRACT 

A typica l  fo rmula t ion  and method of p repa ra t ion  is given for the  calcium- 
s i l ica te- tungsta te  (CST) phosphor.  The wave  length  of the  peak  fluorescent 
emission of the tungs ta te  phase is a function of its lead  content.  F r o m  spect ra l  
d is t r ibut ion  of the  emission of a CST phosphor,  one can de te rmine  the lead 
content  and the luminous  efficiency to be expected  f rom the tungs ta te  phase.  
The effect of calcium fluoride as a batch addi t ion in increas ing average  par -  
t icle d iamete r  of CST phosphor  is shown. 

F ine r -g ra ined  phosphors  (CST, calcium silicate, calcium tungs ta te)  are  
produced  if the  ba tch  is p r ehea t ed  at about  500~ before  firing the phosphor.  

B e t a  ca l c ium m e t a s i l i c a t e  and  c a l c i u m  t u n g s t a t e  
can  be  coc rys t a l l i z ed  in  t he  p r e s e n c e  of P b  a n d  Mn 
to f o r m  f l - C a S i O ~ : M n : P b  and  CaWO~:Pb.  H a r r i s o n  
and  H u m m e l  (1)  d e s c r i b e d  the  phase  r e l a t i o n s h i p s  
and  f luorescence  of th is  compos i t e  phosphor .  The i r  
w o r k  s h o w e d  t h a t  no Mn e n t e r e d  the  C a W O , : P b  
phase ,  w h e r e  i t  was  k n o w n  to be  a po ison  (2) .  T h e  
f luorescen t  p r o p e r t i e s  of th is  c a l c i u m - s i l i c a t e - t u n g -  
s t a t e  p h o s p h o r  u n d e r  2537A e x c i t a t i o n  a r e  s i m p l y  
those  of a m i x t u r e  of fl-CaSiO~: Mn:  P b  and  CaWO~: 
Pb.  T h e  emiss ion  s p e c t r u m  of a t y p i c a l  compos i t e  
is s h o w n  in Fig.  1. 

The  use  of H~WO~ in p l ace  of CaF~ (3) as  a m i n -  
e r a l i z e r  in  t h e  p r e p a r a t i o n  of c a l c i u m  s i l i ca te  p h o s -  
pho r  p e r m i t s  syn thes i s  of a f i n e r - g r a i n e d  m a t e r i a l .  
H o w e v e r ,  t he  f o r m a t i o n  of the  a d d i t i o n a l  f luorescen t  
phase ,  CaWO~:Pb,  no t  on ly  affects  the  color  b u t  
also r educes  t he  l u m i n o u s  efficiency, s ince  a s u b -  
s t a n t i a l  p o r t i o n  of t he  CaWO~:Pb  emiss ion  occurs  
in  t he  n e a r  u l t r a v i o l e t  a n d  in t he  less l u m i n o u s  p a r t  
of t he  v i s ib l e  s p e c t r u m .  

,,,~" 8 ~  ~ z 6o  
LLI 

4o 

2o 
uJ 
(E 

I I r I [ 
450 500 550 600 650 

WAVELENGTH IN MILLIMICRONS 

Fig. 1. Emission spectrum of CS-'I" phosphor 

F o r t u n a t e l y  an  i n c r e a s e  in t h e  a m o u n t  of PbWO~ 
in so lu t ion  in  CaWO~ has  t h e  effect of sh i f t ing  the  
emiss ion  s p e c t r u m  f a r t h e r  in to  the  v i s ib le  region .  
The  d i s t r i b u t i o n  of P b  b e t w e e n  the  fl-CaSiO~: Mn:  P b  
and  C a W O , : P b  phase s  does  not,  in  p rac t i ce ,  r e a c h  
e q u i l i b r i u m ,  b u t  r a t h e r  i t  is d e p e n d e n t  on f i r ing con-  
d i t ions .  U n d e r  p r o p e r  f i r ing cond i t ions  i t  is poss ib le  
to r e t a i n  sufficient  Pb  in t he  c a l c ium t u n g s t a t e  p h a s e  
to o b t a i n  n e a r l y  m a x i m u m  l u m i n o u s  eff iciency in 
th is  phase .  

Object 

T h e  p r i m a r y  ob j ec t i ve s  of  th is  p a p e r  a re :  ( a )  to 
p r e s e n t  d a t a  on the  effect  of P b  c o n c e n t r a t i o n  on 
the  f luorescen t  p r o p e r t i e s  u n d e r  2537A e x c i t a t i o n  
of the  ca l c ium t u n g s t a t e  phase  in  t he  c a l c i u m - s i l i -  
c a t e - t u n g s t a t e  ( C S T )  p h o s p h o r ;  (b)  to c o m p a r e  
a v e r a g e  p a r t i c l e  sizes of  c a l c i u m - s i l i c a t e - t u n g s t a t e  
p h o s p h o r  a n d  ca l c ium s i l i ca te  p h o s p h o r  p r e p a r e d  
us ing  CaF~. 

The  p a r t i c l e  s ize of the  CST p h o s p h o r  or  of ca l -  
c i um s i l i ca te  or  c a l c ium t u n g s t a t e  p h o s p h o r  is d e -  
p e n d e n t  on the  m e t h o d  of p r e p a r a t i o n .  I t  was  f o u n d  
t h a t  a p r e h e a t i n g  t e c h n i q u e  was  ef fec t ive  in  p r o -  
duc ing  f iner  p a r t i c l e  size, p a r t i c u l a r l y  in  t h e  case  of 
CST phosphor .  

Preparation 

A t y p i c a l  CST p h o s p h o r  was  p r e p a r e d  b y  p e b b l e -  
m i l l i n g  t h e  b a t c h  g iven  in  T a b l e  I, f i r ing  i t  a t  1140~ 
for  3 hr ,  m i x i n g  w i t h  3 w t  % of NH,C], t h e n  r e t i r i ng  
at  1140~ for  3 hr .  Bo th  f i r ings  w e r e  done  in  open  
" V y c o r "  c ruc ib l e s  in a i r  in  an  e l ec t r i c  r e s i s t ance  
fu rnace .  
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Table I. Batch 

I n g r e d i e n t  M o l e s  

CaCO8 1.10 
MnCO3 0.070 
PbSO,  0.025 
H~Si307 0.40 
H~WO, 0.10 
NH,C1 * 0.94 

* N H 4 C I  w a s  a d d e d  a f t e r  t h e  f i r s t  (o r  s t r u c t u r e - f o r m i n g )  f i r i n g .  

Table II. Phosphor 

C o m p o s i t i o n  
P h a s e  O x i d e  M o l e s  

CaO 1.0007 
Calc ium MnO 0.068 
Si l icate  PbO 0.003 

SiO~ 1.20 
1 _ _  - -  

Calcium CaO 0.0993 
Tungsta te  PbO 0.0007t 

WO, 0.10 

? T h i s  v a l u e  w a s  e s t i m a t e d  f r o m  t h e  p e a k  w a v e  l e n g t h  o f  the 
f l u o r e s c e n t  e m i s s i o n  b a n d  o f  t h e  c a l c i u m  tungstate phase.  

The  r e s u l t i n g  a p p r o x i m a t e  p h o s p h o r  compos i t i on  
is g iven  in T a b l e  II. I t  w i l l  be  seen  t h a t  t he  P b  con-  
t en t  of t he  p h o s p h o r  is m u c h  l o w e r  t h a n  t h a t  of t he  
ba tch ,  the  Mn con ten t  on ly  s l i g h t l y  lower .  Such  
v a r i a t i o n s  r e s u l t  f r om se lec t ive  v o l a t i l i z a t i o n  of t he  
compounds ,  p a r t i c u l a r l y  of t h e  ch lo r ides  of  P b  a n d  
Mn d u r i n g  the  second  (or  s c a v e n g i n g )  f ir ing.  

Role ol Lead in the Calcium Tungstate Phase 
Since  the  b r i g h t n e s s  of CST p h o s p h o r  is p a r t i a l l y  

d e p e n d e n t  on the  s p e c t r a l  d i s t r i b u t i o n  of t he  two  
phases ,  i t  is of v a l u e  to k n o w  t h e  changes  in  spec -  
t r a l  d i s t r i b u t i o n  of each  p h a s e  in  t he  compos i t e  CST 
p h o s p h o r  p r o d u c e d  u n d e r  v a r i o u s  f i r ing condi t ions .  

F i r s t ,  e x a m i n e  in  d e t a i l  t h e  c a l c ium t u n g s t a t e  
phase  of CST phosphor .  K r S g e r  has  p u b l i s h e d  d a t a  
on the  f luorescen t  co lor  of v a r i o u s  C a W O , - P b W O ,  
sol id  so lu t ions  a t  r o o m  t e m p e r a t u r e  u n d e r  2537A 
e xc i t a t i on  (2 ) .  He  s h o w e d  tha t ,  w i t h  i n c r e a s i n g  P b  
conten t ,  t he  s p e c t r u m  shif ts  t o w a r d  l o n g e r  w a v e  
lengths .  H o w e v e r ,  his p u b l i s h e d  d a t a  w e r e  no t  su f -  
f ic ien t ly  d e t a i l e d  to be  of v a l u e  in  d e t e r m i n i n g  the  
P b  con ten t  f r o m  the  p e a k  emis s ion  w a v e  l eng th .  If  
one k n o w s  t h e  r e l a t i o n  b e t w e e n  b r i g h t n e s s  a n d  p e a k  
emiss ion  w a v e  l e n g t h  of t he  t u n g s t a t e  phase ,  t hen  
one can,  f r o m  its s p e c t r a l  d i s t r i bu t i on ,  d e t e r m i n e  
w h e t h e r  the  t u n g s t a t e  phase  is p o t e n t i a l l y  efficient.  

H a r r i s o n  and  H u m m e l  h a v e  s h o w n  t h a t  f r o m  0 to 
at  l eas t  2 m o l e  % P b  can  be  r e t a i n e d  in  t he  t u n g -  
s t a t e  p h a s e  of CST. The  P b  con ten t  of t he  t u n g s t a t e  
p h a s e  is no t  d e t e r m i n a b l e  f r o m  the  b a t c h  c o m p o s i -  
t ion  a lone  because  one canno t  p r e d i c t  e i the r  t he  d i s -  
t r i b u t i o n  of P b  b e t w e e n  t h e  two  phase s  o r  t he  t o t a l  
P b  r e t a i n e d  in  CST unless  one k n o w s  the  f i r ing  con-  
d i t ions  a n d  the i r  effects on t h e  r e t e n t i o n  of Pb.  

H o w e v e r ,  f r o m  the  p e a k  w a v e  l e n g t h  of t h e  e m i s -  
s ion of t he  t u n g s t a t e  p h a s e  i ts  P b  con t en t  and  
b r i g h t n e s s  can  be  d e t e r m i n e d .  The  emiss ion  b a n d s  
of the  ca l c ium s i l i ca te  p h a s e  do no t  o v e r l a p  the  

p e a k  of the  t u n g s t a t e  emiss ion .  I f  one  k n o w s  the  
Pb  con ten t  of the  t u n g s t a t e  p h a s e  f rom i ts  p e a k  
w a v e  l eng th  and  the  P b  con ten t  of t he  CST com-  
pos i t e  p h o s p h o r  f r o m  c h e m i c a l  ana lys i s ,  one  can  
d e t e r m i n e  the  P b  r e t a i n e d  in  t h e  s i l i ca te  p h a s e  of 
the  CST phosphor .  

In  o r d e r  to d e t e r m i n e  the  effect  of P b  con ten t  on 
the  spec t r a l  d i s t r i b u t i o n  a n d  o t h e r  f luorescen t  p r o p -  
e r t i e s  of c a l c ium t u n g s t a t e  phospho r ,  five ba t ches  
w e r e  m a d e  up  w i t h  v a r i o u s  a m o u n t s  of P b S O ,  (none ,  
0.0075 mole,  0.0150, 0.0225, 0.0300) a d d e d  to 1.05 
moles  CaSO,  p lus  1.00 m o l e  H~WO, P a r t  of each  
b a t c h  was  f i red a t  a b o u t  1000~ for  3 hr ,  a n o t h e r  
p a r t  for  15 hr .  No s u b s e q u e n t  a d d i t i o n  of NH,C1 was  
m a d e  a n d  no second  f i r ing was  g iven  the  phosphor .  
T h e r e  is no r e a s o n  to b e l i e v e  t h a t  s u b s e q u e n t  a d d i -  
t ions  of NH,C1 a n d  re f i r ings  h a v e  a n y  s u b s t a n t i a l  
effect  on t h e  f luorescen t  p r o p e r t i e s  of t h e  ca l c ium 
t u n g s t a t e  p h a s e  in  CST o the r  t h a n  those  effects 
w h i c h  a r e  due  to t h e  r e d u c t i o n  in  P b  conten t .  

S p e c t r a l  d i s t r i b u t i o n  cu rves  w e r e  r u n  on t h e  
emiss ion  of t he  s a m p l e s  a t  r o o m  t e m p e r a t u r e  u n d e r  
2537A r a d i a t i on .  R e l a t i v e  b r i g h t n e s s  was  o b t a i n e d  
on the  s a m p l e s  w i t h  a b a r r i e r  l a y e r  p h o t o c e l l  co r -  
r e c t e d  to t he  v i s i b i l i t y  func t ion .  R e l a t i v e  pho toce l l  
ou tpu t s  w e r e  o b t a i n e d  f r o m  the  p h o s p h o r s  w h e n  an  
a r b i t r a r y  b lue  f i l te r  was  p l a c e d  over  t h e  u n c o r -  
r e c t e d  b a r r i e r - l a y e r  cell .  Each  b l u e  ou tpu t ,  d i v i d e d  
b y  the  b r i g h t n e s s  of the  phosphor ,  gave  a r a t i o  
w h i c h  is ca l l ed  "b lueness" .  The  " b lue ne s s "  n u m b e r  
shou ld  no t  be  c o n s i d e r e d  as  h a v i n g  an  eas i ly  def in-  
a b l e  q u a n t i t a t i v e  s ignif icance,  b u t  r a t h e r  i t  is a s u b -  
j e c t i v e l y  d e s c r i p t i v e  n u m b e r  i n d i c a t i n g  the  a p p e a r -  
ance  of t he  phosphor .  

F i g u r e s  2, 3, and  4, r e spe c t i ve ly ,  a r e  g r a p h s  of P b  
i n t r o d u c e d  vs. p e a k  w a v e  length ,  b r i gh tnes s ,  and  
" b l u e n e s s "  for  v a r i o u s  f i r ing t imes .  In  each  f igure  
a c u r v e  e x t r a p o l a t e d  to an  e s t i m a t e d  ef fec t ive  zero 
f i r ing t i m e  is d r a w n .  Po in t s  def in ing  t h e  e x t r a p o l a t e d  
cu rves  w e r e  d e t e r m i n e d  b y  a s s u m i n g  t h a t  the  loss of 
P b  f o l l o w e d  f i r s t - o r d e r  k ine t i c s ,  i.e., A = Ao exp  
( - - b t ) ,  w h e r e  A is t he  a m o u n t  of P b  a t  t i m e  t, Ao 
is t h e  a m o u n t  of l e a d  at  t i m e  t = 0, a n d  b is t h e  r a t e  
cons tan t ,  w h i c h  is d e t e r m i n a b l e  f r o m  the  d a t a  at  3 
a n d  15 hr .  A l o n g  t h e s e  e x t r a p o l a t e d  cu rves  one m a y  
a s s u m e  t h a t  the  P b  r e t a i n e d  in  t he  t u n g s t a t e  p h a s e  
is d e t e r m i n e d  so le ly  b y  the  Pb  i n t r o d u c e d  in t he  
ba tch .  Thus  the  e x t r a p o l a t e d  c u r v e  in  Fig .  2 p r o -  
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Fig. 2. Effect of Pb content ond firing time on peok wove 
length of colcium tungstote phosphor. 
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Fig. 4. Effect of Pb content and f ir ing t ime on "blueness" 
of calcium tungstate phosphor. 

v ides  a bas is  for  a r e a s o n a b l y  a c c u r a t e  e s t i m a t e  ~, 
f r o m  p e a k  w a v e  l e n g t h  of the  t u n g s t a t e  phase ,  of 
the  P b  r e t a i n e d  in  th is  phase .  In  tu rn ,  f r o m  t h e  P b  
conten t ,  one  can  d e t e r m i n e  the  r e l a t i v e  b r i g h t n e s s  
of t he  t u n g s t a t e  p h a s e  f r o m  Fig.  3. In  Fig .  3 t he  
a p p a r e n t  d e p e n d e n c e  of b r i g h t n e s s  on f i r ing t i m e  
even  w h e r e  no P b  was  i n t r o d u c e d  is p r o b a b l y  fa l se  
and  the  r e s u l t  of P b  c o n t a m i n a t i o n  of t he  fu rnace .  

The Calcium Silicate Phase in CST 

The  o p t i m u m  a m o u n t  of P b  in  t he  ca l c ium s i l i ca te  
phase  is no t  c r i t ica l .  In  t h e  p h o s p h o r  f o r m u l a t i o n  
g iven  in T a b l e  I, v a r i a t i o n s  in  P b  con ten t  of t he  ca l -  
c i um s i l i ca te  p h a s e  f r o m  0.0025 to 0.00.35 moles  do 
not  g ive  s ign i f ican t  d i f fe rences  in  b r i gh tnes s .  

In  p r a c t i c e  an  excess  of P b  m u s t  be  i n t r o d u c e d  
i n i t i a l l y  in to  t h e  CST o r  in to  s t r a i g h t  c a l c ium s i l i -  
ca te  phospho r ,  p r e s u m a b l y  to p r o m o t e  a suff ic ient ly  
r a p i d  f o r m a t i o n  of t h e  p r o p e r  s t ruc tu re .  This  excess  
of P b  in  c a l c ium s i l i ca te  p h o s p h o r  p r o d u c e s  a d a r k  
phase ,  w h i c h  p r o b a b l y  con ta ins  some Mn. The  d a r k  
p h a s e  r educes  the  b r i g h t n e s s  of t h e  c a l c i u m  si l icate ,  
c o n s e q u e n t l y  t he  s caveng ing  f i r ing w i t h  a c h l o r i d e  
(3)  is r e q u i r e d  to w h i t e n  t h e  c a l c i u m  s i l i ca te  p h o s -  
pho r  a n d  inc rea se  i ts  efficiency.  

F i r i n g  w i t h  c h l o r i d e  r e d u c e s  t h e  Mn c on t e n t  
s l igh t ly ,  as i n d i c a t e d  in  T a b l e  I. I n  t h e  c o m p o s i t i o n  
r eg ion  of T a b l e  I, t h e  s p e c t r a l  p e a k  of t h e  c a l c ium 
s i l ica te  p h a s e  is sh i f t ed  s l i g h t l y  a w a y  f r o m  the  r e d  
b y  the  r e d u c t i o n  in Mn conten t ,  b u t  the  b r i g h t n e s s  
is v i r t u a l l y  cons tan t .  
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Influence of Mineralizers on Particle Size 

The  s t r o n g  t e n d e n c y  of CaF~ to cause  an  i nc rea se  
in  p a r t i c l e  s ize  of  CST p h o s p h o r  is  s h o w n  in Fig .  
5. T h e  a v e r a g e  p a r t i c l e  d i a m e t e r s  w e r e  d e t e r m i n e d  
b y  an  a i r  p e r m e a t i o n  m e t h o d  ( " F i s h e r  S u b - S i e v e  
S i z e r " ) .  K lasens ,  Hoeks t r a ,  a n d  Cox  r e c e n t l y  m e n -  
t i oned  the  effect of  f luor ides  in  p r o m o t i n g  c r y s t a l  
g r o w t h  in s i l i ca tes  (4) .  

S i m i l a r  effects of CaF~ on p a r t i c l e  size of c a l c ium 
s i l i ca te  p h o s p h o r  h a v e  been  obse rved .  Tungs t i c  ac id  
in t he  a m o u n t  g iven  in  T a b l e  I c a t a lyzes  t h e  fo r -  
m a t i o n  of t he  s i l i ca te  p h a s e  a b o u t  as e f fec t ive ly  as 
the  f luor ide  w i t h o u t  caus ing  t h e  f o r m a t i o n  of as 
l a r g e  gra ins .  H a r r i s o n  and  H u m m e l  h a v e  a t t r i b u t e d  
the  f o r m a t i o n  of l a r g e  gra ins ,  p a r t i c u l a r l y  w h e n  
us ing  CaF~, to t he  p r e s e n c e  of l i qu id  r eg ions  d u r i n g  
f i r ing (1 ) .  

E~ect  o5 Preheating on Particle Size 

In  the  CST f o r m u l a  of T a b l e  I t h e r e  is no f luor ide  
to f o r m  l i qu id  reg ions .  H o w e v e r ,  t h e r e  is a p r o b -  
a b i l i t y  of l e ad  s i l ica te  g lass  b e i n g  f o r m e d  a t  c e r t a i n  
po in t s  in  t he  b a t c h  w h e r e  t he  r a t i o  of l e a d  su l fa t e  to  
s i l ica  is n e a r  a eu tec t i c  compos i t ion .  I t  is poss ib le  
to m i n i m i z e  t h e  f o r m a t i o n  of  these  l i qu id  r eg ions  b y  
p r e h e a t i n g  the  b a t c h  for  a sufficient  t i m e  b e l o w  the  
t e m p e r a t u r e  of l i qu id  fo rma t ion .  Such  a t r e a t m e n t  
d i s t r i b u t e s  t he  l e ad  c o m p o u n d  b y  sol id  a n d  v a p o r  
s t a t e  d i f fus ion  u n t i l  t he  s m a l l  loca l  r eg ions  of b a t c h  
h a v i n g  compos i t ions  n e a r  t he  eu tec t i c  h a v e  los t  
t h e i r  excess  of  l e a d  compound .  

Two e x p e r i m e n t s  on t y p i c a l  CST ba t c he s  s h o w e d  
a v e r a g e  p a r t i c l e  d i a m e t e r  ( A P D )  r e d u c t i o n s  d u e  to 
p r e h e a t i n g  as fo l lows :  no t  p r e h e a t e d ,  4.6/~ and  6.2~; 
p r e h e a t e d ,  450~ 3 hr ,  2.9/~ a n d  4.8/~. 

T h e  a b o v e  d i a m e t e r s  a p p l y  to t h e  p h o s p h o r  a f t e r  
the  s t r u c t u r e - f o r m i n g  b u t  b e f o r e  t h e  a d d i t i o n  of 

Table II I .  Average particle diameter (Fisher Sub-Sieve Sizer) 

Preheat ing  t rea tment  Phosphor  t ype  
C a l c i u m  C a l c i u m  

Temp,  T ime ,  s i l i ca te  CST t u n g s t a t e  
~ h r  /z /z /~ 

N O N E 7.7 7.2 6.2 
400 3 5.6 6.7 4.9 
400 16 5.8 4.5 4.6 
400 64 5.4 4.4 4.6 
500 3 6.6 4.5 5.1 
500 16 6.3 4.5 5.4 
500 64 6.0 4.3 5.2 
600 3 6.3 4.3 5.9 
600 16 6.4 4.3 5.9 
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NH,C1 and  the  s c a v e n g i n g  f ir ing.  Q u a l i t a t i v e l y ,  d i f -  
f e r ences  in  p a r t i c l e  size w h i c h  r e s u l t  f r om d i f fe ren t  
p r o c e d u r e s  a n d  w h i c h  a r e  a p p a r e n t  a f t e r  t h e  f irst  
f i r ing t e n d  to r e m a i n  a f t e r  a s u b s e q u e n t  a d d i t i o n  of 
NH,C1 and  a re t i r ing .  H o w e v e r ,  t he  m e t h o d  of m i x -  
ing  in t he  NH,C1, t he  second  f i r ing condi t ions ,  and  
o t h e r  f ac to r s  also affect  t he  p a r t i c l e  size. F o r  these  
reasons ,  i t  is no t  poss ib l e  to g ive  a s ingle,  c l e a r - c u t  
r e l a t i o n s h i p  b e t w e e n  p a r t i c l e  size a f t e r  t he  second  
f i r ing and  e i t he r  the  f luor ide  con ten t  of t he  b a t c h  
or  the  p r e h e a t i n g  t r e a t m e n t .  

In  a n o t h e r  g roup  of e x p e r i m e n t s  i t  was  f o u n d  t ha t  
p r e h e a t i n g  of t he  ba t ches  p r o d u c e d  s m a l l e r  p a r t i c l e  
sizes of ca l c ium s i l i ca te  p h o s p h o r  and  of ca l c ium 
t u n g s t a t e  p h o s p h o r  as  w e l l  as of CST.  F o r  t hese  
tests ,  each  of  t h r e e  b a t c h e s  was  d i v i d e d  into  t en  
par t s .  One p a r t  was  f i red d i r e c t l y  at  1150~ for  3 
hr ;  the  o t h e r  n ine  p a r t s  w e r e  p r e h e a t e d  at  v a r i o u s  
low t e m p e r a t u r e s  for  v a r i o u s  t imes  be fo re  t a k i n g  
t h e m  up  to f i r ing t e m p e r a t u r e  (1150~ for 3 h r ) .  
T h e  s a m p l e s  w e r e  no t  r e t i r ed  w i t h  NH~C1. Resu l t s  
a r e  g iven  in  T a b l e  III .  

Summary and Conclusions 
1. By us ing  t ungs t i c  ac id  i n s t e a d  of ca l c ium 

f luor ide  as the  m i n e r a l i z e r ,  a f iner  g r a i n e d  ca l c ium 
s i l i ca te  p h o s p h o r  p h a s e  can  be  ob t a ined .  

2. The  i n t r o d u c t i o n  of t u n g s t a t e  p r o d u c e s  a sec-  
ond  f luorescen t  phase ,  CaWO~:Pb  w h o s e  eff iciency 
can  be  d e t e r m i n e d  f r o m  the  s p e c t r a l  d i s t r i b u t i o n  of 
f luorescen t  emiss ion  of the  composi te .  

3. A v e r a g e  p a r t i c l e  size of CST phosphor ,  or  of 
ca l c ium s i l ica te  p h o s p h o r  or  c a l c ium t u n g s t a t e  p h o s -  
phor ,  can  be  r e d u c e d  b y  a b a t c h  p r e h e a t i n g  t e c h -  
n ique .  

Manuscr ip t  received June  6, 1957. 
A n y  discussion of this p a p e r  wi l l  appea r  in a Dis- 

cussion Section to be publ i shed  in the  December  1958 
JOURNAL. 
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Heat of Formation of Titanium Tribromide by the Mercury 
Reduction of Titanium Tetrabromide 

Elton H. Hall and John M. Blocher, Jr. 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

The expe r imen ta l ly  de te rmined  hea t  of reaction,  Y2Hg2Br~ (s) + TiBr8 (s) = 
TiBr , (g)  Jr Hg(1),  AH,7~ ~ 23.0 ~ 1.2 kcal  is combined wi th  exis t ing da ta  for 
TiBr~, Hg, and Hg~Br~ to obta in  for  the  hea t  of format ion  and s t anda rd  en t ropy  
of TiBrs, 

AH~ ~ --130.6 • 1.2 kca l /mo le  
S~ = 43.4 • 1.6 e.u. 

As  p a r t  of a p r o g r a m  d i r e c t e d  t o w a r d  the  d e t e r -  
m i n a t i o n  of t he  p h y s i c a l  a n d  t h e r m o d y n a m i c  p r o p -  
e r t i e s  of t h e  t i t a n i u m  b romides ,  a s t u d y  of t h e  fo l -  
l owing  e q u i l i b r i u m  was  u n d e r t a k e n :  

~/2 Hg~Br~(s) + TiBr~(s)  = T i B r , ( g )  + Hg(1)  ( I )  
The  h e a t  of th is  r e a c t i o n  m a y  be  c o m b i n e d  w i t h  

t h e  h e a t s  of  f o r m a t i o n  of Hg~Br~ a n d  TiBr ,  to ca l -  
cu l a t e  t he  h e a t  of f o r m a t i o n  of  TiBr~. A s t u d y  b y  a 
d e w - p o i n t  m e t h o d  of t h e  c o r r e s p o n d i n g  r e d u c t i o n  
of TIC1, has  been  r e p o r t e d  b y  Sch~fer ,  e t a l .  (1) .  

Experimental 
The  r e a g e n t s  w e r e  t r i p l e - d i s t i l l e d  Hg and  TiBr~ 

p r e p a r e d  f r o m  d i s t i l l ed  Br  and  i o d i d e - p r o c e s s  Ti, 
and  d i s t i l l ed  in  a 3 0 - p l a t e  co lumn,  as d e s c r i b e d  b y  
Blocher ,  e t  al. (2 ) .  

M e a s u r e m e n t s  of t h e  e q u i l i b r i u m  p r e s s u r e  of TiBr ,  
o v e r  Hg~Br~, TiBr~, a n d  Hg  w e r e  m a d e  in  t he  a p -  
p a r a t u s  shown  in Fig .  1. The  cel l  was  c a r e f u l l y  
c l e aned  w i t h  HF,  r insed ,  ou tgassed ,  and  c h a r g e d  
w i t h  Hg  b y  v a c u u m  d i s t i l l a t i o n  f rom a r e s e r v o i r  a t -  
t a c h e d  a t  P o i n t  A. A s m a l l  a m o u n t  of p u r e  TiBr, ,  
t r a n s f e r r e d  in an  a m p o u l e  p r o v i d e d  w i t h  a b r e a k  

seal,  was  d i s t i l l ed  in to  the  cel l  and  a l l o w e d  to r eac t  
w i t h  t he  Hg  to f o r m  a su r f ace  coa t ing  of Hg~Br~ and  
TiBr~, a f t e r  w h i c h  the  cel l  was  sea l ed  off a t  A and  
s e p a r a t e d  f rom the  f i l l ing a p p a r a t u s .  The  p u r p o s e  
of the  f lex ib le  r u b b e r  t u b i n g  connec t ing  the  cel l  to 
t h e  v a c u u m  and  c o n t r o l l e d - p r e s s u r e  s y s t e m  was  to 

Fig. 1. Mercury reduction cell 
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p e r m i t  ou tgass ing  by  i n v e r t i n g  the  cell wh i l e  evacu -  
a t ing  the  system. 

The  cell was used as a n u l l  indica tor ,  the  p ressure  
above the  b romides  be ing  ba l anced  by  a m e a s u r e d  
p ressure  of i ne r t  gas which  was  va r i ed  u n t i l  the  Hg 
level  in  the 10-ram tube  was  r e t u r n e d  to the  posi-  
t ion  occupied at  zero p ressure  different ia l .  As  a 
check on  the  r e l i ab i l i t y  of the technique ,  and  of the  
p red ic t ion  tha t  the  pa r t i a l  p ressures  of Hg~Br,(g) 
and  HgBr=(g) are  negl igible ,  ~ the  cell  was  charged  
wi th  Hg and  Br  to fo rm a scum of Hg~Br~ over  the 
Hg surface.  The  p r e s s u r e - t e m p e r a t u r e  da ta  g iven  
in  Tab le  I ind ica te  tha t  on ly  the pa r t i a l  p ressure  
of Hg is significant,  a l t hough  the re  appears  to be a 
smal l  sys temat ic  e r ror  in  the  e x p e r i m e n t a l  values .  
In  the Hg r educ t ion  of TiBr,,  the  Hg sa tu r a t i on  
vapor  p ressure  is exer ted  over  the Hg at  u n i t  
ac t iv i ty  in  the  cell a long wi th  the  e q u i l i b r i u m  TiBr,  
pressure ,  and  mus t  be  sub t r ac t ed  f rom the observed  
to ta l  p ressure  to ob ta in  the  pa r t i a l  p ressure  of TiBr,.  

The cell was  t he rmos t a t ed  to •176  in  a salt  
ba th  whose t e m p e r a t u r e  was m e a s u r e d  by  a cal i -  
b r a t ed  C h r o m e l - A l u m e l  thermocouple .  The  Hg 
levels  in  the cell and  the  m a n o m e t e r  were  m e a s u r e d  
wi th  a ca the tometer .  

The da ta  ob ta ined  wi th  six separa te  p repa ra t ions  
are g iven  in  Tables  I I - IV.  F igu re  2 shows the  r e -  
sul ts  for samples  E and  F, which  are typical .  In  the  
p r e p a r a t i o n  of each of samples  A t h rough  D, an  
u n d e t e r m i n e d  a m o u n t  of Br was dis t i l led  in to  the  
cell in  add i t ion  to the Hg and  TiBr,,  thus  p rov id ing  
an  excess of Hg~Br~. Samples  E and  F w e r e  p re -  
pa red  us ing  only  Hg and  TiBr~ so tha t  the  Hg~Br_~ 
and  TiBr.~ were  p roduced  in  s to ichiometr ic  rat io.  

Results 

The da ta  ob ta ined  on samples  C and  E, w h e n  
p lo t ted  in  the u sua l  m a n n e r ,  fell  on th ree  s t ra igh t  
lines. The pressures  exer ted  by  a f resh sample  fell  
on l ine  I. However ,  w h e n  the  sample  was  he ld  at 
h igh t empe ra tu r e ,  e.g., 250~ the p ressure  de-  
creased s lowly  over  a per iod of 36 hr. A n e w  equ i -  
l i b r i u m  was a p p a r e n t l y  es tab l i shed  on l ine  II. 
F ina l ly ,  w h e n  the  sample  was cooled be low 200~ 
l ine  III  was obta ined,  the slope of which  was  less 
t h a n  the  slope of I. The sys tem was then  revers ib le  
b e t w e e n  II  and  I I I  w i th  cons ide rab le  lag in  the  
change  in  slope af ter  pass ing  the  b r eak  in  e i ther  

C a l c u ] a t i o n s  b a s e d  on  t h e  d a t a  g i v e n  b y  B r e w e r  (3) i n d i c a t e  a 
H g B r 2  p r e s s u r e ,  e .g . ,  of  0.13 rnm a t  225~ 

Table I. Total pressure over Hg(I) and Hg2Br2(s) 

Ap 
T e m p ,  P t o t a l ,  a P~tg(g), b P t o t a l - - P H g ,  - - ,  v~ 

~ m m  of H g  m m  of H g  m m  of H g  P 

236.5 52.3 51.6 0.7 1.35 
238.1 54.4 54.0 0.5 0.93 
246.2 67.3 67.3 0.0 0.0 
254.5 83.9 83.7 0.2 0.24 
257.9 91.7 91.2 0.5 0.55 
274.1 137.1 136.4 0.7 0.52 

a O b s e r v e d  p r e s s u r e  c o r r e c t e d  f o r  l a t i t u d e ,  a n d  f o r  t h e r m a l  e x p a n -  
s ion  of H g  in  t h e  ce l l  a n d  i n  t h e  m a n o m e t e r .  

b " H a n d b o o k  of C h e m i s t r y  a n d  P h y s i c s , "  35 th  E d ,  C h e m i c a l  R u b -  
b e r  P u b l i s h i n g  Co.,  p. 2147 (1953-54) .  
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Table II. Equilibrium TiBr; pressure in Mercury Reduction Reaction, 
Runs A and B 

R u n  a T e m p ,  ~  P~iBr~, m m  of H g  

A 449.3 6.4 
A 443.4 4.3 
A 430.5 1.7 
A 472.3 21.7 
A 466.0 16.9 
A 463.3 14.0 
A 446.8 5.6 
B 462.7 12.0 
B 475.7 25.0 
B 492.2 60.8 
B 459.4 10.0 
B 449.7 5.6 
B 491.0 56.5 
B 510.7 139.8 
B 444.1 3.7 

a D a t a  l i s t e d  in  o r d e r  t a k e n .  

direct ion.  The in te r sec t ion  of II  a nd  I I I  occur red  at 
238 ~ and  218~ for samples  C and  E, respect ively .  

A s imi la r  b r e a k  in  the log p vs. 1/T curve  was  
observed in  the  da ta  for s ample  A. A t  the  t ime,  this  
was cons idered  to be anoma lous  behav io r  and  p re -  
cise data  we re  no t  ob ta ined  d u r i n g  the  ea r ly  stages 
of the run .  The poin ts  r epor ted  for sample  A cor-  
respond  to the sys tem in  s tate  III.  

The m e a s u r e m e n t s  on sample  B were  m a d e  over  
a v e r y  shor t  per iod  of t ime  compared  to sample  A, 
a nd  the  r u n  was  comple ted  before  a dr i f t  i n  p res -  
sure  was observed.  

Runs  D and  F were  pu rpose ly  t e r m i n a t e d  whi le  
the  sys tem was sti l l  in  the  s tate  l ead ing  to pressures  
on l ine  I. 

\ 

^ \ ,  \ 

' \  

Q Run E 

D Run F 

t.8 1.9 2.O ~1 2.2 2.3 2.4 
]03/T ( ; ,  ~  

Fig. 2. TiBr4 pressure in mercury reduction reaction (runs 
E and F) 
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Table III. Equilibrium TiBn Pressure in Mercury Reduction Reaction 
Runs C and D 
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R u n  C a R u n  Da 
Temp, PT i B r~, Temp, PT i B r 4, 

~ mm of Hg ~ mm of Hg 

444.2 4.1 
444.0 4.0 
467.5 16.1 
495.2 65.8 
485.1 36.2 
481.2 30.7 
460.8 12.4 
496.2 65.2 
523.2 211.3 

498.8 89.3 
465.1 16.3 
448.4 6.7 
510.4 218.3 
462.2 14.5 
502.2 88.3 
518.1 176.3 
509.6 94.5 
530.2 145.3 
528.4 138.2 
522.4 121.4 
516.7 108.6 
508.2 92.8 
507.6 91.7 
501.3 78.9 
495.2 70.0 
445.7 5.3 
476.2 24.5 
471.4 19.7 
488.7 39.7 
496.8 55.2 
499.6 61.9 

a D a t a  l i s t e d  in  t h e  o r d e r  t a k e n .  

Table IV. Equilibrium TiBr~ Pressure in Mercury Reduction Reaction, 
Runs E and F 

l:~un E a R u n  F a 
T e m p ,  PTIBr4, T e m p ,  PTIBr4, 

~  m m  of H g  ~ m m  of  H g  

467.2 17.3 
455.2 9.5 
439.4 3.4 
481.9 38.3 
462.0 13.3 
445.2 5.5 
475.0 26.8 

477.2 31.0 
471.2 21.8 
463.1 14.4 
439.2 3.6 
452.8 7.7 
444.8 4.9 
492.7 63.8 
525.6 279.7 
541.2 125.1 
546.6 135.1 
523.3 89.4 
500.4 53.3 
467.7 15.0 
436.7 3.1 
473.5 19.6 
485.1 33.4 
456.2 8.2 
456.6 8.1 
491.4 43.6 
488.0 33.5 

D a t a  l i s t e d  in  t h e  o r d e r  t a k e n .  

The slope of l ine  I var ies  s l ight ly  among  samples  
B t h rough  E. This  var ia t ion ,  which  is outs ide  the  
l imi ts  set by  the  r e l a t i ve ly  smal l  scat ter  in  the  da ta  
for a g iven  sample,  could no t  be  cor re la ted  w i th  
changes  in  condi t ions  or t echn ique .  For  samples  E 
and  F, the  in i t i a l  poin ts  fa l l  on the  same l ine,  sug-  
ges t ing tha t  the  da ta  are  at least  r ep roduc ib l e  for 
s to ichiometr ic  samples.  Tab le  V gives the  AI.I va lues  
ca lcu la ted  f rom the  data.  

X-ray Di~raction Analysis 
The  b reaks  in  the  log p vs. 1/T curves  c lear ly  

ind ica te  a f a i r ly  energe t ic  phase  change.  As an  aid 

in  the  i n t e r p r e t a t i o n  of the  data,  severa l  samples  
we re  s u b m i t t e d  to x - r a y  dif f ract ion analysis .  The  
first such sample  was p r e p a r e d  by  p lac ing  Hg and  
TiBr ,  in  a qua r t z  cap i l l a ry  and  he a t i ng  for 18 hr  
at 120~ The x - r a y  p a t t e r n  t a k e n  wi th  the  sample  
at  250~ showed TiBr,  a nd  Hg~Br~. A t  the  conc lu -  
s ion of r u n  C ( sample  in  s ta te  I I I ) ,  a sample  of the  
r eac t ion  p roduc t  was  examined .  Hg~Br~ was  found  
in  add i t ion  to a few un iden t i f i ed  l ines.  However ,  
no l ines  for TiBr~ were  seen. 

Samples  f rom r u n s  E a nd  F showed Hg~Br= wi th  
no ex t r a  l ines  a nd  no TiBr~ lines.  Two add i t i ona l  
p repa ra t ions  were  m a d e  by  reac t ing  TiBr ,  w i th  dis-  
t i l led Hg. No p res su re  m e a s u r e m e n t s  were  m a d e  
on these samples.  On ly  Hg~Br~ were  detec ted  in  one 
sample,  whi le  in  the  other,  s t rong  Hg~Br~ a nd  fa in t  
TiBr~ l ines were  seen in  the x - r a y  pa t t e rn .  

No expans ion  of the  la t t ice  p a r a m e t e r  of Hg=Br~ 
could be detec ted  in  a ny  of the  samples.  

Hot-Stage Microscopy 
The  hea t  effect ( abou t  12 kca l ) ,  i nd ica t ed  by  the  

b r e a k  in  the slope of the  log p vs. 1/T curve,  is of 
the  order  of a hea t  of fus ion  r a the r  t h a n  be ing  
charac ter i s t ic  of a hea t  of solid so lu t ion  which  
migh t  be abou t  2 to 3 kcal. 

To detect  poss ib le  fusion,  a s ample  of the  reac t ion  
solids was  observed  wi th  a ho t - s t age  microscope.  
The  t e m p e r a t u r e  was  increased  f rom room t e m p e r a -  
tu re  to over  300~ No fus ion  process was  observed.  
However ,  at one point ,  a c rys ta l l i za t ion  f rom the  
excess Hg was  observed  in  the cooling process. 

Solubility Experiment 
In  a separa te  e x p e r i m e n t  des igned to detect  pos-  

sible so lu t ion  of r eac tan t s  in  the  Hg, a sample  was  
t a k e n  at  t e m p e r a t u r e  f rom be low the  sur face  of 
l iqu id  Hg which  had  b e e n  equ i l i b ra t ed  w i th  the  
reac t ion  m i x t u r e  at  220~ for 72 hr. A smal l  a m o u n t  
( abou t  0.2%) of b r o m i d e - c o n t a i n i n g  scum was  ob-  
served to separa te  f rom the Hg sample  on cooling. 
No Ti ( < 0 : 5 % )  was  detec ted  in  the scum such as 
migh t  be expected  if so lu t ion  in  Hg were  the  ex-  
p l a n a t i o n  of the  d i s appea rance  of the  TiBr~ phase 
in  the  aged samples.  

Discussion 

I t  m a y  be a s sumed  tha t  the  p r e s s u r e - t e m p e r a t u r e  
da ta  t a k e n  on a f resh sample  are  r ep re sen t a t i ve  of 
the  Hg r educ t ion  e q u i l i b r i u m  as w r i t t e n  in  Eq. ( I ) ,  
s ince bo th  TiBr~ a nd  Hg~Br~ were  observed  as sepa-  

Table V. Heats of Reaction Calculated from the Slopes 
of Lines I, II, and III in the Temperature Range 435~ to 525~ 

S a m p l e  AHI, k c a l / m o l e  A H n ,  k c a l / m o l e  A H n I ,  k c a l / m o l e  

A - -  - -  20.6, 22.9 a 
B 24.2 - -  - -  
C 21.8 10.9 20.2 
D 22.7 - -  - -  
E 23.2 11.2 20.8 
F 23.2 - -  - -  

Mean AH, = 23.0 ___ 1.2 kcal /mole 

a M e r c u r y  e x p a n s i o n  d a t a  w e r e  n o t  t a k e n  on  t h e  c e l l  u s e d  f o r  r u n  
A. T h e  c o r r e c t i o n s  d e t e r m i n e d  f o r  t h e  ce l l s  u s e d  i n  r u n s  B a n d  C, 
w h e n  a p p l i e d  to t h e  p r e s s u r e  d a t a  of  r u n  A,  l e a d  to  t w o  d i f f e r e n t  
l i nes .  AHIn  v a l u e s  c a l c u l a t e d  f r o m  e a c h  slope are reported.  
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ra te  solid phases  in  the x - r a y  diffract ion pa t t e rn s  
of f resh  samples.  The  reason  for the  v a r i a t i o n  of 
the slope of the  in i t i a l  l ine  a m o n g  dif ferent  samples  
is u n k n o w n .  Therefore ,  the  ave rage  of the  in i t i a l  
slopes for samples  B t h rough  F has been  used to 
ca lcula te  the  hea t  of reac t ion  wi th  the  va r i a t i on  in  
the slopes inc luded  in  the ascr ibed  unce r t a in ty .  

To ex t rapo la te  the  e x p e r i m e n t a l  da ta  to 298.2~ 
it was necessary  to ob ta in  a va lue  for the AC~ of 
react ion.  U n f o r t u n a t e l y ,  re l iab le  va lues  for the  heat  
capaci t ies  of TiBr~ and  Hg~Br~ are no t  avai lable .  
However ,  va lues  ob ta ined  by  e s t ima t ion  should  be 
en t i r e ly  adequa te  for this  purpose.  The  heat  capaci ty  
of Hg~Br.~ was t aken  as the  ave rage  (24.8 c a l / m o l e /  
deg at  298.2~ of those of Hg~CI~ and  Hg~I~ g iven  in 
Na t iona l  B u r e a u  of S t a n d a r d s  C i rcu la r  500. The 
heat  capaci ty  of TiBr~ (also 24.8 c a l / m o l e / d e g  at 
298.2~ was  es t ima ted  by  add ing  0.8 c a l / d e g /  
g r a m - a t o m  to the  hea t  capaci ty  of TIC13 ob ta ined  
by  ave rag ing  the  heat  capaci t ies  g iven  for VC1, and  
A1CI~. The heat  capaci ty  of Hg is also g iven  in  
Ci rcu la r  500. Tha t  of T iBr , (g )  was  ob t a ined  by  
ca lcu la t ion  f rom the  spectroscopic da ta  of Delwaul le ,  
et al. (4) .  The r e su l t i ng  v a l u e  of • = --6.5 was  
t aken  as the  average  over  the  t e m p e r a t u r e  r a nge  of 
the measu remen t s .  

This  t r e a t m e n t  of the  da ta  gives for Eq. ( I ) :  

log~0 P,~m --  5706/T --  3.271 log T + 19.291 
AH~.~ ---- 24.16 • 1.2 kcal  
AS~.2 ~ 44.7 • 1.6 e.u. 

Since en t ropy  va lues  can be es t imated  w i th  
g rea te r  c e r t a i n ty  t h a n  can  heats  of react ion,  com-  
par i son  of the  en t ropy  change  ob ta ined  in  the  above  
work  wi th  tha t  ca lcu la ted  f rom the  best  ava i l ab le  
i n f o r m a t i o n  gives an  ind ica t ion  of the  r e l i ab i l i ty  of 
the e x p e r i m e n t a l  data.  In  ca lcu la t ing  the s t anda rd  
en t ropy  of TiBr ,  (s) ,  the  va lues  at  298.2 ~ K for Hg (1) 
= 18.5 e.u. and  1/2Hg~Br~(s) : 25.45 e.u. were  t a k e n  
f rom Ci rcu la r  500. The  va lue  for T iBr , (g )  = 95.02 
e.u. was  ca lcu la ted  f rom spectroscopic da ta  (4) .  The 
r e su l t ing  va lue ,  S~ = 43.4 • 1.6 e.u., is ve ry  close 
to the  es t imated  va lue  of 43 e.u. g iven  by  B r e w e r  
(3) .  

P rosen  and  his associates (5) a t  t he  Na t iona l  
B u r e a u  of S t a n d a r d s  have  ob ta ined  for 

2 Br~(1) + T i ( a )  = TiBr~(s) 
AH.~.~ = --147.40 • 1.1 k c a l / m o l e  

This m a y  be combined  wi th  the above resul ts ,  the  
heat  of fo rma t ion  of Hg~Br.., (--49.42 k c a l / m o l e  f rom 
Ci rcu la r  500), and  the heats  of vapor i za t ion  and  
fus ion  of TiBr~ [13.22 kcal  of Hall ,  et al. (6) ,  and  
3.08 kcal  of Ke l l ey  (7) ,  respec t ive ly]  at 298.2~ to 
give the  hea t  of f o rma t ion  of TiBr~(s) : 

3/2 Br~(1) + T i ( a )  = TiBr~(s) 
AH .... = --  130.6 • 1.2 k c a l / m o l e  

The occur rence  of the b r eak  in  the log p vs. 1/T 
curve  and  the  fa i lu re  of the sys tem to r e t u r n  to its 
in i t i a l  s tate  upon  cooling be low the  b r eak  canno t  be 
exp la ined  on the  basis  of the ava i l ab le  e x p e r i m e n t a l  
evidence.  The  poss ib i l i ty  tha t  HgBr~(s) is the  s tab le  
phase  above the  b r e a k  is dismissed,  since t h e r m o -  
d y n a m i c  ca lcula t ions  ind ica te  tha t  the i n v a r i a n t  
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po in t  [where  Hg(1) ,  HgBr~(s) ,  and  Hg~Br~(s) co- 

exis t ]  lies somewhere  b e t w e e n  1000 ~ a nd  1200~ 
r a t h e r  t h a n  at  the 225~ level  of the observed  
break.  This  conclus ion  is conf i rmed by  the absence 
of HgBr~(s) in  the  x - r a y  p a t t e r n s  observed  at  
250~ It  appears  tha t  one or both  p h e n o m e n a  are 
re la ted  to the  d i sappea rance  of the TiBr~ l ines f rom 
the x - r a y  dif f ract ion pa t t e rn s  of aged samples  t aken  
f rom the p ressure  cell. This  could resu l t  f rom (a) 
fo rma t ion  of an  amorphous  fo rm of TiBr~, (b) for-  
m a t i o n  of a solid solut ion or complex  b e t w e e n  TiBr~ 
and  Hg.,Br.~ which  has the  Hg~Br~ crys ta l  s t ruc tu re  
or is amorphous ,  and  (c) solu t ion  of TiBr~ in  the 
l iqu id  Hg. However ,  ne i t he r  the f o r ma t i on  of 
amorphous  TiBr ,  nor  the f o r ma t i on  of a solid so lu-  
t ion  would  be expected  to con t r i bu t e  as la rge  a hea t  
effect as tha t  observed.  F u r t h e r m o r e ,  the  fa i lu re  to 
detect  a ny  expans ion  of the  la t t ice  p a r a m e t e r  of 
Hg~Br~ indicates  tha t  no solid so lu t ion  is formed.  
The solut ion of TiBr ,  in  l iqu id  Hg could produce  the  
observed  heat  change;  however ,  no Ti could be de-  
tected in  Hg sampled  at  220~ af ter  equ i l i b r a t i on  
wi th  the  reac t ion  solids. 

Since this work  was concluded,  it has been  sug-  
gested tha t  the  d i sappea rance  of the  TiBr3(s) phase  
m a y  have  resu l t ed  f rom a reac t ion  w i th  P y r e x  
which  m a y  not  occur wi th  quar tz .  E q u i l i b r i u m  de-  
t e r m i n a t i o n s  in  quar tz  e q u i p m e n t  wou ld  set t le  this  
point .  However ,  it should be no ted  tha t  in  the  
p resen t  work  no vis ib le  e tch ing  of the  cell occurred  
such as migh t  be expected  if the  P y r e x  reac ted  ap -  
p rec iab ly  w i th  the  r e l a t i ve ly  la rge  a m o u n t  of t i t a -  
n i u m  b romide  con ta ined  in  the cell. 

Summary 
In  order  to p e r m i t  ca lcu la t ion  of the  hea t  of for -  

m a t i o n  of TiBr,,  a s tudy  of the  Hg r educ t ion  of 
TiBr4 has been  made.  P re s su re  da ta  ob ta ined  on 
f resh  samples  have  been  ass igned to the  e q u i l i b r i u m :  

1/2 Hg~Br3(s) + TiBr~(s) = T iBr , (g )  + Hg(1) 
since bo th  Hg~Br~ and  TiBr~ w e r e  observed  as sepa-  
ra te  solid phases  in  the x - r a y  dif f ract ion p a t t e r n s  
of f resh  samples.  The hea t  of reac t ion  ca lcula ted  
f rom these da ta  has been  c o m b i n e d  wi th  the  heats  
of f o r ma t i on  of TiBr4(s)  a nd  Hg~Br~(s) and  the  
heats  of fus ion  a nd  vapor i za t ion  of TiBr4 to give the  
heat  of f o r ma t i on  of TiBr~(s) .  

A b r e a k  in  the log p vs. 1/T curve  was  observed  
at h igh t e m p e r a t u r e s  af ter  p ro longed  heat ing .  F u r -  
the rmore ,  the TiBr~ p a t t e r n  was  no t  seen in  the  
x - r a y  dif f ract ion studies  of hea ted  samples.  A ful l  
inves t iga t ion  of these p h e n o m e n a  m u s t  be deferred.  
However ,  it is conc luded  that ,  despi te  these  i r r egu -  
lari t ies,  a fa i r ly  re l iab le  va lue  has been  ob ta ined  
for heat  of f o r ma t i on  of TiBr~. 
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Pressure Distribution within a Vacuum Arc Furnace 
J. W. Suiter 

Mines Branch, Department of Mines and Technical Surveys, Ottawa, Ontario, Canada 

ABSTRACT 

The pressure dis t r ibut ion wi th in  a cont inuously evacuated, consumable 
electrode arc furnace was determined when a variable leak was placed in the 
mel t ing region of the furnace. This pressure dis tr ibut ion agreed both with 
that  obtained from a simplified calculation based on the kinetic theory of gases 
and with that  obtained dur ing  the mel t ing of mild steel electrodes. 

Johnson ,  et al. (1) have  shown  tha t  the arc cha r -  
acterist ics  and  the me l t i ng  ra te  in  a c o n s u m a b l e  
electrode, v a c u u m  arc f u rnace  depend  on a n u m b e r  
of var iables ,  i n c l u d i n g  the  gas p ressure  w i t h i n  the  
furnace .  In  c u r r e n t  prac t ice  the p ressure  is u sua l l y  
m e a s u r e d  at some po in t  in  the body  of the  fu rnace  
and  not  in  the reg ion  of the  arc. Since gas is evolved 
f rom most  meta l s  d u r i n g  m e l t i n g  the p ressure  in  
the reg ion  of the  arc wi l l  be h igher  t h a n  tha t  in  the  
body  of the  furnace .  

In  the  p resen t  work  the  p ressure  in  the reg ion  of 
the arc has been  ca lcu la ted  and  m e a s u r e d  in  a s im-  
ple  s imula t ed  m e l t i n g  sys tem and  resul t s  have  been  
compared  w i th  s imi la r  p ressure  m e a s u r e m e n t s  ob-  
t a ined  d u r i n g  the  m e l t i n g  of steel electrodes.  

Apparatus and Experimental 
The e x p e r i m e n t s  were  conduc ted  in  the  fu rnace  

descr ibed by Rylsk i  and  Kinsey  (2) and  shown  
schemat ica l ly  in  Fig. 1 Gas  pressure  was m e a s u r e d  
at the  top of the  m o u l d  and  at a po in t  30 cm be low 
the  top by  m e a n s  of the rmocoup le  v a c u u m  gauges 
and  probe  tubes  which  passed t h rough  v a c u m  seals 
in  a side por t  of the  furnace .  The probes  were  con-  
s t ruc ted  f rom 1 cm d i ame te r  t u b i n g  and  were  the 
same l eng th  so tha t  the i r  response  to pressure  fluc- 
tua t ions  wou ld  be the same. The  p r e s su re  in  the  
body  of the  fu rnace  was  m e a s u r e d  w i th  an  A l p h a -  
t r o n  ion iza t ion  gauge.  The  A l p h a t r o n  ioniza t ion  
gauge was  in i t i a l ly  ca l ib ra ted  aga ins t  a McLeod 
gauge.  P r io r  to each e x p e r i m e n t  the  the rmocoup le  
gauges were  ca l ib ra ted  in situ aga ins t  the  A l p h a -  
t ron  ion iza t ion  gauge by  i so la t ing  the  fu rnace  f rom 
the  p u m p s  and  a d m i t t i n g  air  to a series of s tat ic  
pressures .  These  r eca l ib ra t ions  of the  t he rmocoup le  
gauges were  r ep roduc ib le  w i t h i n  --+1~ Hg pressure .  

To s imula t e  the evo lu t ion  of gas du r ing  mel t ing ,  
a need l e  va lve  was connec ted  to the  base of the  
mould.  The  lower  p r o b e  was  abou t  9 cm i r o m  the  

base p la te  of the  mould .  The leak ra te  for each set-  
t ing  of the need l e  va lve  was  d e t e r m i n e d  f rom the  
k n o w n  vo lume  of the f u r na c e  a nd  the  observed  ra te  
of inc rease  in  p ressure  w h e n  the  f u r n a c e  was  iso- 
la ted  f rom the  pumps .  Af t e r  each a d j u s t m e n t  to a 
specified leak rate,  it  was necessa ry  to a l low 30 sec 
to e lapse for the a t t a i n m e n t  of equ i l i b r ium,  before  
m e a s u r i n g  the  p re s su re  at  the th ree  points .  

The p ressure  d i s t r i bu t i on  w i t h i n  the m o u l d  was 
d e t e r m i n e d  whi le  me l t i ng  a mi ld  steel  e lectrode 
which  con ta ined  0.13% C, 0.01% N, 0.005% O and  
less t h a n  0.0001% H. D u r i n g  these  e x p e r i m e n t s  the 
p ressure  was  m e a s u r e d  on ly  at  the  top and  at the  
lower  pa r t  of the mou l d  a nd  the  t e m p e r a t u r e  of the  
tip of the lower  p robe  was  m e a s u r e d  by  m e a n s  of a 
the rmocoup le  a t t ached  to it. W h e n  the  arc was  
s truck,  the p ressure  rose qu ick ly  but ,  a f ter  abou t  90 
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Fig, 1. Arrangement for measurement of pressure distribu- 
tion with the arc furnace. 
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sec, d ropped  to a s teady va lue  w h e n  the feed ra te  
was un i fo rm.  Before mel t ing ,  the  lower  p robe  was 
about  4 cm f rom the  m e l t i n g  zone and  no m e l t i n g  of 
this p robe  occur red  w h e n  a s teady  feed ra te  of the  
electrode was  qu ick ly  a t t a ined  and  the  arc l eng th  
kept  short.  

Results 

Simulated mel t ing . - -The  d i s t r ibu t ions  of p res -  
sure, for two e lec t rode  and  two mou ld  sizes, are  
shown as func t ions  of the  leak ra te  in  Fig. 2-5. 
When  the  11.5 cm d i ame te r  m o u l d  was  used the 
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Fig. 2. Distribution in pressure for  an electrode 3.2  crn x 
3 .2  cm in a mould  o f  1 ].,5 cm diameter. 
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Fig. 3. D is t r ibut ion in pressure fo r  an electrode 3 .2  c m x  
4 .9  cm in a mould  of  1 1.5 cm d iameter .  
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Fig. 4. Distribution in pressure for an electrode 3.2  cm x 
3.2  cm in a mould  o f  7 .5  cm d iameter .  

pressure  difference b e t w e e n  the top a nd  the  lower  
pa r t  of the m o u l d  was  not  v e r y  large  and  was on ly  
s l ight ly  affected by  the  e lect rode size. Re la t ive ly  
la rge  p ressure  differences were  ob ta ined  w h e n  the  
7.5 cm d i ame te r  mou l d  was used and  these differ-  
ences va r i ed  cons ide rab ly  w i th  the size of the  elec-  
trode. 

Actual melting.---To avoid m e l t i n g  the  lower  
probe,  the p ressure  d i s t r i bu t i on  in  the  m o u l d  was  
m e a s u r e d  only  w h e n  m e l t i n g  a 3.2 cm square  steel 
e lectrode in  the 11.5 cm d i ame te r  mould .  Different  
ra tes  of gas evo lu t ion  were  ob t a ined  by  m e l t i n g  the  
same steel  e lec t rode  at d i f ferent  rates.  The  ra te  of 
m e l t i n g  was  cont ro l led  by  the  a m o u n t  of c u r r e n t  
used in  the arc. Because of the  t e m p e r a t u r e  g rad ien t  
a long the lower  probe,  there  was  a p ressure  g rad i -  
en t  a long this  probe.  

If the m e a n  free pa th  of the  molecules  in  the  hot 
reg ion  of the  p robe  is g rea te r  t h a n  the  d i ame te r  of 
the  probe,  t hen  the  p ressure  P~ in  the  hot  reg ion  is 
re la ted  to the  p ressure  P, m e a s u r e d  at  the  gauge 
by:  

PA/PB = ~/T ffTB (I)  

where  T~ is the  t e m p e r a t u r e  of the t ip of the  probe  
a nd  T,  is the  t e m p e r a t u r e  of the  gauge. 

In  the p r e se n t  case the  m e a n  free pa th  of the  
molecules  was  a p p r o x i m a t e l y  the  same  as the  d i a m -  
eter  of the p robe  a nd  Eq. (I)  gave too h igh  a va lue  
for the  p ressure  in  the hot region.  A correc t ion  fac-  
tor, which  depends  on the  ra t io  of m e a n  free pa th  to 
p robe  d iameter ,  for Eq. (I)  has been  ob ta ined  f rom 
the resul ts  of o ther  worke r s  (3) .  Tab le  I lists the  
m e a s u r e d  pressures  at t he  top and  the  lower  pa r t  of 
the  mou l d  and  also the correc ted  va lues  of the  p res -  
sure  at the lower  pa r t  of the mould .  Once m e l t i n g  
s tar ted,  the  t e m p e r a t u r e  of the  probe  t ip rose 
qu ick ly  for a p p r o x i m a t e l y  90 sec bu t  in  the fo l low-  
ing 30 sec, w h e n  s teady p ressure  read ings  were  
obta ined,  the  t e m p e r a t u r e  of the  p robe  t ip increased  
by  only  40~ Var ia t ions  in  t e m p e r a t u r e  of this  
order  of m a g n i t u d e  have  l i t t le  effect on the cal-  
cu la ted  p ressure  in  the  hot  reg ion  and  the r e l a t ive ly  
s teady t e m p e r a t u r e  of the p robe  t ip suggests  tha t  
the m e a s u r e d  t e m p e r a t u r e  should  be close to the  gas 
t empe ra tu r e .  

Discussion 

O n  the  basis  of the k ine t i c  theory  of gases, G r u b e r  
(4) has ca lcu la ted  the  p ressure  at the  top of a 
m o u l d  and  then  the p ressure  at the  lower  pa r t  of 
tha t  mould.  In  ca lcu la t ing  the p re s su re  at  the  top 
of the mou ld  a f o r mu l a  was  used which  is appl ica-  
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Fig.  ,5. D i s t r i b u t i o n  in  p r e s s u r e  f o r  o n  e l e c t r o d e  3 . 2  c m  x 

4 . 9  c rn  in  a m o u l d  o f  7.,5 c m  d i a m e t e r .  

Table I. Distribution of pressure within a mould of 11.5 cm diameter 
while melting a steel electrode 3.2 cm square 

P r e s s u r e  a t  
lower  pa r t  

P r e s s u r e  o f  mould,  
Are  Te mpe r -  at lower  c o r r e c t e d  P r e s s u r e  Approx .  
cur-  a ture  par t  for  t e mpe r -  a t  top m e l t i n g  
ren t  of  p r o b e  o f  mold a ture  e f f e c t  os m o l d  r a t e  

(amp) (~ (~ of Hg) (~ of Hg) (~ of Hg) (kg /min)  

1200 1200 9 15 13 0.5 
1500 1200 10 16 14 0.6 
1800 1200 13 21 19 0.9 
2100 1100 22 32 28 1.3 
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ble on ly  to a t h in  aper tu re ,  the  d imens ions  of which  
are  smal l  compared  w i t h  those of the  vessel  f rom 
which  the  flow is occurr ing .  This leads to cons ider -  
ab ly  lower  pressures  t h a n  are encoun t e r ed  in  p rac -  
tice and  thus  the  p ressure  drop a long the mo u l d  as 
ca lcu la ted  by  G r u b e r  wi l l  be in  error .  

The fo l lowing  ca lcu la t ion  of the  p ressure  drop 
a long the mou ld  d u r i n g  the  s imu la t ed  m e l t i n g  ex-  
p e r i m e n t s  is based on  an  equa t i on  desc r ib ing  the  
flow of gas t h r o u g h  a s imple  p ipe  and  this  is mod i -  
fied to a l low for the  presence  of the  electrode.  The 
flow of gas t h rough  a c i rcu la r  pipe over  a w ide  
r ange  of p ressures  is descr ibed by  a s e m i - e m p i r i c a l  
equa t ion  developed by  K n u d s e n  (5) and  for air  
f lowing at  25~ m a y  be w r i t t e n  in  the  fo l lowing  
form:  

Q 
- - - -  Cm 
P1 - -  P~ 

f 1 -{- 0.246 a(Pl +P~)\  (II)  
O.Ol45a(P~+P~) + 1 + 0.304a(-~ + P2) J 

where Q is the quantity of gas flowing through the 
pipe, in micron-liters per second; PI and P~ are the 
pressures at the ends of the pipe, in microns; Cm is 
the conductance of the pipe when molecular flow 
is occurring, in liters per second; and a is the radius 
of the pipe, in centimeters. 

For the present case of an electrode within the 
circular mould, the average separation between the 
mould and the electrode was used rather than the 
radius of the mould. The molecular conductance of 
any duct, for air flowing at room temperature, may 
be calculated from the following formula (6): 

A ~ 
Cm ---- 61.8 K -  (III) 

BL 

where A is the cross-sectional area of the duct, in 
square centimeters; BL is the surface area of the 
walls of the duct, in square centimeters; and K is a 
constant equal to 1.1 for an annular duct (6) simi- 
lar to the present arrangement of an electrode in a 
mould. 

From the observed leak rate and the pressure at 
the top of the mould the pressure drop along the 
mould was calculated. These values are given in 
Table II together with those measured during the 
simulated melting experiments. Reasonable agree- 
ment is evident between the calculated and the ex- 
perimental values. Particular attention is drawn to 
the close agreement between the values of the pres- 
sure difference measured in the actual melting ex- 
periments with those measured during the simu- 
lated melting experiments. It is possible to compare 

Table II. Pressure drop along mould of 11.5 cm diameter containing 
an electrode 3.2 cm ~ 

M e a s u r e d  C a l c u l a t e d  M e a s u r e d  
P r e s s u r e  p r e s s u r e  d r o p  p r e s s u r e  d r o p  p r e s s u r e  

a t  t op  d u r i n g  s i m u -  fo r  s i m u -  d r o p  w h i l e  
of m o u l d  l a t e d  m e l t i n g  l a t e d  m e l t i n g  m e l t i n g  
(/L of  Hg)  (/e o f  H g )  (/~ of  H g )  (/~ of  H g )  

13 3 2.2 2 
14 3 2.5 2 
19 4 2.7 2 
28 4 3.0 4 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1958 

these two sets of resul t s  because  the  H con ten t  of 
the  steel used in  the  m e l t i n g  e x p e r i m e n t s  is so low. 
The  gases evolved d u r i n g  the  m e l t i n g  e xpe r imen t s  
are  m a i n l y  N a nd  O or CO. Since  these gases have  
phys ica l  proper t ies  s imi la r  to those of air, the  r e -  
sponse of the  the rmocoup le  v a c u u m  gauges and  the  
condi t ions  of flow in  the m o u l d  are s imi la r  in  the  
two sets of exper imen t s .  

The  flow of gas depends  no t  on ly  on the  condi -  
t ions a l r eady  m e n t i o n e d  bu t  also on the  t e m p e r a -  
tu re  of the  gas. There fore  it m igh t  be  expected  that ,  
in  ac tua l  m e l t i n g  e x p e r i m e n t s  w he r e  the flow is oc- 
c u r r i ng  in  both  a p ressure  g r ad i en t  a nd  a t e m p e r a -  
t u r e  gradient ,  the  p ressure  drop a long the  m o u l d  
would  be cons ide rab ly  d i f ferent  f rom tha t  d u r i n g  a 
s imu la t ed  me l t i ng  e x p e r i m e n t  where  the  flow is oc- 
c u r r i ng  in  a p ressure  g rad ien t  alone. One reason  for 
the close a g r e e m e n t  m a y  be  tha t  the  w a t e r  cooling 
of the  mou l d  cooled the gas qu ick ly  and  the  flow of 
gas t h r ough  the mou l d  occur red  essen t ia l ly  at  an  
u n i f o r m  t empera tu r e .  

The p resen t  w o r k  shows tha t  the  p ressure  drop 
along the mou l d  of a c o n s u m a b l e - e l e c t r o d e  vac-  
u u m  arc f u r na c e  can be  m e a s u r e d  in  s imu la t ed  
me l t i ng  e xpe r i me n t s  or can  be ca lcu la ted  if the  ra te  
of gas evo lu t ion  in  the  reg ion  of the  arc and  the 
p ressure  at the  top of the m o u l d  are known .  It  also 
shows tha t  if h igh pressures  in  the  m e l t i n g  reg ion  
of v a c u u m  arc furnaces ,  wi th  the a c c o m p a n y i n g  
t roub lesome  glow discharges,  are  to be  avoided it is 
essent ia l  tha t  sufficient f ree space be p rov ided  be -  
t w e e n  the  e lect rode and  the  mou l d  to ensu re  rap id  
r e mova l  of the gases evolved d u r i n g  mel t ing .  

P a r t i c u l a r l y  w h e n  me l t i ng  Ti, and  o ther  s imi la r  
metals ,  it is possible  tha t  some gas ( m a i n l y  H) wi l l  
be evolved f rom the  electrode some d is tance  above 
the m e l t i n g  zone in  the  fu rnace  as wel l  as in  the 
me l t i ng  zone. Such  evo lu t ion  above  the  m e l t i n g  
zone wi l l  t end  to reduce  the p ressure  g r ad i en t  a long 
the  mould .  
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ABSTRACT 

The anodic oxidation of zinc and zinc-tin alloys at very low current  density 
was carried out in solutions of different pH values using the direct poten- 
t iometric method. In  the case of zinc, the p r imary  oxidation product  was a film 
of zinc oxide or hydroxide less than one molecule thick. When t in was alloyed 
in different concentrations with zinc, the anodic process resulted in the suc- 
cessive formation of zinc hydroxide, s tannous and stannic hydroxides before 
oxygen evolution. The alloys required  less quanti t ies  of electricity to passivate 
than their  pure  components, thus reveal ing their  noble character. The passi- 
vat ion of the alloys in 0.1N nitr ic  acid is due to a chemical and not to electro- 
chemical process. Critical cur ren t  densities for passivation also revealed the 
noble character of the alloys. 

The  c u r r e n t  theor ies  of pass iv i ty  are based 
l a rge ly  on e x p e r i m e n t s  pe r fo rmed  wi th  pure  metals .  
Metal l ic  al loys have  a t t r ac ted  l i t t le  a t t en t i on  de-  
spite the i r  t echnica l  impor tance .  In  this  l abora tory ,  
a sys temat ic  s tudy  of the  anodic  ox ida t ion  of meta l s  
at  ve ry  low c u r r e n t  dens i ty  was  u n d e r t a k e n  (1-6) .  
The  work  has now been  ex t ended  to simple,  two-  
componen t  alloys. A s tar t  was m a d e  wi th  specu lum 
( C u - S n )  alloys (7) ,  and  the p re sen t  paper  is a re -  
port  on the  resul t s  ob ta ined  wi th  Z n - S n  alloys. By 
us ing  a ve ry  smal l  cons t an t  po la r iz ing  cur ren t ,  and  
an  e lect rode of r e l a t ive ly  large surface  area, con-  
s ide rab le  t ime  was  t aken  by  the electrode to pass 
f rom h y d r o g e n  to oxygen  evo lu t ion  potent ia ls .  This  
enab led  the  d e t e r m i n a t i o n  of the type  and  th ickness  
of the oxides fo rmed  on the e lec t rode  d u r i n g  po la r -  
ization. On the  o ther  hand ,  c u r r e n t - p o t e n t i a l  curves  
were  he lp fu l  in  d e t e r m i n i n g  the  cr i t ical  c u r r e n t  
densi t ies  for the  pass iva t ion  process. No work  on 
Z n - S n  al loys f rom the p resen t  s t and  poin t  has been  
publ i shed .  In  a pub l i ca t i on  f rom the T in  Research  
In s t i t u t e  (8) the  m e c h a n i s m  of anode  f i lming of the  
al loy in  a ba th  con t a in ing  sodium s t a n n a t e  and  zinc 
cyan ide  was  described.  

Experimental 
The e lec t r ica l  c i rcui t  used in  o b t a i n i n g  the  v a r i a -  

t ion  of the  po ten t i a l  of the  anode  w i th  the  c u r r e n t  
employed  a pen tode  va lve  as a cons tan t  c u r r e n t  de-  
vice; so the  c u r r e n t  pass ing  was  l a rge ly  i n d e p e n d e n t  
of changes  in  the back  emf of the  e lect rode system.  
The c u r r e n t  was  suppl ied  f rom a 250-v d ry  ba t te ry .  

The e lect rolyt ic  cell used was  of P y r e x  glass 
w i thou t  r u b b e r  connect ions .  I t  consis ted of a vessel  
of ca. 500 ml  capaci ty  w i th  5 openings .  Three  of 
these, fi t ted w i th  m e r c u r y  sealed covers, we re  for 
the  anode  c o m p a r t m e n t ,  cathode c o m p a r t m e n t ,  and  
the  c o m p a r t m e n t  for the  syphon  of the calomel  
electrode,  respect ively .  The las t  two c o m p a r t m e n t s  

1 D e c e a s e d .  

were  fitted w i th  s in te red  glass in  order  to p r even t  
c o n t a m i n a t i o n s  w i th  the anolyte .  The  other  open-  
ings were  for the  in le t  and  out le t  of pu re  n i t rogen .  

The zinc electrode.--This was p repa red  by  elec- 
t rodepos i t ion  f rom an  acidified zinc su l fa te  ba th  
p repa red  by  d issolv ing 145 g ZnSO, .  7H.~O in  1 l i te r  
N H2SO~. Elec t rodepos i t ion  was  car r ied  out  us ing  a 
c u r r e n t  dens i ty  of 12.5 m a / c m  2 for 40 m i n  on a P t  
foil 2 cm ~ a p p a r e n t  area.  This  gave a spongy de-  
posit  wi th  r e l a t i ve ly  l a rge  area. 

Zinc-tin alloys.--These were  also e lect rodeposi ted  
f rom a ba th  r e c o m m e n d e d  by  the  T in  Research  I n -  
s t i tu te  (8) ,  p r e p a r e d  by  d issolv ing 30 g sod ium s t an -  
nate ,  2.5 g zinc cyanide,  27.5 g sod ium cyanide,  and  5 
g of sod ium hydrox ide  in  1 l i te r  of water .  E lec t rode-  
pos i t ion  was car r ied  out  at 65 • 2~ on a P t  foil of 
2 cm 2 a p p a r e n t  area  for 20 m i n  w i th  a c u r r e n t  d e n -  
si ty of 25 m a / c m  ~. This b a t h  gave a deposi t  con-  
t a i n i n g  25% Zn. A cast anode  of the same  composi -  
t ion  was used and  was fi lmed to i n su re  the  d issolu-  
t ion  of its t i n  con ten t  in  the q u a d r i v a l e n t  s tate  (8) .  
The  area  of the  anode  was  ad jus t ed  to give an  anode  
c u r r e n t  dens i ty  of 16 m a / c m  ~. Al loys  of 121/2% and  
50% Zn  were  p r e p a r e d  by  v a r y i n g  the  zinc and  free 
hyd rox ide  con ten t  of the ba th .  Al l  deposits  were  
ana lyzed  for the i r  t i n  con ten t  by  the  t a n n i n  method,  
a nd  the  ana lys i s  was conf i rmed by  the  T i n  Research  
Ins t i tu te .  Al loys  p r epa red  e i ther  b y  e lee t rodepos i -  
t ion  on a copper  subs t r a t e  or by  cas t ing  gave ex -  
act ly  the  same behavior .  

Each e x p e r i m e n t  was car r ied  out  w i th  a f resh ly  
p r epa red  electrode.  W h e n e v e r  the  ba th  showed 
signs of de te r iora t ion ,  a n e w  b a t h  was  prepared .  

M e a s u r e m e n t s  were  car r ied  out  m a i n l y  in  a lka -  
l ine  solutions,  viz., 0.1N sod ium hyd r ox i de  (pH = 
13), 0.1N sod ium c a r bona t e  (pH = 11.2) and  0.1M 
sodium bora te  (pH = 9.2). M e a s u r e m e n t s  were  also 
ex t ended  to n e u t r a l  and  acid so lu t ions ;  0.1M sodium 
sulfa te  ( p H =  7), aceta te  buffer  of p H =  6, and  
0.1N n i t r i c  acid (pH z 1). Al l  so lut ions  were  p re -  
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pared  f rom A n a l a R  ma te r i a l s  and  conduc t iv i ty  
water .  The  solut ion in  the  cell was  boi led before  
use and  cooled in  an  a tmosphe re  of p u r e  n i t rogen .  
The de ta i led  e x p e r i m e n t a l  p rocedure  for ob t a i n i ng  
the anodic,  cathodic,  and  decay curves  was essen-  
t i a l ly  as descr ibed before  (1) .  Al l  m e a s u r e m e n t s  
were  p e r f o r m e d  at  25~ 

Current-Potent ial  Cuves ]or Zn, Sn, and 

Z n - S n  Alloys 

W h e n  a me t a l  e lect rode is polar ized anodica l ly  in  
a so lu t ion  whe re  pass iv i ty  sets in  readi ly ,  the  p r i -  
m a r y  ox ida t ion  process wi l l  be  the  ox ida t ion  of the  
me t a l  itself. If  the c u r r e n t  is raised,  a va lue  is 
reached  at  which  the process changes  to tha t  of 
oxygen  evolut ion.  This cr i t ical  c u r r e n t  for pass iva-  
t ion  is a good measu re  of the nob i l i t y  of the meta l ;  
the nob le r  the  meta l ,  the  smal le r  the  c u r r e n t  at 
which  the  po ten t i a l  changes  to tha t  of oxygen  evo-  
lu t ion.  Cr i t ica l  c u r r e n t  densi t ies  for pass iva t ion  for 
Zn, Sn, and  Z n - S n  al loys of d i f ferent  composi t ions  
were  de t e rmined .  The  p rocedure  of Uhl ig  a nd  
Woodside (9) was  fol lowed.  M e a s u r e m e n t s  we re  
car r ied  out  in  0.1M borax  solut ion,  since in  such 
m e d i u m  the  oxides of Z n  and  Sn  possess m i n i m u m  
solubi l i ty .  The  e lect rode was  first ca thodica l ly  po-  
lar ized w i th  a c u r r e n t  of 100 ~a /e lec t rode  u n t i l  a 
s teady po t en t i a l  was reached.  This took f rom 15 to 
30 rain. The cathodic c u r r e n t  was  t hen  d isconnec ted  
and  the  po t en t i a l  was  left  to decay to the  open cir-  
cui t  va lue  t i l l  a po ten t i a l  was  reached  which  did no t  
v a r y  more  t h a n  20 m v  in  a per iod  of 5 min .  A smal l  
anodic  c u r r e n t  was  t h e n  imposed  on the  e lect rode 
and  the  co r respond ing  po ten t i a l  was recorded.  The 
c u r r e n t  was  aga in  d i sconnec ted  and  the  open circui t  
va lue  awai ted.  Anodic  po la r i za t ion  was s ta r ted  
aga in  w i th  a h igher  cur ren t .  The  process of con-  
nec t ing  and  d i sconnec t ing  the  c u r r e n t  was repea ted  
u n t i l  the  po ten t i a l  of the  electrode changed  toward  
oxygen  evo lu t ion  potent ia l .  

9 )  09 (A ") 
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Fig. 1. Anodic polar izat ion of Zn in: (A) 0 .1M borax solu- 
t ion with a polar izing current of 20 /~a/electrode; (A') 0 .1M 
NaOH solution wi th a polar iz ing current of 300 /~a/electrode; 
(C) cathodic curve in 0 .1M borax with a polar izing current of 
5 /~a/e lect rode;  (D) anodic decay in 0 .1M NaOH solution. 

Results and Discussion 
Behavior o] pure z inc . - -Curve  A, Fig. 1, is the 

charac ter i s t ic  anodic  po la r i za t ion  curve  of the  Zn  
electrode in  0.1M sod ium bora te  so lu t ion  w h e n  us ing  
a po la r iz ing  c u r r e n t  of 20 t ,a /e lectrode.  C u r ve  A '  in  
Fig. 1 represen t s  the  behav io r  of the Zn  anode  in  
0.1N NaOH solu t ion  w h e n  us ing  a po la r iz ing  cur -  
r en t  of 300 ~a/e lec t rode .  F r o m  these curves,  which  
show the  va r i a t i on  of the Z n  e lect rode po ten t i a l  
w i th  the  q u a n t i t y  of e lec t r ic i ty  passed, it  can  be 
seen that ,  at  first, there  is a r ap id  bu i ld  up  of po-  
tent ia l ,  ascr ibed by  s imi l a r i t y  to cases s tudied  
(1-7)  to the cha rg ing  of the double  layer .  This  is 
fo l lowed by  one step before  oxygen  evolut ion .  
Measu remen t s  f rom a large  n u m b e r  of po la r iza t ion  
curves  gave an  average  va lue  for the double  l ayer  
capaci ty  of 6,000 t~F/electrode in  the b o r a t e  solu-  
t ion. In  the  hyd r ox i de  solut ion,  the ave rage  capaci ty  
of the  double  layer  was  comparab le  w i th  tha t  in  the  
bora te  solut ion.  The  a r res t  in  the  bo ra t e  so lu t ion  
appears  to s ta r t  at a po ten t i a l  of --0.95 v, and  in  
the  hyd rox ide  so lu t ion  at --1.15 v. In  Tab le  I are  
shown  the  po ten t ia l s  of this  a r res t  in  the two solu-  
tions, respect ively ,  compared  w i th  the  e q u i l i b r i u m  
poten t ia l s  of the  sys tem Z n / Z n ( O H ) ~  at the  cor-  
r e spond ing  pH values.  These la t te r  were  ca lcula ted  
as follows: T a k i n g  the free ene rgy  of OH- and  
Zn(OH)~  as --37,595 and  --132,600 calories, respec-  
t ive ly  (10),  the  f ree  ene rgy  of the  reac t ion :  

Zn + 2 OH- ~ Zn(OH)~ q- 2 e 

was calculated to be --57,410 cal and hence E~ ~ (the 
potential at the extreme alkaline range of pH) is 
--1.245 v. By applying the ordinary equation for the 
variation of the potential of the system with pH, the 
values shown in column III of Table I were ob- 

tained. 
The very close agreement between the starting 

potential of the arrest as obtained from polarization 
curves and the potential of the system Zn/Zn (OH), 
at the corresponding pH value leaves little doubt 
that this step corresponds to the formation of zinc 
hydroxide or oxide on the electrode before oxygen 
evolution. The standard condition of the Zn elec- 
trode was taken to be that of the borate solution. 
The quantity of electricity passed from the begin- 
ning to the end of this step in the borate solution 
was found to be reproducible and amounting to 
30,000 ~coulomb/electrode. This is sufficient for the 
l i be ra t ion  of 9.37 x 104~ a toms of oxygen.  T a k i n g  
the specific g rav i ty  of the Zn  me t a l  as 7.1 g/cm% 
the d i ame te r  of the Zn  a tom was ca lcu la ted  to be 
2.48A, and  hence  there  w ou l d  be 1.63 x 10 ~ a toms 
of Z n / t r u e  cm ~ of the  Z n  surface.  A n  es t ima t ion  of 
the  ra t io  r e a l / a p p a r e n t  area  of the  electrode could 
be d e t e r m i n e d  f rom the  capac i ty  of the  doub le  layer  

Table I 

Solution 

Equi l ib r ium 
S ta r t ing  potent ia l  

potent ia l  of of the  sys tem 
the a r res t  (v) Zn/Zn (OH) 2 

0.1M Sodium borate --0.95 --0.96 
0.1N Sodium hydroxide --1.15 --1.18 
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before  oxide fo rmat ion .  The capaci ty  of the anodic  
double  l ayer  was r ecen t l y  d e t e r m i n e d  by  E1 W a k -  
kad  and  Sa lem (11) to be 100 ~ F / r e a l  cm ~. As the  
capaci ty  of the double  of the Zn  electrode a m o u n t s  
to 6,000 ~F/e lec t rode ,  the  ra t io  r e a l / a p p a r e n t  area  
wil l  be  30/1;  hence,  the re  would  be 9.78 x 10 TM atoms 
of Zn  on the whole  sur face  of the electrode.  This 
shows tha t  the  q u a n t i t y  of e lec t r ic i ty  passed d u r i n g  
oxide fo rma t ion  cor responds  to the  fo rma t ion  of less 
t h a n  a u n i m o l e c u l a r  l ayer  of the  oxide. In  NaOH 
solut ion the q u a n t i t y  of e lec t r ic i ty  passed d u r i n g  
oxide fo rma t ion  a m o u n t e d  to 594,000 ~ coulomb.  
This  is sufficient for the fo rma t ion  of a zinc h y -  
droxide  l ayer  ~19  molecules  thick.  This  h igh va lue  
suggests tha t  the oxide in  such a m e d i u m  is more  
so luble  t h a n  in  the bora te  solut ion.  In  1N NaOH 
solut ion,  us ing  cu r ren t s  up to 2 ma /e l ec t rode ,  the 
po ten t i a l  did not  rise to oxygen  evo lu t ion  value ,  
bu t  r e m a i n e d  cons tan t  at the  Z n / Z n ( O H ) ~  at the  
co r re spond ing  pH value,  viz., --1.24 v, deno t ing  
anodic  d isso lu t ion  of the  fo rmed  hyd rox ide  to form 
zincate.  

In  0.1N sodium ca rbona t e  so lu t ion  of pH = 11.2, 
an  ar res t  was  recorded due to the fo rma t ion  of zinc 
oxide. However ,  the  po ten t ia l  of the  electrode did 
no t  reach oxygen  evo lu t ion  va lue  and  showed i r -  
r egu la r i t i e s  due to the p robab le  fo rma t ion  of n o n -  
conduc t ing  n o n a d h e r e n t  basic c a rbona t e  film which  
read i ly  pea led  away  f rom the surface of the  elec- 
trode. S imi l a r  behav io r  was observed  in  the case of 
the n icke l  e lectrode in  bora te  solut ions  (2) ,  and  in 
the case of the m a n g a n e s e  e lect rode in  phospha te  
solut ions  (12).  

Cathodic  curves  revea l  that ,  on r eve r s ing  the 
polarizing current to make the working electrode 
the cathode, reduction of the zinc hydroxide film 
takes place at more or less its reversible potential. 
As a representative example, the cathodic behavior 
of zinc in sodium borate solution with a polarizing 
current of 5 t~a/electrode is shown by curve C, Fig. i. 
In NaOH solution, the reduction step corresponds 
to the deposition of Zn from zincate solution. 

Anodic decay curves reveal that, on interruption 
of the polarizing current when the electrode was at 
oxygen evolution value, the potential dropped to 
a somewhat more positive value than the Zn/Zn 
(OH)~ system at the corresponding pH value, but 
continuously drifted with time toward the above 
system. The time of this drift varied from one solu- 
tion to the other. Curve D of Fig. i is an example 
of the anodic decay in NaOH solution. 

Anodic  po la r iza t ion  of Zn  in  solut ions  of pH va l -  
ues less t h a n  9 resu l t ed  in  the  d isso lu t ion  of the  Zn  
at the Z n / Z n ( O H ) ~  potent ia l .  

Time-po ten t ia l  curves  ]or z inc - t in  a l loys . - -Curves  
A and  A" of Fig. 2 a re  the  charac ter i s t ic  anodic  
po la r i za t ion  curves  for Z n - S n  al loys con ta in ing  
25% and  12u Zn, respect ively ,  i n  sodium bo ra t e  

C A T H O D ~  P O L . 4 R I Z A T I M ,  I (T I I~ ' ]E  IM ]* I lNUTE~.)  
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Fig. 2. Anodic polar izat ion of 2 5 %  Zn al loy (A) and 
121/2% Zn al loy (A') in 0 .1M borax solution; Polarizing cur- 
rent = 10 #a/electrode;  dotted parts at  1 #a/electrode;  
(C) cathodic polar izat ion of 5 0 %  Zn al loy wi th a polar izing 
current of 5/~a/electrode. 
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Fig. 3. Anodic polar izat ion of 2 5 %  Zn al loy (A) and 
5 0 %  Zn al loy (A') in 0 .1M sodium carbonate solution; polar- 
izing current = 60 /m/electrode, dotted parts at  10 /~a/elec- 
trode; (D) anodic decay for 12Y2% Zn alloy. 

solut ion.  The po la r iz ing  c u r r e n t  was  10 /~a/elec- 
trode. In  the dot ted  par ts  of the curves,  the polar iz -  
ing c u r r e n t  was  decreased to 1 ~a /e l ec t rode  to de-  
crease the  ra te  of the anodic  process to be fol lowed 
by  the  di rect  po ten t iome t r i c  method.  Curves  A and  
A" of Fig. 3 are the  same anodic  po la r iza t ion  curves  
for al loys con t a in ing  25% a nd  50% Zn, respect ively ,  
in  0.1M sodium ca rbona te  solut ion.  The pola r iz ing  
c u r r e n t  was 60 #a / e l ec t rode  a nd  the  dot ted  par t s  
were  ob ta ined  wi th  a c u r r e n t  of 10 ~a/e lec t rode .  
F r o m  these curves,  which  show the v a r i a t i o n  of the  
al loy po ten t i a l  w i th  the  q u a n t i t y  of e lec t r ic i ty  
passed, it  can be seen tha t  there  is a r ap id  shor t  
bu i ld  up of potent ia l ,  due  to the cha rg ing  of the  
double  layer ,  fol lowed by  3 we l l -de f ined  steps before  
oxygen  evolut ion .  I t  was difficult in  this  case to de-  
t e r m i n e  the  exact  capaci ty  of the  double  l ayer  be -  
cause the  po t en t i a l  of the  electrode,  w h e n  m a d e  
the  cathode,  was  ve ry  n e a r  to the  first arrest .  The 
s t a r t i ng  po ten t i a l  of th ree  steps, in the  bora te  solu-  
t ion, were,  respect ively ,  --0.95 v, --0.66 v, a n d - - 0 . 5 2  
v. In  the  ca rbona t e  solut ion,  these w e r e  --1.04 v, 
--0.75 v, and  --0.59 v. In  Ta b l e  II, the s t a r t i ng  po-  

Table II 

E q u i l i b r i u m  p o t e n t i a l  of  t h e  s y s t e m  
S t a r t i n g  p o t e n t i a l  of a r r e s t  S n  (OH} 2/ 

S o l u t i o n  1st 2nd 3rd  Z n / Z n  (OH) 2 S n / S n  (OH) e S n  (OH) 

0.1M Borax --0.95 --0.66 --0.52 --0.96 --0.64 --0.47 
0.1M Carbonate  --1.04 --0.75 --0.59 --1.08 --0.76 --0.59 
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t e n t i a l  of  t h e  t h r e e  s teps  in t he  two  e l e c t r o l y t e s  a r e  
c o m p a r e d  w i t h  t h e  e q u i l i b r i u m  po t en t i a l s  of the  
sy s t ems  Z n / Z n ( O H ) 2 ,  S n / S n ( O H ) ~ ,  and  S n ( O H ) J  
S n ( O H ) ~ ?  The  las t  two  va lues  w e r e  o b t a i n e d  b y  
t a k i n g  the  f r ee  e n e r g y  of Sn(OH)~ ,  S n ( O H ) , ,  and  
OH- as  --117,600, --227,500, and  --37,595 ca lor ies ,  
r e s p e c t i v e l y  (13) .  T h e  f r e e  e n e r g y  of t h e  r eac t ions :  

Sn  + 2 OH- ---- S n ( O H ) ~  + 2 e AF ~ = --42,410 cal. 
a n d  

S n ( O H ) ~ . + 2 O H - = S n ( O H ) , + 2 e  AF~  cal. 
This  g ives  E ,  ~ va lue s  of --0.92 a n d  --0.75 v, r e -  
s p e c t i v e l y ?  

By  a p p l y i n g  the  o r d i n a r y  e q u a t i o n  for  t he  v a r i a -  
t ion  of t h e  p o t e n t i a l  of the  above  sys t ems  w i t h  pH, 
the  va lue s  in  co lumns  5, 6, and  7 in T a b l e  II  w e r e  
ob ta ined .  

The  v e r y  close a g r e e m e n t  b e t w e e n  these  two  sets 
of p o t e n t i a l s  l e aves  l i t t l e  d o u b t  t ha t  these  s teps  
c o r r e s p o n d  to t h e  consecu t ive  f o r m a t i o n  of zinc 
ox ide  or  h y d r o x i d e ,  s t annous  and  s t ann ic  h y d r o x -  
ides,  r e spec t i ve ly ,  b e f o r e  o x y g e n  evolu t ion .  Thus,  
on anod ic  po l a r i za t i on ,  t he  b e h a v i o r  of t h e  a l loy  
a p p e a r s  to b e  a c o m b i n a t i o n  of the  b e h a v i o r  of i ts  
p u r e  cons t i tuen ts .  The  s a m e  conc lus ion  was  r e a c h e d  
in the  case  of C u - S n  a l loys  (7) .  

The  q u a n t i t y  of e l e c t r i c i t y  c o n s u m e d  in t he  p a s s i -  
r a t i o n  of t he  a l l oy  v a r i e d  f rom one  compos i t i on  to 
t h e  o ther ,  and  also d e p e n d e d  on the  p H  v a l u e  of 
the  solu t ion .  Thus,  for  e x a m p l e ,  w h e r e a s  t he  first  
s tep  ( f o r m a t i o n  of  zinc h y d r o x i d e )  in  t h e  b o r a t e  
so lu t ion  for  t he  25% Zn a l loy  c o n s u m e d  15,000 
~coulomb,  t h e  c o r r e s p o n d i n g  s tep  for  the  50% Zn 
a l loy  in  t h e  c a r b o n a t e  so lu t ion  c o n s u m e d  86,000 
~cou lomb. '  Also  in t h e  s tep  c o r r e s p o n d i n g  to t he  
f o r m a t i o n  of S n ( O H ) ~  in  the  b o r a t e  so lu t ion  for  t he  
12~/2 % Zn a l loy,  the  q u a n t i t y  of e l e c t r i c i t y  a m o u n t -  
ed to 18,000 ~coulomb,  w h i l e  in  t he  c o r r e s p o n d i n g  
s tep  for  t h e  25% Zn a l loy  in t h e  c a r b o n a t e  so lu t ion ,  
t he  s ame  q u a n t i t y  was  36,000 ~coulomb.  

A l l o y s  p r e p a r e d  b y  e l e c t r o d e p o s i t i o n  a re  cons id -  
e r ed  to h a v e  an  a r e a  m o r e  or  less comparable w i t h  
those  of t h e  Zn and  Sn  alone.  The  s t a n d a r d  cond i -  
t ion  for  the  a l loy  was  t a k e n  to be  t ha t  of the  b o r a t e  
so lu t ion  s ince  t he  ox ides  of b o t h  Zn a n d  Sn  show 
m i n i m u m  s o l u b i l i t y  at  t h a t  pH. T a k i n g  t h e  a l loy  
c o n t a i n i n g  25% Zn, w h i c h  has  t e c h n i c a l  i m p o r t a n c e ,  
as an  e x a m p l e ,  t he  q u a n t i t y  of e l ec t r i c i t y  t h a t  pas sed  
in  t he  f o r m a t i o n  of zinc h y d r o x i d e  a m o u n t e d  to 
15,000 ~ c o u l o m b / e l e c t r o d e .  C o m p a r i s o n  of th i s  
a m o u n t  w i t h  t ha t  o b t a i n e d  in the  case  of p u r e  Zn 
e l ec t rode  r e v e a l e d  t h a t  t h e  a l loy  r e q u i r e d  a lesser  
a m o u n t  of  e l e c t r i c i t y  to pas s iva t e .  The  q u a n t i t y  of 

I n  t h i s  c o m p a r i s o n ,  no  c o r r e c t i o n  of t h e  m e a s u r e d  p o t e n t i a l s  w a s  
m a d e  to  a c c o u n t  f o r  t h e  f a c t  t h a t  t h e  a c t i v i t i e s  i n  t h e  a l l oys  a r e  less  
t h a n  u n i t y .  T h i s  is  b e c a u s e  s u c h  v a r i a t i o n s  a r e  uncer ta in1 a n d  s m a l l .  

C a l c u l a t i o n  b a s e d  on t h e  a s s u m p t i o n  t h a t  s t a n n o u s  a n d  s t a n n i c  
ox ide s  a n d  n o t  t h e  h y d r o x i d e s  a r e  f o r m e d  g a v e  t h e  f o l l o w i n g  i n t e r -  
e s t i n g  r e s u l t s :  
Sn  + 2 O H -  = S n O  + H 2 0  + 2 e  AFo = - -43 ,000  cal .  

EOB : - -0 .932  v 
S n O  + 2 O H -  = SnO2 + H 2 0  + 2e-  AFo = - -44 ,200  cal .  

EoB : - -0 .958  v 
w h i c h  d i r e c t l y  s u g g e s t  t h a t  t h e  o x i d a t i o n  of  s t a n n o u s  o x i d e  to  t h e  
c o r r e s p o n d i n g  s t a n n i c  o x i d e  is  i m p r o b a b l e ,  s i n c e  t h e  p o t e n t i a l  of  t h e  
c o u p l e  SnO/SnO,2 is m o r e  n e g a t i v e  t h a n  t h a t  of  S n / S n O .  T h i s  s u p -  
p o r t s  t h e  c o n c l u s i o n  t h a t  s t a n n o u s  a n d  s t a n n i c  h y d r o x i d e s  a r e  
f o r m e d  on t h e  o x i d a t i o n  of t h e  Sn  e l e c t r o d e .  

F o r  t h e  Z n  e l e c t r o d e ,  no  n o t i c e a b l e  d i f f e r e n c e  w a s  f o u n d  in  t h e  
f r e e  e n e r g y  i f  c a l c u l a t i o n s  w e r e  m a d e  f o r  Z n  (OH)2  o r  ZnO.  

4 T h e  e n d  of  t h e  s t ep  is t a k e n  as t h e  p o i n t  of  i n t e r s e c t i o n  of t h e  
e x t r a p o l a t e d  l i n e s  f r o m  t h e  b o t t o m  of t h e  s t ep  w i t h  t h a t  o b t a i n e d  
f r o m  t h e  r i s i n g  p a r t  of  t h e  f o l l o w i n g  one .  

e l e c t r i c i t y  t h a t  p a s s e d  in  t h e  second  a r r e s t  ( s t a n -  
nous  h y d r o x i d e  f o r m a t i o n )  was  f o u n d  to be  11,000 
~coulomb,  w h i c h  was  less  t h a n  the  c o r r e s p o n d i n g  
v a l u e  for  p u r e  Sn u n d e r  s i m i l a r  condi t ions .  This  
s u p p o r t s  t h e  conclus ion  t h a t  a l loys  a r e  n o b l e r  t h a n  
the i r  cons t i t uen t s  (7 ,9) .  

In  0.1N N a O H  so lu t ion  the  b e h a v i o r  of t h e  a l loy  
was  r a t h e r  s imple .  On s t a r t i n g  the  anod ic  p o l a r i z a -  
t ion,  a s tep  a t  --1.15 v was  ob ta ined .  The  p o t e n t i a l  
of th is  s tep is in  good a g r e e m e n t  w i t h  t h a t  of t he  
s y s t e m  Z n / Z n ( O H ) ~  at  t h e  c o r r e s p o n d i n g  p H  va lue .  
A f t e r  a t ime ,  d e p e n d e n t  on the  Sn  c on t e n t  of t h e  
a l loy ,  t he  p o t e n t i a l  rose  to - -0 .90 v w h e r e  i t  r e -  
m a i n e d  cons tan t .  This  l a t t e r  v a l u e  sugges t ed  t ha t  
the  f o r m e d  s t a n n o u s  h y d r o x i d e  is f r e e l y  so lub le  in 
the  h y d r o x i d e  so lu t ion  to g ive  t he  s t a n n i t e  (6) .  

The  b e h a v i o r  of t he  a l l oy  in  0.1N HNO,  is of  e x -  
t r e m e  in te res t .  A l t h o u g h  the  e l ec t rode  was  i m -  
m e r s e d  in  t he  HNO.  so lu t ion  w i t h  t h e  c u r r e n t  
s w i t c h e d  on ca thod ica l ly ,  t he  p o t e n t i a l  was  f o u n d  
to r i se  to m o r e  pos i t ive  va lues ,  even  w h e n  us ing  a 
c u r r e n t  as h igh  as 1 m a / e l e c t r o d e .  This  b e h a v i o r  
is s h o w n  for  t h e  a l loys  25% Zn and  50% Zn in Fig .  
4. A n  a r r e s t  was  o b t a i n e d  at  --0.44 v in close a g r e e -  
m e n t  w i t h  t he  Z n / Z n ( O H ) ~  p o t e n t i a l  a t  th is  pH, 
viz., --0.46 v. The  p o t e n t i a l  t hen  rose  to g ive  two  
s teps  w h o s e  p o t e n t i a l s  a g r e e d  w e l l  w i t h  those  of the  
systems Sn/Sn(OH)~ and Sn(OH)ffSn(OH)~ at the 
same pH value. When the current was reduced to 
400 #a/electrode and reversed to start the anodic 
polarization, the potential of the electrode changed 
directly to oxygen evolution value. The heads of the 
arrows in Fig. 4 show the time at which the current 
was reduced and reversed. Such behavior indicated 
that the electrode was already in the passive state. 
This state of affairs could be explained by taking into 
consideration the oxidizing effect of the HNO,. The 
Zn in the alloy was oxidized by the acid to ZnO, and 
the rate of oxidation seems to be too high to be 
stopped by a cathodic current as high as 1 ma/elec- 
trode. Zinc oxide, being freely soluble in the acid, 
goes into solution leaving the Sn on the surface. 
This latter also is oxidized in a similar fashion to 
stannous hydroxide (6). However, after a short 
time, the potential changed to that of the Sn(OH)J 
Sn(OH), system, where it remained constant. On 
reversing the polarizing current to start the anodic 
oxidation, the potential changed directly toward 

#t t4 

r~e m ~mures 
Fig. 4. Cathodic and anodic characteristics for 25% Zn 

al loy (A) and 5 0 %  Zn al loy (A') in 0. IN  nitr ic acid solution; 
polarizing current = 1 too/electrode; arrows point to t ime of 
start of anodic polar izat ion with 400 /~o/electrode. 
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Fig. 5. Potential-log i curves for Zn, Sn, and Zn-Sn alloys in 
O. 1M borax. 

oxygen  evo lu t ion  value ,  deno t ing  the  pass iv i ty  of 
the electrode.  

The cathodic curves  revea l  the  r educ t ion  of both  
s t ann ic  and  s t a n n o u s  hydrox ides  fo l lowed by  the  
r educ t ion  of zinc hyd rox ide  before  h y d r o g e n  evo lu -  
t ion. As a r ep re sen t a t i ve  curve,  the cathodic be-  
hav ior  of the  50% Z n  al loy in  0.1M borax  solut ion 
wi th  a po la r iz ing  c u r r e n t  of 5 ~a /e l ec t rode  is shown 
by  curve  C, Fig. 2. 

The  anodic  decay curves  revea l  that ,  on i n t e r r u p -  
t ion of the po la r iz ing  cur ren t ,  the po ten t i a l  d ropped  
to a va lue  somewha t  more  posi t ive  t h a n  the  cor-  
r e spond ing  Sn  (OH) J S n  (OH)~, and  changed  s lowly 
toward  the  va lue  of this  system. The  decay curve  
for the 121/2% Zn  al loy in  0.1M sod ium ca rbona t e  
so lu t ion  is shown  by  cu rve  D, Fig. 3. 

I t  is of in te res t  to r e m a r k  here  on the  effect of 
a l loy ing  on the  po ten t i a l  of oxygen  evolut ion.  Thus,  
whereas  oxygen  evo lu t ion  po ten t i a l  on p u r e  Sn  and  
pure  Z n  in  0.1M borax  so lu t ion  are, respect ively ,  
-51.21 and  -51.36 v wi th  a po la r iz ing  c u r r e n t  of 20 
~ a / c m  ~, the co r re spond ing  va lues  for the  121/2%, 
25%, and  50% Zn  al loys in  the  same solu t ion  are 
respec t ive ly  -51.51, 1.36, and  1.40 v. A l t h o u g h  no 
genera l  conclus ion  could be d r a w n  at the  m ome n t ,  
it  could be said tha t  the add i t ion  of Zn  to Sn  ra ised  
the oxygen  evo lu t ion  po ten t i a l  on the  al loy to at 
least  tha t  of the  Zn  alone.  The effect of a l loy ing  
over  a w ide r  r a n g e  of Zn  con ten t  on the oxygen  
evo lu t ion  po ten t i a l  is st i l l  u n d e r  inves t iga t ion .  

In  Fig. 5 the plot  of log i vs. po ten t i a l  for pu re  
Zn, pu re  Sn, and  Z n - S n  al loys of composi t ions  v a r y -  
ing  b e t w e e n  121/2% Zn  and  50% Zn  is shown.  This  
enab les  the  d e t e r m i n a t i o n  of the  cr i t ical  c u r r e n t  
densi t ies  for pass iva t ion  (see e x p e r i m e n t a l  sec t ion) .  
The behav io r  of the  electrodes on po la r iza t ion  
var ied  f rom one case to the other.  Thus,  w i th  the 
25% Z n  alloy, a cr i t ical  c u r r e n t  dens i ty  could not  

be d e t e r m i n e d  easily.  A n y  appl ied  c u r r e n t  ra i sed  
the po ten t i a l  to more  posi t ive  va lues  and  no  sud -  
den  b r e a k  in  the  l o g / - p o t e n t i a l  cu rve  was  observed.  
Wi th  the  o ther  electrodes on the  o ther  hand ,  sharper  
cr i t ical  cu r r en t s  were  ob ta ined .  The  nob le  charac te r  
a mong  the  electrodes s tudied  decreased in  the order  
25% Zn  alloy, 50% Zn alloy, Zn, Sn, a nd  12u 
Zn  alloy. These  f indings  are in  h a r m o n y  wi th  the  
genera l  conclus ion  t ha t  the  alloys are nob le r  in  
charac te r  t h a n  the i r  components .  

Summary and Conclusion 
The anodic behav io r  of Zn  a nd  Z n - S n  alloys at 

ve ry  low c u r r e n t  dens i ty  was  s tudied  in  solut ions  
where  pass iv i ty  r ead i ly  sets up. Two anodic  proc-  
esses occur at a Zn  e lec t rode  w h e n  the  c u r r e n t  is 
r eversed  f rom cathode to anode:  (a) the cha rg ing  of 
an  anodic  double  layer ,  a nd  (b)  the  fo rma t ion  of 
zinc hyd rox ide  film less t h a n  one molecu le  thick. 

The  anodic  po la r i za t ion  of Z n - S n  al loys resu l t ed  
in  the  consecut ive  f o r ma t i on  of zinc hydroxide ,  
s t annous  and  s t ann ic  hydrox ides  before  oxygen  
evolut ion.  These  oxides fo rmed  at  the i r  r evers ib le  
potent ia l s ;  thus  the behav io r  of the al loys on po la r i -  
za t ion is the combined  behav io r  of its const i tuents .  
The  quan t i t i e s  of e lectr ic i t ies  consumed  in  b r i n g i n g  
the  e lec t rode  f rom h y d r o g e n  evo lu t ion  to oxygen  
evo lu t ion  po ten t ia l s  in  the case of the alloys were  
less t h a n  those used by  e i ther  Zn  or Sn. This  d e m -  
ons t r a t ed  the  noble  charac te r  of the alloys. The 
same conclus ion  was also reached f rom c u r r e n t  
po ten t i a l  curves.  

Manuscript  received Feb. 1, 1957. This paper was 
prepared for delivery before the Cincinnat i  Meeting, 
May 1-5, 1955. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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The Anodic Oxidation of Cadmium 
I. Mechanism of Film Formation 

Phyllis E. Lake and E. J. Casey 
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ABSTRACT 

Cadmium oxidizes anodically in hydroxide solutions to form films of re- 
action products which control the subsequent  anodic processes. The electro- 
metrics of film formation and reduct ion were determined,  and various other 
definitive experiments  were done which permit  an interpreta t ion of the gen- 
eral mechanism of oxidation to be made. The film forms as CdO which is 
converted into Cd(OH).~ at a rate dependent  upon various exper imental  
factors. 

In te res t  in  the  N i -Cd  b a t t e r y  has focused our  a t -  
t en t ion  on the  behav io r  of Cd d u r i n g  e lect rolyt ic  
ox ida t ion  and  r educ t ion  in  KOH electrolyte ,  both 
wi th  and  wi thou t  K,CO3 impur i t y .  

The purpose  of this  work  was to es tabl ish  the  
n a t u r e  of the anodic  reac t ions  on Cd me ta l  in  caus -  
tic electrolytes ,  and  to t r y  to d e t e r m i n e  the genera l  
m e c h a n i s m  of the process. 

Experimental Materials and Methods 
The Cd electrodes were  p r epa red  by  cas t ing re -  

agent  grade  Cd into r e c t a n g u l a r  blocks, and  p a i n t -  
ing al l  bu t  a k n o w n  a p p a r e n t  area  wi th  stop-off  
l acquer ;  thus  the sample  had a po lyc rys t a l l i ne  sur-  
face. The  electrode was r insed  wi th  d i lu te  HNO3 
and  r u n n i n g  dis t i l led water .  I t  was t hen  placed in  
the test  cell  and  r educed  at  0.5 m a c m  -~ u n t i l  hy -  
d rogen  was  evolved.  E v e n  wi th  these  p recau t ions  to 
in su re  a c lean  surface by  r e m o v a l  of al l  oxide, r e -  
p roduc ib i l i t y  was poor. The rea l  area  of the  elec-  
t rodes p r o b a b l y  va r i ed  f rom sample  to sample.  In  
addi t ion,  a finite th ickness  of me t a l  was r e move d  
f rom the  e lect rode face d u r i n g  each ox ida t ion  
and  c leaning,  so tha t  the  crys ta l  faces p resen ted  to 
the e lec t ro ly te  at the b e g i n n i n g  of each e x p e r i m e n t  
were  different .  These factors lead to va r i a t i ons  in  
cu r r en t  dens i ty  and  therefore  in  m e a s u r e d  pass iva-  
t ion  t imes.  Values  p lo t ted  in  Fig. 2, 3, and  4 a r e  

average  va lues  for severa l  de t e rmina t ions .  
To keep the  c u r r e n t  d i s t r i bu t ion  as u n i f o r m  as 

possible a cy l indr ica l  cell of which  the  anode  and  
cathode fo rmed  the  ends  was  used in  most  expe r i -  
ments .  For  m e a s u r e m e n t  of gas evo lu t ion  a bel l  
shaped cell was  used wi th  the  electrodes placed one 
above the  other.  E x p e r i m e n t s  were  done  in  bo th  
a i r - f r ee  and  a i r - s a t u r a t e d  solutions,  bu t  no signifi-  
cant  differences were  no ted  in  the  a m o u n t  of Cd 
oxidized before  pass iva t ion  occurred.  

Using solut ions  f resh ly  p r e p a r e d  f rom r e a ge n t  
g rade  chemicals ,  ox ida t ion  s tudies  were  done  at 25 ~ 
0 ~ and  - -40~ gas evo lu t ion  and  ra te  of depass iva-  
t ion  were  m e a s u r e d  at 25 ~ only.  Ox ida t ion  c u r r e n t  
densi t ies  r a n g e d  f rom 10 ~a to 5 m a  cm-E The  K O H  
and  K~CO, solut ions  r anged  f rom 0.72 to 7.2N; 
mixed  solut ions  were  a lways  7.2N wi th  respect  to 

potassium ion and contained varying proportions 
of OH- and CO3 =. 

The operating voltage of the Cd was measured 
against an Hg/HgO/KOH reference electrode and 
the recorded potential values are given with refer- 
ence to this electrode. The additional liquid junc- 
tion potential introduced was constant throughout 
each experiment and was therefore disregarded. 

To prepare samples of film material for x-ray 
diffraction studies, the electrode was removed from 
the solution immediately after the oxidizing current 
was switched off, washed quickly with distilled 
water to remove the electrolyte clinging to the film, 
then rinsed with absolute methanol. The electrode 
was then air dried and the film scraped off. All 
samples were prepared from passivated electrodes. 
During the early part of the oxidation the film was 
too thin to be removed mechanically from the 
metal. For all photographs the Unicam rotation 
camera $25 was used (radius 30 mm, copper radi- 
ation, 40 kv, 15 ma, and a nickel filter). 

Results 
Elec t rometr ics . - -F igure  1 is a typ ica l  vol tage  vs. 

t ime  curve  for anodic  ox ida t ion  of Cd at  cons tan t  
c u r r e n t  in a caust ic  electrolyte .  The po ten t i a l  re- 
m a i n e d  flat nea r  the  r eve r s ib l e  va lue  for C d / C d  
(OH)2 whi le  the  electrode became  covered wi th  
film. The vol tage  t h e n  rose and  oxygen  s ta r ted  to 
evolve.  The vol tage  con t inued  to rise qu ick ly  to ,~1 

VOLrA~E;~~AS EVOLUTION 

/ f I ,p 
rIME (hours2 

tooz 

~.0 ul 

Fig. 1. Variation of voltage with time for oxidation of Cd 
at constant current. 
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Fig. 2. Variation of It~ with current density at 25~ 

v, t h e n  f la t tened off (E~) and  rose ve ry  s lowly (a 
few m v / h r )  for per iods  of up to 24 hr. The vol tage  
vs. t ime  curve  for the  mixed  and  ca rbona te  e lec t ro-  
lytes  was  s imi la r  in  shape, except  tha t  E~ was 
h igher  and  more  constant .  Gas evo lu t ion  s ta r ted  
s lowly and  rose to a s teady va lue  which  depended  
on the c u r r e n t  dens i ty  and  e lec t ro ly te  composit ion.  
In  K~CO~ solu t ions  at  h igh c u r r e n t  densit ies,  it was 
ve ry  close to 100% of theore t ica l  (based  on tota l  
c u r r e n t ) ;  it  was somewha t  less in  hydrox ide  solu-  
t ions and  at lower  c u r r e n t  densit ies.  

The amount of Cd oxidized before passivation oc- 
curred (Its, where I is current density in ma cm -2 
and t~ is the time in hours taken to reach a rela- 
tively constant potential at which oxygen is evolved) 
is dependent on current density, temperature, and 
composition of the electrolyte (Fig. 2, 3, 4). At low 
current densities at room temperature the curves It,, 
vs. composition follow the "U" shape of the curve 
solubility of CdO vs. composition. Increasing the 
current density decreases Itp, the effect being most 
marked in pure hydroxide solutions. Decreasing the 
temperature also decreases Itp but the effect is most 
pronounced in high carbonate solutions. These re- 
sults are considered in detail later. 

o! 
0.~ 

OI 

�9 gS"C 
0 o-o  

~ m-4o-c  

�9 o e ~ L l r r  I I I 
xox~ o i.o ~e a.4 r.e 

ELEGTROLYTE COMPOSITION 

Fig. 3. Variation of Ib with temperature and composition 
at 0.07 ma/cm 2. 
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To determine the efficiency of the oxidation proc- 
ess, reductions were carried out at the same current 
density as the preceding oxidation and the time 
taken to reach a constant potential at which hydro- 
gen was evolved (t~) was measured. If the oxidation 
t ime  (tax) was  shor te r  t h a n  t~, t h e n  t,  = tax, if to~ was  
equa l  to or s o m e w h a t  longer  t h a n  t~, t~ ~ t~. If the  
e lec t ro ly te  in  which  the electrode was oxidized was  
replaced  wi th  f resh e lec t ro ly te  of the same composi-  
t ion  before the r educ t ion  was car r ied  out, the  same 
va lues  for t~ w e r e  found.  Thus,  all  the cu r r en t  
passed ( e x p e r i m e n t a l  e r ror  ----_3%) up to t ime  t~ was  
ut i l ized in  the ox ida t ion  of Cd and  all the Cd was 
p resen t  in  the film. However ,  if 
t i n u e d  for a long t ime,  i.e., to~ 
oute r  film somet imes  fell off 
tr < t~. A smal l  a m o u n t  of Cd 

ox ida t ion  was con-  
> >  t~, some of the  
the electrode,  and  
was also dissolved 

in  the electrolyte,  since Cd was found  on the  ca th-  
ode af ter  long oxida t ions  (tax > >  t~). 

Film composition.--The color of the  film depends  
on the e lec t ro ly te  and  c u r r e n t  densi ty .  At  low cu r -  
r en t  densi t ies  in  K O H  solut ions  i n t e r f e r ence  colors 

D O007mo,/cm. t 
0 007 ma/cm, a 

5C �9 03/mo.,/cn~ 
�9 LO ma/cn~ t 
S3.0 mR, lore. t 

I I I NORMALITY 
KOH : 0 L8 3,6 8.4 7.2 
KtCO 3, T.~ ,.~4 3.6 L8 0 

ELEGTROLYTE GOMPOSITION 

Fig. 4a. Variation of Itp with electrolyte composition and 
current density at 25~ 
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O5 

~" d / mpeoxl~  o 
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PP 
, ,~ , ,j , ~ , 

Fig. 4b. Variation of Ib with OH- and CO~: concentration 
at 25~ 
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w e r e  n o t e d  as t he  f i lm th i ckened ,  and  in some cases  . , .  
d i f fe ren t  r a t e s  of  f i lm g r o w t h  on d i f fe ren t  c r y s t a l  
faces  cou ld  be thus  obse rved .  In  m i x e d  and  c a r b o n -  ~ ]~ 
a te  e l e c t r o l y t e s  a n d  a t  h i g h e r  c u r r e n t  dens i t i e s  ~0o3~ 
t hese  colors  cou ld  not  be  obse rved ,  and  the  i n i t i a l  ~ I] 
f i lm was  b r o w n  or  b lack .  

A f t e r  the  e l ec t rode  was  p a s s i v a t e d  the  f i lm con- r "~ 
s is ted  of a d a r k ,  t i g h t l y  a d h e r e n t  l a y e r  n e x t  to t he  
m e t a l  and  an  o u t e r  l a y e r  of a loose, sca ly  or  p o w -  
de ry ,  y e l l o w  m a t e r i a l  w h i c h  was  eas i ly  s c r a p e d  off. 
X - r a y  d i f f rac t ion  p a t t e r n s  showed  t h a t  the  ou te r  0.01 
m a t e r i a l  was  e s s e n t i a l l y  C d ( O H ) ~  in a l l  b u t  t he  
p u r e  c a r b o n a t e  solu t ions .  The  s a m p l e s  t a k e n  f rom 
fi lms f o r m e d  in c a r b o n a t e  so lu t ions  cons i s ted  of 
CdCO, c o n t a m i n a t e d  w i t h  2K~CO~.3H~O w h i c h  had  
not  been  r e m o v e d  d u r i n g  the  wash ing .  T h e r e  was  
no ev idence  of  o t h e r  Cd c o m p o u n d s  in the  o u t e r  
film, and  on ly  w e a k  t r aces  of u n i d e n t i f i a b l e  m a t e -  
r i a l s  in a f ew  samples .  I t  was  no t  poss ib l e  to r e m o v e  
the  i n n e r  l a y e r  m e c h a n i c a l l y  for  x - r a y  s tudies .  

H u b e r  has  s h o w n  (1) b y  e l ec t ron  d i f f rac t ion  p h o -  
t o g r a p h s  t h a t  t he  in i t i a l  f i lm f o r m e d  on Cd in N a O H  
and  Na~CO~ so lu t ions  is t he  oxide ,  and  t h a t  on con-  
t i n u e d  o x i d a t i o n  this  p r i m a r y  p r o d u c t  is c o n v e r t e d  
to Cd (OH)~  in N a O H  solut ions ,  and  t h r o u g h  bas ic  
c a r b o n a t e  to CdCO,  in Na~CO~ solut ions .  S ince  H u -  
be r ' s  o b s e r v a t i o n s  of compos i t i on  of t he  ou te r  l a y e r  
a r e  p a r a l l e l  to t h e  a u t h o r s '  and  the  i n n e r  l a y e r  was  
a l w a y s  the  d a r k  color  of CdO, i t  is a s s u m e d  t h a t  the  
i n n e r  l a y e r  of  f i lm was  e s s e n t i a l l y  c a d m i u m  m o n -  
oxide .  

A u t o c o r r o s i o n . - - T h e  r e d u c t i o n  t i m e  t~ was  m e a s -  
u r e d  for  s a m p l e s  w h i c h  h a d  been  c l eaned  and  then  
e xposed  to the  so lu t ions  for  v a r y i n g  l eng ths  of t i m e  
w i t h  no e x t e r n a l  c u r r e n t  f lowing.  W h e n  t h e  e lec -  
t r o d e  was  f irst  i m m e r s e d  in the  solut ion,  the  a u t o -  
co r ros ion  r a t e  was  e q u i v a l e n t  to a f ew  m i c r o a m -  
peres ,  b u t  d e c r e a s e d  w i t h  t ime .  The re fo re ,  i t  is of 
l i t t l e  i m p o r t a n c e  e x c e p t  a t  v e r y  low c u r r e n t  den -  
sit ies.  

The depass ivat ing  reac t ion . - -Pass i va ted  e lec -  
t rodes  a l l o w e d  to s t a n d  in  con tac t  w i t h  the  e l e c t r o -  
l y t e  w i t h  no c u r r e n t  f lowing b e c a m e  " d e p a s s i v a t e d " .  
Tha t  is, w h e n  the  ox id i z ing  c u r r e n t  was  t u r n e d  on 
again ,  Cd ox id i zed  at  a v o l t a g e  n e a r  the  r e v e r s i b l e  
v a l u e  for  a t i m e  t~' b e f o r e  t he  v o l t a g e  a g a i n  rose  to 
t he  p a s s i v a t i o n  vo l tage .  Thus,  some of the  p a s s i v a t -  
ing f i lm was  r e m o v e d  or  c h a n g e d  to n o n p a s s i v a t i n g  
fi lm d u r i n g  the  s t a n d  t ime  ( t , ) ,  and  the  p a s s i v a t i n g  
f i lm was  r e b u i l t  d u r i n g  t~'. 

The  a m o u n t  of Cd ox id i zed  to r e p a s s i v a t e  t he  
e l ec t rode  ( I t ' )  shou ld  be  e q u a l  to the  a m o u n t  of 
p a s s i v a t i n g  f i lm c o n v e r t e d  in to  n o n p a s s i v a t i n g  f i lm 
d u r i n g  the  t i m e  t~ + t~'. This  enab le s  one  to c a l c u -  
l a t e  t he  c u r r e n t  w h i c h  w o u l d  be  e q u i v a l e n t  to t he  
a v e r a g e  r a t e  R~ of t he  d e p a s s i v a t i n g  r e a c t i o n  d u r i n g  
t h e  t i m e  t~ + t~'. These  e q u i v a l e n t  c u r r e n t s  a r e  
p l o t t e d  a g a i n s t  t i m e  in Fig.  5a and  5b. I t  c an  be  seen  
t ha t  t he  r a t e  of  the  d e p a s s i v a t i n g  r e a c t i o n  dec reases  
w i t h  t ime  and  d e p e n d s  on the  compos i t i on  of t he  
e l ec t ro ly t e ,  be ing  h i g h e r  in  c a r b o n a t e  solut ions .  

I t  is w e l l  k n o w n  (2,3) t h a t  c a d m i u m  m o n o x i d e  
and  h y d r o x i d e  a r e  so lub le  in  a l k a l i n e  solu t ions ,  
and  i n d e e d  Rozen t sve ig ,  e t  al., (2)  h a v e  ev idence  KOH 
tha t  t he  Cd is p r e s e n t  in  a n e g a t i v e  ion c o m p l e x .  K~CO~ 

OXIDATION CURRENT O.33moJcm. t '  

TIME (minute= XlO -3 ) 

Fig. 5a. Determination of R= for K=CO3 solution 

~ 00~. ~ O~DATION CURRENT 0 3 3  mo,/c,m, t 

Fig. 5b. Determination of R2 for KOH solution 

The  a m o u n t  of Cd p r e s e n t  in  s a m p l e s  of t he  tes t  
e l e c t ro ly t e s  w h i c h  h a d  s tood in  con tac t  w i t h  CdO 
for  8 days  a t  25~ was  m e a s u r e d  p o l a r o g r a p h i c a l l y  
and  re su l t s  a r e  p l o t t e d  in  Fig .  6a and  b. A g r e e m e n t  
w i t h  Rozen t sve ig ' s  d a t a  is qu i t e  good. H o w e v e r ,  
D i r k s e  (4)  has  s h o w n  tha t  K O H  solut ions ,  p r e v i o u s l y  
s a t u r a t e d  w i t h  r e spe c t  to ZnO, c o n t i n u e  to d i s so lve  
t h e  r e a c t i o n  p r o d u c t s  f o r m e d  by  the  anod ic  ox i -  
d a t i o n  of Zn, and  t ha t  on s t a n d i n g  the  excess  e v e n -  
t u a l l y  p r e c i p i t a t e s  out  as ZnO. The  a m o u n t  of Cd 
ox id i zed  b e f o r e  p a s s i v a t i o n  (i.e., Its) in  so lu t ions  
w h i c h  h a d  been  p r e v i o u s l y  s a t u r a t e d  w i t h  c a d m i u m  
[ K O H  w i t h  C d ( O H ) ~  and  K2CO~ w i t h  CdCO~] was  
s m a l l e r  t h a n  in  t he  c o r r e s p o n d i n g  u n s a t u r a t e d  so lu-  
t ion,  b u t  was  m u c h  l a r g e r  t h a n  w o u l d  be  e x p e c t e d  
if  no s u p e r s a t u r a t i o n  occur red .  Rosen t sve ig ,  et al, 
(2)  h a v e  e s t i m a t e d  t h a t  3-8 m o n o l a y e r s  of ox ide  
a r e  n e c e s s a r y  for  pass iva t ion .  This  is e q u i v a l e n t  to 
a p p r o x i m a t e l y  0.01 m a  h r  c m  ~. The  m e a s u r e d  v a l -  
ues  a r e  shown  in T a b l e  I. 

Thus,  i t  a p p e a r s  t ha t  t he  b e h a v i o r  of Cd w i t h  r e -  
spec t  to a l k a l i n e  and  c a r b o n a t e  so lu t ions  is p a r a l l e l  
to t h a t  w h i c h  D i r k s e  f o u n d  for  Zn in a l k a l i n e  so lu-  
t ions  and  t h a t  t he  d e p a s s i v a t i o n  r e a c t i o n  d e p e n d s  
no t  on ly  on the  a c t u a l  s o l u b i l i t y  of CdO, b u t  also on 

Table I. Values for Itp 

Measured  
Unsa tu ra t ed  Sa tura ted  Calculated 

0.52 0.25 ~0.01 
0.89 0.75 ~0.01 
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KOH, 0 1.8 3.6 5.4 7.R 
r.aoodzt ~ 3.s /.e o 

ELs COMPOSITION 

Fig. 6a. Variation of solubility of cadmium oxide with elec- 
trolyte composition. 

I K~.! O ~ r "  

.., ]ROSENT3"VEIG ef ol / 
~ 1  xaH [] 

i, 
g 4 6 

NORMALITY 
Fig. 6b. Variat ion of solubility of cadmium oxide with KOH 

and KsCOs concentration. 

the  degree  of s u p e r s a t u r a t i o n  which  can exist  be- 
fore p rec ip i t a t ion  occurs. 

Discussion 
F r o m  cons idera t ions  of the  de ta i led  resul t s  a 

m e c h a n i s m  has evolved.  For  s impl ic i ty ,  the  me c h -  
an i sm  is p resen ted  first, and  t h e n  the  e x p e r i m e n t a l  
resul ts  i n t e r p r e t e d  in  these  terms.  

The fo rma t ion  of the film m u s t  be at least  a two-  
step process, f o rma t ion  of CdO and  chemical  con-  
vers ion  to Cd(OH)~ or CdCO,, and  can be r e p r e -  
sen ted  as 

R~ R~ [Cd(OH)~] 
Cd ) CdO ) (CdCO~) 

whe re  R, depends  on the  anodic  c u r r e n t  and  R~ on 
the  ra te  of supp ly  of the  conve r t i ng  species to the  
ou te r  sur face  of the  CdO. 

The re  are  two ways  in  which  c u r r e n t  m a y  pass 
t h rough  the  oxide fi lm (a)  e lec t ron  t r a n s f e r  wi th  
O~ evo lu t ion  at  the  surface,  and  (b)  ion t r ans f e r  
(Cd §247 out  or O= in)  t h r o u g h  the  film. The electronic  
res i s tance  of CdO is low at room t e m p e r a t u r e  and  
the  ionic res i s tance  wou ld  be expected  to be m u c h  
h igher  (5) .  Bu t  Hick l ing  has shown  tha t  O~ over -  
vol tage  on Cd is h igh (6) .  Since large  a m o u n t s  of 
Cd are oxidized before  the  electrode becomes pas-  
sive, it  appears  tha t  the  h igh oxygen  overvo l tage  
pe rmi t s  ionic m i g r a t i o n  to t ake  p lace  d u r i n g  ox ida -  
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t ion,  u n t i l  the  CdO bui lds  to such a th ickness  tha t  
IRlonlo = IRe~ectro.lc + E .. . . . .  ~tag~, at  which  t ime oxy-  
gen  s tar ts  to be discharged.  

H u b e r  (1) observed  tha t  no ca rbona te  p rec ip i ta te  
was fo rmed  u n t i l  a f ter  the  electrode had  been  oxi-  
dized for some t ime,  and  the same obse rva t ion  was  
made  u n d e r  the p re sen t  condi t ions.  This behav io r  
can be exp la ined  if an  a m o u n t  of CdO far  in  excess 
of tha t  to be expected  f rom so lub i l i ty  p roduc t  con-  
s idera t ions  m u s t  be dissolved to p roduce  the  degree  
of s u p e r s a t u r a t i o n  necessa ry  to in i t i a t e  prec ip i ta -  
t ion. P rec ip i t a t i on  of the  ca rbona t e  or hyd rox ide  
t hen  begins,  and  con t inues  at a ra te  which  depends  
on the  degree  of supe r sa tu ra t ion .  The degree  of su-  
pe r sa tu ra t ion ,  in  tu rn ,  depends  on the ra te  of p r e -  
c ip i ta t ion  and  the ra te  of dissolut ion.  The ra te  of 
d isso lu t ion  depends  on the  th ickness  of the prec ip i -  
ta ted  film th rough  which  the "dissolv ing agen t"  
m u s t  pass to dissolve the  CdO. Thus,  the  d issolu t ion  
reac t ion  goes at  its m a x i m u m  ra te  u n t i l  supe r -  
s a tu r a t i on  is reached;  it t hen  decreases as the  th ick-  
ness of the  p rec ip i t a t ed  film increases.  The  prec ip i -  
t a t ion  reac t ion  does no t  s ta r t  u n t i l  the  cr i t ical  con-  
cen t r a t i on  is reached.  I t  t hen  s tar ts  and  rises un t i l  
the ra te  of p rec ip i t a t ion  exceeds the ra te  of d issolu-  
t ion, af ter  wh ich  it  decreases in  a m a n n e r  which  
is i n t e r d e p e n d e n t  wi th  the  decrease  in  ra te  of the  
so lu t ion  react ion.  

In  s u m m a r y ,  the  ove r - a l l  reac t ion  can  now be 
r ep resen ted  as th ree  steps, 

R1 i%' 
Cd ) CdO 

RZ' Cd(OH)~ or 
Soluble  Complex  > CdCO~ 

w he r e  R2" is the  ra te  of so lu t ion  and  RS" the  ra te  of 
prec ip i ta t ion .  The t ime dependence  of R~" and R~" 
can  be rough ly  sketched as seen in  Fig. 7, 

Nature o] the Passivating Fi lm.--Hickl ing,  in  his 
s tudies  of oxygen  overvo l t age  on meta l s  (6) ,  found  
tha t  be low 10 -~ amp cm -" no oxygen  discharge  oc- 
cu r red  on  Cd. The au thors '  work  has shown  tha t  at  
10 -~ amp cm -~ at 25~ a Cd elect rode con t inues  to 
oxidize at  --0.8 v for per iods  of at  least  28 clays 
(It  = 8.7 m a  h r  cm-~). F i g u r e  5 shows that ,  in  this  
case, the  r e mova l  ra te  R~ is m u c h  g rea te r  t h a n  R~, 
thus  the CdO wou ld  be r e move d  as fast  as it  is 
formed.  The porous  convers ion  p roduc t  a c c u m u -  
lates, the  oxide film does not,  and  the  e lect rode 
does no t  passivate .  On electrodes oxidized at h igher  
c u r r e n t  densit ies,  such tha t  R~' < R, in i t i a l ly  or tha t  
R~' becomes smal le r  t h a n  R1 af ter  some a c c u m u l a -  
t ion  of convers ion  product ,  the  monox ide  fi lm bui lds  

Fig. 7. Schematic representation of the variation of R~' 
and R~" with time. 
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up, and  the  e l ec t rodes  do p a s s i v a t e  (Fig .  2) .  Thus,  
the  ox ide  l a y e r  a p p e a r s  to be  t he  p r i m a r y  p a s s i v a t -  
ing l aye r ,  w h i l e  t he  ou te r  l a y e r  of conve r s ion  p r o d -  
uc t  affects  p a s s i v a t i o n  on ly  inso fa r  as i t  con t ro l s  
R,'. The  g r o w t h  p a t t e r n  of t he  c a d m i u m  m o n o x i d e  
f i lm affects  t he  a m o u n t  of Cd w h i c h  m u s t  be  ox i -  
d ized  to p r o d u c e  a p a s s i v a t i n g  l aye r .  F u r t h e r  w o r k  
is in p r o g r e s s  on th i s  p r o b l e m .  

Ef]ect of current density and temperature on Its. 
- - ( F i g .  2 and  3).  These  effects a r e  s im i l a r  s ince  i n -  
c r ea s ing  I i nc reases  R1, and  hence  inc reases  (R1- -R/ ) ,  
wh i l e  ho ld ing  I cons t an t  and  d e c r e a s i n g  the  t e m -  
p e r a t u r e  dec reases  R~, a n d  inc reases  (R~ R '  

- -  2 ) . I t  
must be noted that, although the equations allow 
for  the  case  of R / > >  R~, R /  can  in  fac t  n e v e r  be  
g r e a t e r  t h a n  R,, s ince  t he  ox ide  f i lm c a n n o t  d i s so lve  
m o r e  q u i c k l y  t h a n  i t  is fo rmed .  T h a t  is if R~' > ~  R, 
( a t  low c u r r e n t  dens i t ies ,  h igh  t e m p e r a t u r e s )  the  
e l ec t rodes  wi l l  no t  pas s iva t e ,  and  It~ = ~.  

If  R / ~  R, ( m e d i u m  I a t  h igh  t e m p e r a t u r e  or  v e r y  
low I a t  low t e m p e r a t u r e )  an ox ide  f i lm e v e n t u a l l y  
bu i lds  up,  a n d  l a r g e  a m o u n t s  of  conve r s ion  p r o d u c t  
form,  so t h a t  It~ is l a rge .  The  r a t e  of a c c u m u l a t i o n  
of CdO d e p e n d s  on (R~ - -  R / )  : i t  is zero  or  s m a l l  a t  
first,  and  a f t e r  c r i t i c a l  s u p e r s a t u r a t i o n  is r e a c h e d  
inc reases  as R /  decreases. If  R~ ~ R /  (h igh  c u r r e n t  
dens i t i e s  or  low t e m p e r a t u r e s )  the  o x i d e  f i lm 
r eaches  the  t h i ckness  r e q u i r e d  to p r o d u c e  p a s s i v a t i o n  
be fo re  v e r y  m u c h  conve r s ion  p r o d u c t  is fo rmed ,  
and  It~ is smal l .  I t  is i n t e r e s t i n g  to no te  t h a t  the  
va lue s  of It~ o b t a i n e d  at  - -40 ~ ( 0 . 1 - - 0 . 1 6  m a  h r  
cm -~) a r e  v e r y  close to the  v a l u e  c a l c u l a t e d  f rom 
Rozen t sve ig ' s  (2)  e s t i m a t e  of t h e  t h i cknes s  of the  
CdO w h i c h  causes  p a s s i v a t i o n  (3-8  m o n o l a y e r s ) .  

Resu l t s  p l o t t e d  in  Fig.  3 show t h a t  the  v a r i a t i o n  
of It~ w i t h  t e m p e r a t u r e  is m u c h  l a r g e r  in c a r b o n a t e  
so lu t ions  t h a n  in  h y d r o x i d e  solut ions .  S ince  the  r a t e  
of the  d e p a s s i v a t i n g  r e a c t i o n  d e p e n d s  on t h e  m o -  
b i l i t y  of t he  ions in solut ion,  R /  a p p r o a c h e s  zero at  
t h e  f r eez ing  po in t  of the  solut ion.  The  f r eez ing  p o i n t  
of 7.2N K O H  is b e l o w  --60~ w h i l e  t he  f r eez ing  
po in t  of 7.2N K~CO, is a b o u t  - -25~ thus  t h e  t e m -  
p e r a t u r e  coefficient of R~ ( a n d  h e n c e  Its) is l a r g e r  in 
the  c a r b o n a t e  solut ions .  

Effect of electrolyte composit ion.--The v a l u e  of 
It~ in p u r e  c a r b o n a t e  so lu t ions  is m u c h  h i g h e r  t h a n  
in  m i x e d  so lu t ions  (Fig .  4a ) .  In  p u r e  K~CO~ the  
so lub i l i t y  of CdO is h igh ;  h e n c e  R /  can  o p e r a t e  at  
i t s  m a x i m u m  ra t e  for  l o n g e r  p e r i o d s  be fo re  s u p e r -  
s a t u r a t i o n  is r eached .  A t  low c u r r e n t  dens i t i e s  t h e r e  
is a m i n i m u m  in t he  It~ vs. compos i t i on  c u r v e  a t  a 
compos i t i on  close to  t h a t  a t  w h i c h  t h e  m i n i m u m  in 
t he  s o l u b i l i t y  occurs.  This  m i n i m u m  m a y  h a v e  been  
m a s k e d  a t  h i g h e r  c u r r e n t  dens i t ies ,  b u t  t he  d a t a  
a r e  no t  c o m p l e t e  e n o u g h  to be  sure.  A t  low c u r r e n t  
dens i t i e s  It~ i nc reases  as h y d r o x i d e  c o n c e n t r a t i o n  is 
inc reased ,  as does so lub i l i ty ,  b u t  a t  h igh  c u r r e n t  
dens i t i e s  the  v a l u e  of It~ d rops  s h a r p l y  in  p u r e  
K O H  solut ions .  This  d rop  can  be  e x p l a i n e d  b y  a 
low v a l u e  of R / :  if  R / ~  R1 in i t i a l l y ,  t h e  CdO fi lm 
m a y  b u i l d  up  even  be fo re  s u p e r s a t u r a t i o n  is 
r eached .  

F i g u r e  4b shows  the  v a r i a t i o n  of  It~ w i t h  v a r i a -  
t ions of  CO~= and  OH-. It~ dec reases  w i t h  d e c r e a s i n g  
c o n c e n t r a t i o n  as w o u l d  be  expec t ed ,  s ince  t he  so lu -  

b i l i t y  of CdO and  R /  dec rea se  w i t h  d e c r e a s i n g  OH- 
and  COs concen t ra t ions .  T h e r e  is, in  fact ,  a l i n e a r  
r e l a t i o n  b e t w e e n  a c t i v i t y  a n d  It~ in  so lu t ions  of 
v a r y i n g  K~CO~ concen t r a t ion .  H o w e v e r ,  th is  r e l a t i o n  
does  not  ho ld  in  K O H  solut ions ,  and  i ts  s igni f icance  
is s t i l l  obscure .  

General Observations 
The  p a s s i v a t i o n  v o l t a g e  (E~) and  gas  e v o l u t i o n  

r a t e  in  the  v a r i o u s  so lu t ions  a r e  of i n t e re s t .  In  p u r e  
K~CO, so lu t ions  E~ was  h igh  (~1 .4  v)  and  t h e  gas  
r a t e  a f t e r  t~ was  v e r y  n e a r l y  100% of t he o re t i c a l ;  
in m i x e d  e l e c t r o l y t e s  t he  E~ was  l o w e r  (--1.1 v )  
and  the  gas  r a t e  was  s o m e w h a t  l o w e r  ( ~ 7 0 % ) ;  in  
p u r e  KOH,  E~ was  on ly  ~1 .0  v, w h i l e  t he  gas r a t e  
was  m u c h  l o w e r  (as l ow  as 30% at  l ow  c u r r e n t  
dens i t i e s ) .  S ince  the  d i s so lu t ion  a n d  p r e c i p i t a t i o n  
r eac t i ons  con t inue  b e y o n d  t~, a p a r t  of  t he  c u r r e n t  
m u s t  a l w a y s  be  u t i l i zed  to m a i n t a i n  t he  p a s s i v a t i n g  
film. 

L a t e r  w o r k  on v o l t a g e  d e c a y  cu rves  has  s h o w n  
t h a t  o x y g e n  o v e r v o l t a g e  is s m a l l e r  in  h y d r o x i d e  
so lu t ions  t h a n  in  c a r b o n a t e  solu t ions .  I n  h y d r o x i d e  
so lu t ions  o x y g e n  evo lu t i on  m a y  occur  be fo re  t he  
CdO fi lm has  r e a c h e d  i ts  m a x i m u m  th ickness .  T h a t  
t he  CdO f i lm con t inues  to b u i l d  up  a f t e r  tp is i n -  
d i c a t e d  b y  t h e  g r a d u a l  i n c r e a s e  in  E~ no ted  above .  

T h e  two  e s sen t i a l  t r a n s p o r t  p rocesses  in  t he  oxi-  
d a t i o n  m e c h a n i s m  h a v e  no t  b e e n  c ons ide r e d  in th i s  
pape r .  F i r s t l y ,  t h e r e  is t h e  " o u t e r "  t r a n s p o r t  p r o c -  
ess: once the  c onve r s ion  p r o d u c t  has  b e g u n  to form,  
t he  c onve r s ion  spec ies  (H~O, OH-, COs=?) m u s t  
m o v e  across  t he  f inal  p r o d u c t  f r o m  e l e c t r o l y t e  to t he  
CdO su r f a c e  to p e r m i t  convers ion .  Second,  t h e  
" i n n e r "  t r a n s p o r t  p rocess  e s sen t i a l  to t he  o x i d a t i o n  
i nvo lves  the  m o v e m e n t  of e i t h e r  Cd ++ or  a n  o x y g e n -  
con ta in ing  species  across  t h e  CdO l a y e r  to p e r m i t  
f o r m a t i o n  of CdO. 

Summary 
1. S tud ie s  h a v e  been  m a d e  of t h e  anod ic  ox i -  

d a t i o n  of Cd in KOH,  K,  CO~, and  m i x e d  e l ec t ro ly t e s .  
The  effect of e x p e r i m e n t a l  cond i t ions  on e l e c t r i c a l  
b e h a v i o r  and  f i lm compos i t i on  h a v e  been  e x a m i n e d .  

2. The  g e n e r a l  m e c h a n i s m  has  been  d e t e r m i n e d :  
The  p r i m a r y  r e a c t i o n  is t he  f o r m a t i o n  of cad-  
m i u m  monox ide .  The  m o n o x i d e  is c o n v e r t e d  to 
e i t h e r  the  h y d r o x i d e  or  c a r b o n a t e  ( d e p e n d i n g  on 
the  e l e c t r o l y t e )  t h r o u g h  a so lub le  i n t e r m e d i a t e .  
The  r a t e  of conve r s ion  is g o v e r n e d  b y  the  so lu b i l i t y  
of t he  m o n o x i d e  and  the  r a t e  of  t r a n s p o r t  of  t he  
d i s so lv ing  species  t h r o u g h  t h e  conve r s ion  p r o d u c t  
f r o m  the  e l ec t ro ly t e .  

3. C a d m i u m  m o n o x i d e  is t he  p a s s i v a t i n g  species.  
W h e n  r e s i s t ance  p o l a r i z a t i o n  t h r o u g h  the  f i lm is h igh  
e n o u g h  to d r i v e  the  CdO s u r f a c e  b e y o n d  the  o x y g e n  
ove rpo t en t i a l ,  o x y g e n  is evo lved .  

4. The  fo l lowing  fac tors ,  w h i c h  v a r y  w i t h  e x -  
p e r i m e n t a l  condi t ions ,  d e t e r m i n e  the  t i m e  r e q u i r e d  
to p r o d u c e  th is  p a s s i v a t i n g  fi lm: (a )  r a t e  of f o r m a -  
t ion  of CdO: f ( c u r r e n t  d e n s i t y ) ;  (b)  so lub i l i t y  and  
r a t e  of d i s so lu t ion  of CdO: f ( t e m p e r a t u r e ,  compos i -  
t ion)  ; (c)  r a t e  of p r e c i p i t a t i o n  and  d e g r e e  of s u p e r -  
s a t u r a t i o n  n e c e s s a r y  to i n i t i a t e  p r e c i p i t a t i o n :  
f ( t e m p e r a t u r e ,  c o m p o s i t i o n ) ;  a n d  (d )  c o n d u c t i v i t y  
of t he  ox ide :  f ( t e m p e r a t u r e ,  c u r r e n t  d e n s i t y ) .  
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Technical 

Sedimentation Volumes of a Phosphor Powder in Potassium Silicate 
and Potassium Silicate-Barium Acetate Settling Media 

J. Fred. Hazel and Louis Fiorito 

Department of Chemistry, University ol Pennsylvania, Philadelphia, Pennsylvania 

The p r e p a r a t i o n  of cathode ray  screens for b lack  
and  wh i t e  te lev is ion  receivers  involves  the s e d i m e n -  
t a t ion  of a l u m i n e s c e n t  powder  t h rough  an  aqueous  
so lu t ion  con t a in ing  po tass ium sil icate and  b a r i u m  
ions. The  si l icate is adsorbed  on the  solid surfaces  
and  as a r e su l t  the nega t i ve  charge  on the  par t ic les  
and  on the  glass f o u n d a t i o n  is inc reased  (1, 2). Rapid  
adhes ion  of the  par t ic les  to each o ther  and  to the  
glass is ob ta ined  on add i t ion  of a soluble  b a r i u m  
sal t  (2).  This  decreases the  r epu l s ion  b e t w e e n  the  
si l icate covered  surfaces by  decreas ing  the  charge.  
P o l y m e r i z a t i o n  of the s i l icate and  b i n d i n g  of the 
surfaces fol low spontaneous ly .  

The se t t l ing  p rocedure  for p roduc ing  cathode ray  
screens is r e m a r k a b l e  f rom the po in t  of v iew of the 
u n i f o r m i t y  in  th ickness  of the screen. This conc lu-  
sion is suggested  f rom the cons idera t ion  tha t  the  
d i sp lacemen t  of a l ayer  one par t ic le  th ick  could 
cause a va r i a t i on  in  th ickness  of up to 50% in a 
screen tha t  averages  only  a few par t ic le  d iamete r s  
in  thickness .  A n o t h e r  factor  affecting screen th i ck -  
ness, in  addi t ion  to the par t ic le  d i ame te r  and  the 
n u m b e r  of par t ic les  per  u n i t  area,  is the dens i ty  of 
pack ing  of the par t ic les  in  the  screen. The p resen t  
s tudy  on s ed imen ta t i on  vo lume  was des igned to 
y ie ld  i n f o r m a t i o n  on this factor.  I t  is k n o w n  tha t  
the  charge  on m i n e r a l  powders  has an effect on 
the i r  s e d i m e n t a t i o n  v o l u m e  (3). This  is of i n t e re s t  
since the charge  on phosphor  par t ic les  depends  on 
the  composi t ion  of the l iqu id  t h rough  which  the 
par t ic les  set t le  (1, 2). 

Materials 
Du P o n t  No. 1630 zinc sul f ide-z inc  c a d m i u m  su l -  

fide phosphor  was shaken  wi th  dis t i l led  wa t e r  and  
a l lowed to settle, a f ter  wh ich  the  l iqu id  was  de-  
canted.  Three  wash ings  were  pe r fo rmed  before  the 

wet  s l u r ry  was pou red  onto a la rge  wa tch  glass and  
p e r m i t t e d  to dry  in  a da rk  cabinet .  

The po tass ium sil icate so lu t ion  (Kas i l  No. 22, 
Ph i l ade lph i a  Quar tz  Co.), con t a in ing  a p p r o x i m a t e l y  
8.6% a lka l i  ca lcu la ted  as K~O a nd  18.9% SiO~ was 
a pur i f ied  so lu t ion  of K~O-3.45 SiO~. 

Experimental 
The s e d i me n t a t i on  vo lumes  were  m e a s u r e d  in  9 

m m  glass tubes.  The  tubes  were  made  by  cu t t ing  
20 cm leng ths  and  seal ing t h e m  at one end. A m a r k  
was e tched at 1.00 ml  on each tube  a nd  a l i nea r  
scale was made  wi th  divis ions  of 0.1 ml.  The  scale 
divis ions were  2.88 m m  apa r t  a nd  read ings  could be 
es t ima ted  to 0.1 scale division,  co r respond ing  to 
0.01 ml. The precis ion of the m e a s u r e m e n t s  was  
sa t is factory af ter  a s t anda rd i zed  procedure  was  de-  
veloped,  the  m e a n  dev ia t ion  be ing  a p p r o x i m a t e l y  
0.15 scale divisions.  

The vo lume  of a f resh ly  p r epa red  1% or 10% 
stock so lu t ion  of the  si l icate r equ i r ed  to be added  
to wa te r  to b r i ng  the  to ta l  vo lume  to 10 ml  and  
con ta in  the des i red  concen t r a t i on  of K~O-3.45 SiO,, 
in  par ts  per  mi l l i on  (ppm) ,  was calculated.  The  
po tass ium sil icate so lu t ion  was  p ipe t t ed  in to  a dry  
30 ml  beaker ,  a nd  the w a t e r  in to  ano the r  beaker .  
The  si l icate was  added all  at once to the water ,  and  
t r a n s f e r r e d  f rom one beake r  to ano the r  to m ix  the 
d i lu t ed  sys tem thoroughly .  A por t ion  of the sil icate 
so lu t ion  i m m e d i a t e l y  was  added  to 2.00 g of phos-  
phor  powder  which  had  been  placed in  the tube.  
The  v o l u m e  of so lu t ion  in the  tube  was app rox i -  
m a t e l y  5 ml. The  tubes  were  shaken  v igorous ly  
af ter  addi t ion  of the sil icate and  placed in  a rack  
in an  up r i gh t  pos i t ion  to pe rmi t  the phosphor  to 
settle. Readings  were  t a ke n  dai ly  un t i l  n o n e  of the  
samples  in  a g iven  series showed a decrease in  sedi-  
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Table I. Sedimentation volumes of phosphor powder in potassium 
silicate solutions. Sedimentation Time: 19 Days 

S e d i m e n -  S e d i m e n -  
P o t a s s i u m  t a t i o n  P o t a s s i u m  r a t i o n  

s i l i ca te ,  v o l u m e ,  s i l i ca te ,  v o l u m e ,  
p p m  m l  p p m  m l  

0 1.03 1,770 0.89 
17 0.91 2,040 0.89 
34 0.94 2,720 0.88 

102 0.92 4,860 0.89 
340 0.90 6,800 0.92 
680 0.91" 13,600 1.03 

1,360 0.85 20,400 1.04 
1,720 0.89 34,000 1.08 

* 9 d a y  s e d i m e n t a t i o n  pe r iod .  

Table II. Sedimentation volumes of phosphor powder 
in potassium silicate-barium acetate mixtures 

P o t a s s i u m  B a r i u m  S e d i m e n t a t i o n  
s i l i ca te ,  p p m  a c e t a t e ,  p p m  v o l u m e ,  m l  

0 275 1.02 
1,720 275 0.98 
1,770 275 0.98 
6,800 275 1.06 

20,400 275 1.13 

m e n t a t i o n  v o l u m e  of more  t h a n  0.01 m l  on succes-  
sive readings .  In  the p r e p a r a t i o n  of the  sys tems 
con ta in ing  b a r i u m  aceta te  the v o l u m e  of b a r i u m  
acetate  so lu t ion  r equ i r ed  to produce  a c o n c e n t r a -  
t ion  of 275 ppm in  the f inal  system,  was  p ipe t ted  
in to  the  beake r  c o n t a i n i n g  the water .  The po tass ium 
sil icate was  poured  in to  the d i lu t ed  b a r i u m  acetate  
so lu t ion  and  the  same p rocedure  fo l lowed as before. 

Results and Discussion 

The s ed imen ta t i on  vo lumes  of the  phosphor  g iven  
in  Tab le  I were  o b t a i n e d  af ter  a 19 day s e d i m e n t a -  
t ion  per iod  in  po tas s ium si l icate so lu t ions  of i nc reas -  
ing concent ra t ion .  The r epor t ed  va lues  are not  s ig-  
n i f ican t ly  di f ferent  f rom those m e a s u r e d  af ter  12 
days:  in  on ly  two cases did the  r ead ings  differ as 
m u c h  as 0.02 ml.  

S e d i m e n t a t i o n  vo lumes  of the phosphor  in  potas-  
s ium s i l i c a t e - b a r i u m  aceta te  m i x t u r e s  are g iven  in  
Tab le  II. The  va lues  cor respond  to a s ed ime n t a t i on  
t ime  of 19 days. 

The data  in Tab le  I ind ica te  tha t  the  s e d i m e n t a -  
t ion  vo lume  of phosphor  par t ic les  decreases w i th  
increasing concentration of potassium silicate. The 
volume occupied by the particles passes through a 
minimum and then increases to a value above that 
in water alone. The change in sedimentation vol- 
ume may be attributed to the change in zeta poten- 
tial as the concentration of silicate is varied. It is 
suggested that as the negative potential of the par- 
ticles is increased they repel each other more in 
settling. This permits the particles to pass by one 
another and pack together in a small volume. They 
do not stick to each other or coagulate and entrap a 
large amount of liquid in their packing, Fig. I, as 
is the case when the zeta potential has a low value. 

The silicate concentration is plotted against the 
zeta potential of the particles in the upper part of 
Fig. 2 and against the sedimentation volume of the 
particles in the lower part of the same figure. A 
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High Zeta Potential Low Zeta Potential 

Small Sedimentation Volume Large Sedimentation Volume 

Fig. 1. The packing of part icles wi th d i f ferent  zeta paten- 
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Fig. 2. Relationship of zeta potent ial  to sedimentat ion vol- 
umes. 

m a x i m u m  in  the zeta po ten t i a l  cu rve  a nd  a m i n i -  
m u m  in  the s e d i me n t a t i on  v o l u m e  occur at low 
concen t ra t ions  of silicate. Moreover,  as the si l icate 
concen t r a t i on  increases  the  zeta po ten t i a l  decreases  
a nd  the  s e d i m e n t a t i o n  v o l u m e  increases.  T h a t  the 
m a x i m u m  in  the zeta po ten t i a l  cu rve  occurs at  a 
somewha t  lower  si l icate concen t r a t i on  t h a n  the  
m i n i m u m  in the s e d i m e n t a t i o n  vo lume  can  be a t -  
t r i b u t e d  to the fact  tha t  the fo rmer  was d e t e r m i n e d  
by  us ing  a s t r e a mi ng  po ten t i a l  d i a p h r a g m  and  a 
cons tan t  flow of si l icate whi le  the  l a t t e r  was  de te r -  
m i n e d  in  a s tat ic  system. 

The presence  of b a r i u m  aceta te  caused  an  increase  
in  s e d i me n t a t i on  vo lumes  as shown in  the bo t tom 
par t  of Fig. 2. The role of b a r i u m  aceta te  i n  the  
p r e p a r a t i o n  of ca thode r a y  screens  is to reduce  the  
charge on the  par t ic les  (2).  The  l a rge r  s e d i m e n t a -  
t ion  vo lumes  observed  in  all  cases w h e n  b a r i u m  
acetate  was employed,  ind ica te  tha t  the  charge on 
the par t ic les  was reduced  u n d e r  these condit ions.  

Manuscript  received June  25, 1957. This paper  was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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The Relation of the Conditions of Electrodeposition of Manganese 
Dioxide to the Discharge Characteristics 

Akiya Kozawa and W. C. Vosburgh 

Department of Chemistry, Duke University, Durham, North Carolina 

ABSTRACT 

Electrodes were prepared by electrodeposition of MnO~ at various tem- 
peratures and current  densities or with NH, § K *, Zn §247 Mg §247 or AP § in the 
plat ing bath. The overpotential  in acid electrolyte is largest when deposition 
is at high tempera ture  and low current  density. Variat ion in surface area seems 
to account for these effects. When NH, § or K § is present  in the plat ing bath, 
the MnO~ contains NH~ § or K § and has a discharge curve in NH~C1 electrolyte 
different from the normal.  The other cations in the plat ing bath had only 
small  effects. Heat ing at 140~ gave discharge curves resembling those of 
MnO~ containing NH, * in some respects. 

In the preparation of electrodeposited electrodes 
in this laboratory the conditions generally have been 
a p p r o x i m a t e l y  those of Nichols (1). Specifically, the 
ba th  con ta ined  about  50 g/1 of MnSO4- H,~O and  abou t  
65 g/1 of H~SO,. The  MnO~ was e lect rodeposi ted  on 
g raph i te  rods at an  a p p a r e n t  c u r r e n t  dens i ty  of 3.13 
m a / c m  ' for 30 m i n  w i th  the ba th  at 80 ~ or 90~ The  
t e m p e r a t u r e  of the  p l a t i ng  ba th  affected the  ove r -  
po ten t i a l  of the  e lect rode w h e n  discharged in  NH,C1 
solut ions  (2). In  the  p resen t  i nves t iga t ion  the effect 
of va r i a t ions  of t e m p e r a t u r e  and  cu r r en t  dens i ty  of 
e lectrodeposi t ion,  of the presence  of cer ta in  fore ign  
ions in  the p l a t i ng  bath,  and  of hea t ing  the  MnO_~ 
were  studied.  

Experimental 
Preparation and discharge of electrodes.--Elec- 

t rodes were  p r epa red  by  e lec t rodeposi t ion  of abou t  
0.2 mmole  of MnO~ on 8 cm ~ of surface  area  of spec- 
trochemical grade,  4.5 m m  d iame te r  g raph i te  rods 
f rom a ba th  u sua l ly  of the  composi t ion  g iven above. 
The ba th  was m a i n t a i n e d  at cons tan t  t e m p e r a t u r e  
(-----1.5~ by  a wa te r  ba th  and  the cur ren t ,  fu rn i shed  
by  d ry  cells and  held cons tan t  m a n u a l l y ,  was meas-  
u red  by  a m i l l i a m m e t e r .  The ba th  was no t  s t i r red.  
W h e n  not  s ta ted o therwise  the  t e m p e r a t u r e  was 
90~ the c u r r e n t  25 ma,  and  the t ime  30 rain. Af te r  
e lec t rodeposi t ion  electrodes were  a l lowed to s tand  
in  wa t e r  which  was changed  occasional ly  u n t i l  no 
more  acid was  washed  out. They  were  kept  in  w a t e r  
u n t i l  used. P rev ious  to discharge they  were  kept  for 
severa l  hours  in  the  e lect rolyte  to be used in  the  
discharge.  

Discharges  (2) were  car r ied  out  in  vessels ho ld ing  
250 ml  of e lec t ro ly te  wi th  e i ther  c lean  lead or g r aph -  
ite anodes,  the  la t te r  cons is t ing  of 5 rods s u r r o u n d i n g  
the electrode to be discharged.  Sepa ra t ion  of cathode 
and  anode  was 2-3 cm. The cell was  connec ted  in 
series w i th  four  No. 6 dry  cells and  su i tab le  res is t -  
ance, and  the  discharge c u r r e n t  was m a i n t a i n e d  
cons tan t  m a n u a l l y .  The e lec t ro ly te  was s t i r red  con-  
t i nuous ly  d u r i n g  d ischarge  by  a magne t i c  s t i r rer .  
A i r  was  no t  excluded.  The po ten t i a l  of the  d i scharg-  

ing electrode was m e a s u r e d  aga ins t  a s a tu ra t ed  calo- 
mel  electrode by  means  of a record ing  po ten t iomete r .  

Effect of temperature  and current density of eZec- 
trodeposition on the overpotential in acid electro- 
lyte .--Electrodes were  m a d e  at 60 ~ 70 ~ 80 ~ 90 ~ and  
97~ wi th  a c u r r e n t  of 25 m a  for 30 m i n  and  at  90~ 
at c u r r e n t  densi t ies  of 12.5, 25, 50, and  100 m a / e ] e c -  
trode for 60, 30, 15, and 7.5 rain, respectively. Over- 
potentials were measured in acid solutions as 
described previously (3). Briefly, an electrode was 
discharged for a short time with an electrolyte of 
0.1M H2SO, and 0.1M MnSO, and when constant po- 
tential was attained the circuit was broken and the 
equilibrium open circuit potential was measured. 
The difference between the two was the overpoten- 
tial. Several measurements could be made on a sin- 
gle electrode. With different electrodes the over- 
potentials at the same current agreed within 2 my. 
Measurements were made with currents of 2, 4, and 
6 ma/electrode of 8 cm ~ apparent surface. The iR 

drop was larger than previously (3) but probably 
did not exceed 2 inv. No correction was made. Re- 
sults are shown in Fig. I. 

TEMPERATURE, *C 
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Fig. 1. Overpotentiols in acid electrolyte (0.]M H2SO~, 
O.]Nl MnSO4) of electrodes made by electrodeposition at 
various temperatures and current densities. The straight lines 
and upper scale of abscissas represent electrodes made at 
various temperatures and constant current (25 ma). The 
curves and lower scale of abscissas represent electrodes made 
at 90~ and various current densities, but with constant total 
MnO~. 
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Overpo ten t i a l  increases  l i nea r ly  w i th  the  t e m p e r -  
a tu re  at which  the  MnO~ was  e lect rodeposi ted  
b e t w e e n  60 ~ and  97~ A n  increase  of t e m p e r a t u r e  
of abou t  2 ~ cor responds  to an  increase  of ove rpo t en -  
t im of 1 my.  The  overpo ten t i a l  decreases wi th  
inc reas ing  c u r r e n t  at which  the  MnO~ was e lec t ro-  
deposited. Be tween  12.5 and  50 m a / e l e c t r o d e  (1.56- 
6.3 m a / c m  ~) the  decrease  is r ough ly  3 m y  for 10 
m a  increase  in  e lec t rodepos i t ion  cur ren t ,  b u t  f rom 
50 to 100 m a  the  change  is m u c h  less t h a n  this. 

A n u m b e r  of electrodes m a d e  at  var ious  t e m p e r a -  
tures  and  c u r r e n t  dens i t ies  were  ana lyzed  to see 
w h e t h e r  the above resul t s  could be cor re la ted  wi th  
changes  in  composi t ion.  Ana lyses  were  made  by  
d isso lu t ion  in  FeSO4 solu t ion  at  room t e m p e r a t u r e  
for ava i l ab le  oxygen  1 fol lowed by  po ten t iomet r i c  
t i t r a t ion  of the  same samples  for to ta l  manganese .  
Incomple t e  wash ing  of the porous  g raph i t e  rods af ter  
d issolu t ion  of the  MnO~ led to a pos i t ive  e r ror  in  x 
e s t ima ted  as about  0.03. Be tween  80 ~ and  97~ and  
at  d i f ferent  c u r r e n t  densi t ies  at  90~ the  observed  
va lues  of x in  MnO,  va r i ed  b e t w e e n  1.97 and  2.00 
e r ra t i ca l ly  and  could no t  be  cor re la ted  w i th  the  
condi t ions  of e lec t rodeposi t ion  w i t h  any  assurance .  
A t  60 ~ and  70~ x was  app rec i ab ly  lower,  1.94. Some 
o ther  factor  t h a n  composi t ion  of the  MnO~ m u s t  be  
respons ib le  for the  changes  in  overpoten t ia l .  

Adsorption of zinc ion by MnO~.- -Zn  ++ is adsorbed  
by  MnO~ f rom a s l igh t ly  a lka l ine  solut ion of ZnCI~ 
and  NH~C1. The  a m o u n t  of Zn  §247 adsorbed  by  elec-  
t rodeposi ted  MnO~ electrodes f rom a p a r t i c u l a r  so lu-  
t ion  increases  as the ove rpo ten t i a l  of the  electrodes 
decreases,  and  suggests  tha t  bo th  p h e n o m e n a  are 
re la ted  to the  same fea tu re  of the  MnO~. 

P rev ious  to m e a s u r e m e n t  of Z n  adsorp t ion  an  
electrode was  kept  in  0.05M H~SO, for 6 hr  to r emove  
any  adsorbed  Mn *§ or lower  oxide on the  surface.  
Then  it  was washed  and  i m m e r s e d  for 12-15 hr  at  
room t e m p e r a t u r e  in  10 ml  of Z n  reagent ,  p r epa red  
by  d isso lu t ion  of 0.005 mole  of ZnO in  a l i te r  of 
0.5M NH,C1 and  h a v i n g  a pH of 7.2. T h e n  the elec-  
t rode was  r emoved  w i thou t  wash ing  and  the  excess 
Zn  in  the so lu t ion  t i t r a t ed  wi th  0.01M e t h y l e n e -  
d i amine te t r ace t i c  acid d i sod ium sal t  wi th  e r iochrom 
black  T as the indica ter .  The difference b e t w e e n  the 
a m o u n t  of Zn  in  I0 ml  of the o r ig ina l  r eagen t  and  
tha t  in  the r eagen t  af ter  r emova l  of the  electrode 
is the  Zn  adsorbed  b y  the  MnO~ of the  electrode.  
Because  of the  smal l  quan t i t i e s  involved ,  e r rors  m a y  
be 5 -10%.  The  Z n  adsorbed  by  a ba re  g raph i t e  rod 
was  found  to be negl ig ib le .  The adsorbed  Zn  can  be 
r e m o v e d  by keep ing  the  electrode in  0.05M H~SO, 
for severa l  hours.  Af te r  this  a second t r ia l  leads to 
as m u c h  Zn  adsorbed  as in  the first tr ial ,  or some-  
t imes  more.  

The Zn  adsorp t ion  m u s t  be d e p e n d e n t  on the su r -  
face a rea  of the  MnO~ and  on the a m o u n t  adsorbed  
per  un i t  of surface.  For  MnO_~ samples  suff icient ly 
a l ike  in  s t ruc tu re  the  surface  a rea  is p r o b a b l y  the  
more  impor t an t .  I t  wi l l  be  assumed  that ,  for s imi la r  
samples  of MnO~, Zn  adsorp t ion  is p ropor t iona l  to 
surface area. The sur face  area  of a sample  of elec-  
t ro ly t ic  MnO~ was found  to be 52.9 meter~/g by  the  

1 T h i s  g i v e s  m o r e  n e a r l y  c o r r e c t  r e s u l t s  t h a n  t h e  m e t h o d  u s e d  p r e -  
v i o u s l y  (4) .  D e t a i l s  w i l l  be  p u b l i s h e d .  
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B.E.T. me thod  by  Sai to?  The  same MnO~ adsorbed  
55.5 x 10 -~ m o l e / g  of Zn  ~+. Therefore ,  1 x 104 mole  
of Zn  *+ is adsorbed  by  a p p r o x i m a t e l y  1 me te r  "~ of 
MnO~ surface  a nd  one Zn  *+ occupies an  a rea  of 17 A ~. 

The surface  area  25.4 me te rVg  has been  repor ted  
(5) for an  e lect rolyt ic  ~-MnO~ in a p p a r e n t  dis-  
a g r e e m e n t  wi th  the va lue  above. However ,  i t  is 
shown in  Tab le  I I  tha t  even  l a rger  differences t h a n  
this  in  e lec t rolyt ic  MnO~ can  be caused by  differences 
in  c u r r e n t  dens i ty  of e lectrodeposi t ion.  

Some r ep re sen t a t i ve  da ta  are shown  in  Tab le  I. 
F o u r  electrodes w i th  di f ferent  th icknesses  of MnO~ 
(p la ted  on K a r b a t e  rods at  80~ and  25 m a  for  d i f -  
f e ren t  t imes)  were  t rea ted  for 15 hr  wi th  the  Zn  
r eagen t  and  the  a m o u n t  of Zn  adsorbed  m e a s u r e d  by  
difference.  The  adsorbed Zn  was  t hen  r e moved  by 
s t and ing  in  0.05M H~SO4 for 6 hr  af ter  which  a sec- 
ond and  la ter  a t h i rd  m e a s u r e m e n t  was  made.  

I t  is ev iden t  tha t  the  Zn  adsorp t ion  is r evers ib le  
and  f a i r ly  reproducib le .  The increase  in  Zn  adsorbed 
in  successive t r ia l s  m a y  ind ica te  a rea l  increase  of 
surface  or g rea te r  accessibi l i ty  to all  par t s  of the  
surface  as the  resu l t  of the  a l t e r n a t i n g  t r e a t m e n t  
wi th  NH,C1 a nd  acid solut ions  (4) .  The  Z n  adsorp-  
t ion by  the  two t h i n n e s t  MnO~ deposi ts  is n e a r l y  
p ropor t iona l  to the tota l  MnO~, i nd i ca t ing  a porous  
s t ruc tu re  wi th  all  par t s  accessible to Zn  §247 In  the  
th icker  layers  the  increase  in  adsorp t ion  wi th  th ick-  
ness is less, the  i nne r  pa r t  of the  MnO~ be ing  less 
accessible t h a n  the  outer  por t ion .  

I t  wou ld  be expected  f rom these da ta  tha t  a th ick-  
er MnO~ deposi t  would  show a sma l l e r  ove rpo ten t i a l  
on d ischarge  t h a n  a th inner ,  if the  a p p a r e n t  sur face  
and  the  a p p a r e n t  c u r r e n t  dens i ty  are  the same. A 
th icker  deposi t  w i th  its l a rger  t r ue  surface  would  
have  a smal le r  t r ue  c u r r e n t  densi ty .  This  has been  
shown to be t rue  p rev ious ly  (3) .  

Z inc  adsorp t ion  da ta  for electrodes p r e p a r e d  at 
d i f ferent  t e m p e r a t u r e s  and  at  d i f ferent  c u r r e n t  d e n -  
sities are shown in  Tab le  II, and  in  the last  c o l u m n  

H. S a i t o  a t  N a g o y a  U n i v e r s i t y .  

Table I. Zinc adsorption by Mn02 electrodes of varying thickness 

T i m e  of 1st  Zn  2d  Z n  3d Zn  S u r f a c e  
p l a t i n g ,  a d s o r p t i o n ,  a d s o r p t i o n ,  a d s o r p t i o n , *  a r e a ,  

m i n  m o l e  x 10s m o l e  x 105 m o l e  x 10 ~ mete r~  

60 1.72 2.32 2.40 1.7 
30 1.40 1.70 2.00 1.4 
I5 1.05 1.19 1.18 1.1 
7.5 0.59 0.60 0.55 0.6 

* T h e  Zn  of t h e  2d  a d s o r p t i o n  w a s  r e m o v e d  by  55 h r  t r e a t m e n t  
w i t h  0 .05M H~SO4 a n d  24 h r  w a s  a l l o w e d  f o r  t h e  3d  a d s o r p t i o n .  

Table II. Variation of overpotential with surface area as measured 
by Zn adsorption 

P l a t i n g  c o n d i t i o n s  
T e m p ,  C u r r e n t  t i m e ,  

~ m a  r a i n  

Z i n c  C u r r e n t  O v e r p o t e n t i a l  
a d s o r p t i o n ,  e a l c ' d ,  Y a n d  V Obs.  
m o l e  x 105 m a  m y  m y  

97 25 30 0.65 4.8 33 30 
90 25 30 0.75, 0.80 4.0 29 27 
80 25 30 0.87, 0.92 3.4~ 26 23 
90 12.5 60 0.50, 0.63 4.7 36 32, 30 
90 50 30 1.05, 1.05 2.9~ 25 20, 21 
90 100 7.5 1.80, 1.76 1.7, 19 20 
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some overpo ten t ia l s  for s imi la r  electrodes,  t aken  

f rom the 4 ma  data  of Fig. 1. To test  the re la t ion  
be tween  the two, the surface area  of the electrode 

p r epa red  at 90~ and  25 ma  for 30 m i n  was a rb i -  
t r a r i l y  t aken  as un i ty ,  and  re la t ive  surface areas for 

the o ther  electrodes were  ca lcula ted  f rom the Zn  
adsorp t ion  data.  The good rep roduc ib i l i ty  in  over -  
potential of electrodes prepared under these condi- 

tions (3) shows that the surface area must be well 

controlled by the plating conditions. Then relative 
current densities were calculated by dividing the 

current per electrode, 4 ma in each case, by the 

relative surface area. Finally, overpotentials at the 
various relative current densities were interpolated 

from the data of Yoshizawa and Vosburgh (3) for 

their electrolyte No. 3. Their current per electrode 
is the same as the corresponding relative current 

density of Table II, because their electrodes were 

all prepared at 90~ and 25 ma for 30 rain, assumed 
above to give unit surface. The overpotentials so 

calculated, given in the 7th column of Table II, are 

a little higher than the corresponding observed 

values of this investigation. Other experiments have 

shown that electrolyte No. 3 which contained 0.9M 
Na~SO~ in addition to 0.1M H oSO4 and 0.1M MnSO, 

gives overpotentials a few millivolts higher than 
without the Na~SO~. Correction of the Y and V val- 

ues by subtracting 3 mv leads to as good agreement 

with the observed as can be expected. As far as these 
experiments can show, variations of overpotential 

with the current density and temperature of elec- 

trodeposition of the MnO~ can be explained as the 

result of variations in surface area. 

Discharge in ammonium-salt electrolyte.--Plating 
condi t ions  have  only  a smal l  effect in discharges  in 
an  a m m o n i u m - s a l t  e lec t rolyte  of pH in the v ic in i ty  
of 7.5. Fou r  electrodes made  l ike those descr ibed in 
Table  II tha t  were  p la ted  at 90~ and  different  cur -  
r en t  densi t ies  were  d ischarged u n d e r  ca re fu l ly  con-  
t ro l led  condit ions.  The e lec t ro ly te  was 2M NH,C1 
wi th  enough  NH~ to give pH 7.65. The anode was 
five g raph i te  rods s u r r o u n d i n g  the cathode, and  the 
c u r r e n t  passed was 2 ma  for 100 rain af ter  which  the 
electrode r e m a i n e d  in the cell on open circui t  for an 
add i t iona l  35 rain. U n d e r  these condi t ions  most  of 
the Mn § pass ing into solut ion f rom the cathode in 
the discharge is deposi ted as an oxide on the anode 
rods. The a m o u n t  so deposi ted was dissolved by H:O, 
and  H2SO~ and  d e t e r m i n e d  co lor imet r ica l ly  a HMnO4. 
The smal l  a m o u n t  in  the solut ion was d e t e r m i n e d  
also, and  the  sum of the two amoun t s  is repor ted  
as Mn- formed. 

The discharge curves were the same shape as the 

two lower curves of Fig. 2, or the upper one of Fig. 3, 

and showed small differences in closed-circuit poten- 
tial such as would be predicted from Fig. i. The Mn ~+ 
formed was 0.33 x 10 -2 mmole for the 12.5-ma elec- 

trode, 0.28 x I0 -~ mmole for the 25-ma, and 0.19 x 

i0 -~ mmole for the 50 ma and I00 ma electrodes. The 

Mn § was 1-2% of the total Mn on the electrode and 

decreased a little with increasing surface area. 

Electrodes plated at 70 ~ 80 ~ and 90~ also gave 

similar curves and the most Mn + for 90~ 

and the least for 70~ 
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F~g 3 Dtscharge curves for MnO~ electrodes made wdh 
0.01, 0 05, and 0 1M (NH4).2SO~ in the ptatmg bath com- 
pared with a curve for an electrode plated in the usual bath 
without (N H4)_,SO, 

Electrodes with different thicknesses differed more. 

Plated at 90 ~ and 25 ma for 20, 30, 40, 50, and 70 

rain, five electrodes gave 2.3, 1.2, 0.3, 0.08, and 0.02 

x 10 ~ mmole of Mn +§ respectively. The discharge 
curves at pH 7.56 for plating times of 20, 40, and 

70 rain are shown in Fig. 2. The two other curves 

fell in the expected places and were omitted for 

slmplicity. 
Comparison of Tables I and II shows that the vari- 

ation of Zn adsorption with thickness is of the same 

order of magnitude as its variation with the current 

density of plating. However, the effect of thickness 
on the shape of the discharge curve and on the Mn ~+ 

produced is much greater than the effect of current 

density. An increase in thickness not only brings 

about an increase in surface area, but also provides 
more MnO., for dilution of the lower oxide remain- 

ing on the electrode, if the latter diffuses into the 
interior of the oxide. Less lower oxide at the surface 

would lead to a higher closed-circuit potential and 
less Mn -+ going into solution. Both of these effects 

are observed, as Fig. 2 shows. 
MnO~ electrodeposited from solutions containing 

foreign cations.--MnO~ elect rodeposi ted  f rom a ba th  
con ta in ing  (NH,)_~SO4 differs f rom tha t  deposi ted in  
its absence and  has been  identif ied as a-IVinO.~ (6, 7). 
Electrodes were  p r epa red  by  e lec t rodeposi t ion  f rom 
ba ths  con ta in ing  0.01, 0.05, 0.10, and  1.0M (NH4)~SO, 
in addi t ion  to the usua l  MnSO~ and  H2SO~ and  dis-  
charged in the usua l  m a n n e r  in  an  e lec t ro ly te  of 
2M NH,C1 and NH~ wi th  pH 7.8. In  Fig. 3 the d ischarge  
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Table Ill. Zinc adsorption by electrodes prepared with 0.1 mole/1 
of foreign cation present and Mn § formed in the discharge 

F o r e i g n  ca t ion  NH4+ K+ Mg++ Zn++ AD+ 

Zn++ads.,mole/electrodexlO ~ 1.15 1.17 0.62 0.42 0.67 
Mn §247 1.6 2.7 0.16 0.20 0.12 

curves  for  electrodes p la ted  in  the  presence  of 0.01M, 
0.05M, and  0.1M (NH,)~SO, are compared  wi th  the  
curve  for one p la ted  in  absence  of (NH,)~SO,. The 
curve  for 1M (NH,)~SO, was m u c h  l ike tha t  for 
0.1M. It is c lear  tha t  N H J  in  the  p l a t i ng  ba th  affects 
the shape of the d ischarge  curve.  The  n e a r l y  flat 
por t ion  of the lowest  cu rve  represen t s  an  app rox i -  
m a t e l y  s teady state  i n  wh ich  the  e lec t rode  surface is 
chang ing  l i t t le  w i th  t ime,  whereas  the re  is no flat 
po r t ion  in  the  u p p e r  curve,  wh ich  wi l l  a r b i t r a r i l y  
be  cons idered  a n o r m a l  curve.  

The Mn § t ha t  w e n t  into solut ion d u r i n g  the  five 
discharges  was  0.38 x 10 -~ mmoles  for the  n o r m a l  
and  0.95, 2.3, 3.4, and  3.3 x 10 -~ mmoles  for the  four  
o ther  e lectrodes  in  the  o rder  of i nc reas ing  NH, § con-  
cen t r a t i on  d u r i n g  p repa ra t ion .  

The lowest  curve,  for w h a t  was p r o b a b l y  a-MnO~, 
falls m u c h  more  s teeply  at  the  b e g i n n i n g  t h a n  the 
normal .  This  m a y  be exp la ined  as the  resu l t  of 
s lower  diffusion of the lower  oxide into the in te r io r  
of the  MnO~. A n  a l t e rna t i ve  e x p l a n a t i o n  tha t  the  
surface  area  of the  a-iVinO~ is m u c h  smal le r  wi l l  be  
shown  (Tab le  III)  to be  improbab le .  Wi th  s lower 
diffusion, the  surface  oxide  becomes reduced  to such 
a low po ten t i a l  tha t  it  can reac t  w i th  the e lec t ro ly te  
to give Mn *§ W h e n  this  reac t ion  consumes  the  lower  
oxide as fast  as it  is p roduced  a s teady  s ta te  resul ts ,  
w i th  no f u r t h e r  decrease  of potent ia l .  This  h y p o t h -  
esis can be checked by  ca lcu la t ion  of the  e lectr ical  
ene rgy  e q u i v a l e n t  to the 3.4 x 10 -~ mmoles  of Mn  +* 
produced  in  the  d ischarge  r ep re sen t ed  by the  lowest  
cu rve  in  Fig. 3. This  ca lcu la t ion  gives 110 m a - m i n  to 
p roduce  the  Mn §247 which  m a y  be  compared  wi th  the 
60 to 65- ra in  per iod  of cons tan t  po ten t i a l  w i th  a 
c u r r e n t  of 2 ma.  The  difference al lows for p roduc t ion  
of a l i t t le  lower  oxide r e m a i n i n g  on the  e lect rode 
and  accoun t ing  for the  sl ight  d o w n w a r d  t r e n d  of 
the  curve.  

Elect rodes  were  p r epa red  f rom solut ions  c o n t a i n -  
ing K~SO,, ZnSO,, MgSO,, or  AI~(SO,),. W h e n  the  
concen t r a t i on  of the  fore ign  ca t ion  was 0.1M the  
electrodes  gave the  d ischarge  curves  shown  in  Fig.  
4. The curves  for Z n  *§ Mg *§ and  AF  + are l i t t le  d i f -  
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Fig. 4. Effect of a foreign ion present during the electro- 
deposition of the MnO2 on the shape of the discharge curve; 
discharges in 2M NH4CI and NH3, pH 8. 
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f e r en t  f rom the  n o r m a l  curve  for electrodes m a d e  
wi th  no fo re ign  cat ion p r e se n t  ( compare  w i th  Fig. 
3). The  curve  for K § resembles  closely the  curve  for 
NH, +. Data  for  Zn  adsorp t ion  a nd  the  Mn +§ fo rmed  in  
the  five discharges are  g iven  in  Tab le  III. Here  also 
the NH,* and  K + electrodes are  a l ike  and  dif ferent  
f rom the  o ther  three.  

The effect of N H J  and  K § in  the p l a t i ng  ba th  on 
the ove rpo ten t i a l s  in  acid e lec t ro ly te  of the  r e s u l t -  
ing electrodes was w i t h i n  the  l imi ts  of va r i ab i l i t y  
of the  electrodes except  w h e n  the  N H J  or K § con-  
cen t r a t i on  was  0.3 to 1M. At  these h igher  concen-  
t r a t ions  the  effect was  a decrease  in  overpoten t ia l .  

Analysis  for NH, + and K § - - S e v e r a l  e lectrodes p re -  
pa red  in  the p resence  of NH, § or K + were  ana lyzed  
for these ions. The MnO~ was dissolved by  10 ml  of 
1% HfO~ in  1M H~SO~ a nd  the  so lu t ion  d i lu ted  to 
100 ml.  For  N H J  a 10 ml  por t ion  was t r ea ted  wi th  
excess K O H  and  the r e su l t i ng  NH, dis t i l led  by  hea t -  
ing in  a slow c u r r e n t  of air  a nd  ca tch ing  in  water .  
The  NH~ was t h e n  d e t e r m i n e d  co lor imet r i ca l ly  by  
Ness]er 's  reagent .  For  K + a f lame pho tome te r  was  
used. Both me thods  were  checked by  k n o w n  solu-  
t ions. Resul ts  are shown in  Tab le  IV. 

The  N H J  or K + con ten t  of MnO~ increases  as the  
concen t r a t i on  of the  fore ign  ion in  the  p l a t i ng  b a t h  
increases.  The two  ions are m u c h  al ike  in  the  re la -  
t ion  of concen t r a t i on  to the  mole  ra t io  i n  the  MnO~. 
The  mole  ra t io  of Mn:  K in  the f o r m u l a  for  a typ ica l  
c r y p t o m e l a n e  (8) is 100:8.5, and  this  ra t io  is ap-  
p roached  by  the e lec t ro ly t ic  MnO~. 

Replacement  o] K § in MnO~ by other ions . - - I t  ]s 
of in te res t  to i nqu i r e  to w h a t  ex ten t  K + in  MnO~ can 
be exchanged  for o ther  ions, especia l ly  NH,*, w h e n  
the  lYlnO~ is p laced  in  a su i t ab le  me d i um.  Electrodes  
were  m a d e  in  a b a t h  con t a in ing  0.1M K~SO,, t h e n  

Table IV. NH~ ~ or K* content of electrodes made by 
electrodeposition in presence of (NH~)~SO~ or K~S04 

NH4+ i n  K + in  
( NI-ID ~SO~ MnO~ MnO~ Moles /100 
or KeSO, m g / e l e e -  m g / e l e c -  g - a t o m s  M n  

M t rode  t rode  NH4+ K+ 

0 0.01 0.06 - -  
0.01 0.10 0.36 3.6 4.6 
0.05 0.18 0.47 6.5 6.0 
0.10 0.20 0.62* 7.3 7.9 
0.30 0.22 0.62 7.8 7.9 
0.5 - -  0.65 - -  8.3 
1.0 0.24 - -  8.6 - -  

* A v e r a g e  fo r  3 e lec t rodes ;  0.62, 0.63, 0.61. 

Table V. Exchange of K + for other ions when MnO~ containing K + is 
digested for 3 days with various solutions 

H+ a f t e r  K e,x- 
t r e a t m e n t  c h a n g e d  

S o l u t i o n  rag/electrode % 

H,O, 0.1 and 1M MgSO, 0.60, 0.60, 0.60* 0 
0.1 and 0.3M NH~C1 0.32, 0.28 53, 48 
1 and 4M NH,C1 0.25, 0.25 58 
0.3 and 1M H~SO, 0.53, 0.48 12, 20 
0.3 and 1M ZnCL 0.59, 0.58 3 
0.1 and 1M CuSO~ 0.59, 0.57 3 

* C o m p a r e  4 th  l ine  of Table  IV. 
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well washed and kept in solutions of NH~CI, H2SO,, 
ZnSO,, ZnCl~, CuSO~, and MgSO, for 3 days at room 
temperature. They were then kept in water for a 
day to wash out salts and the K content determined. 
Results are shown in Table V. 

Near ly  60% of the K § is replaced  in  1M NH~C1 
whereas  on ly  20% is replaced  in  1M H~SO~. The 
d iva l en t  cat ions  have  l i t t le  or no effect. 

The m i n i m u m  in the discharge curve . - -The  dis-  
charge  cu rve  of a MnO~ electrode of ten  passes t h r o u g h  
a m i n i m u m  poten t ia l  (2, 3). The cause of the m i n i -  
m u m  is not  clear and  some observa t ions  on the  effect 
of condi t ions  of p r e p a r a t i o n  of the electrodes on the  
m i n i m u m  are recorded in the in teres ts  of its be t t e r  
u n d e r s t a n d i n g .  

Electrodes  p la ted  at 90 ~ and  97~ at  25 m a  for 
30 m i n  and  at 80 ~ and  90~ at 12.5 m a  for 60 m i n  
showed a p r o n o u n c e d  m i n i m u m  in the first d ischarge  
in  0.1M H..SO~ and  0.1M MnSO~. Elec t rodes  p la ted  
at  60~176  at  25 ma  for 30 m i n  and  at 90~ at 50 
or 100 ma  for 15 or 7.5 m i n  showed no m i n i m u m .  
The condi t ions  of the la t te r  group lead to la rger  
surface  areas t h a n  the  condi t ions  of the  fo rmer  
group. 

Increasing amounts of K + in the MnO~ led t o  de- 
creasing depth of the minimum and an electrode 
made with IM K~SO, present gave no minimum. 
Amounts of NH~ § in MnO.~ resulting from the pres- 
ence in the plating bath of 0.05-1M (NH,)~SO~ gave 
no minima. 

In discharges in IM NH,C] buffered at pH 4 with 
an acetate buffer the minimum is usually much more 
pronounced than in acid electrolyte, 20-40 mv deep 
as compared with 9-14 mv in acid. Electrodes plated 
in solutions containing 0.1M (NH,)~SO~, 0.1M K~SO,, 
and 0.1M MgSO~ gave no minima, although the over- 
potential was the same as for a normal electrode. 

Effect of heating MnO~.- -Hea t ing  some forms of 
MnOo decreases the electrode potent ia l ,  reduces  the 
discharge capacity,  improves  the crys ta l  form, 
changes the  iso-acidic  point ,  and  makes  smal l  
changes in  the  ava i l ab le  oxygen  (9, 10). These 
changes  were  observed at t e m p e r a t u r e s  above 100~ 
and  mos t ly  above 150~ However ,  even  be low 
100~ heating has an effect on the shape of the dis- 
charge curve and at 140~ a pronounced change 
takes place. 

Electrodes after thorough washing were heated as 
in Table VI. They were then discharged for I00 min 
at 2 ma in 2M NH,CI and NH~ with pH 7.8. The Mn ~+ 

Table VI. Conditions for heating electrodes and the Mn'- produced 
on discharge at pH 7.8 

E l e c -  /V~a n n e r  T e m p ,  T i m e  o f  :~dn ++ 
t r o d e  o f  h e a t i n g  ~  h e a t i n g ,  h r  r n m o l e  x 10:  

1 (None) - -  - -  0.32, 0.50 
2 Oven 90 14 0.59 
3 Water  100 5 0.77 
4 Oven 105 3 0.69 
5 Oven 125 3 2.96 
6 Oven 140 3 3.86 

0.4 . 

d > 

2 
< 0.2 

2 t- 

o 02" S 4 3 

OI 20 40 60 80 100 
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Fig. 5. D ischarge  curves  f o r  e lec t rodes  t h a t  were  heo ted  
a f t e r  p r e p a r a t i o n .  T h e  n u m b e r s  re fe r  to  the  e lec t rode  n u m b e r s  
m Table VI where the heating conditions and the Mn § pro- 
duced in the discharges are given. 

which  passed into the  so lu t ion  is shown  in  Tab le  VI 
and  the curves  are shown in Fig. 5. 

Heat ing,  e i ther  in  an  oven  or in  hot  water ,  has a 
progress ive ly  increas ing  effect as the  t e m p e r a t u r e  
increases  f rom 90 ~ to 140~ The discharge  curve  
has a s teeper  in i t i a l  port ion,  l a rger  drop in  potent ia l ,  
and  is more  n e a r l y  flat a f ter  the in i t i a l  drop as the  
t e m p e r a t u r e  increases.  The a m o u n t  of Mn  §247 fo rmed  
increases  as the curve  drops to lower  a nd  lower  po-  
ten t ia ls  and  becomes more  n e a r l y  fiat in  the  second 
port ion.  

The curve  shapes for hea ted  MnO.~ are v e r y  m u c h  
l ike those for MnO_. p r epa red  in  the  presence  of 
NH( .  There  is some difference b e t w e e n  the  two in  
discharges  in 1M NH4C1 buffered at pH 4, however .  
Under  these condi t ions  no m i n i m u m  in the  d ischarge  
curve  was found  for ~-MnO_o con t a in ing  NH~ + w h e r e -  
as both n o r m a l  MnO.~ and  hea ted  MnO2 (150~ gave 
p ronounced  mi n i ma .  The ~-MnO= had  abou t  the  same 
overpo ten t i a l  as n o r m a l  at pH 4, b u t  hea ted  MnO~ 
had  an ove rpo ten t i a l  abou t  30% la rger  t h a n  the  
normal .  
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ABSTRACT 

Disintegrat ion of t in cathodes at high current  densities was studied in  
neutral ,  acid, and alkal ine solutions of sulfuric acid and alkali and ammonium 
hydroxides, sulfates, and chlorides. The t in left the surface as SnH, and the 
i~'s were of the order of amp/cm 2. Acid decreased the disintegrat ion rate, salts 
added to acid increased the rate, salts added to neut ra l  solution decreased the 
rate. The cation effect was specific, disintegrat ion rates decreasing in the order 
sodium, potassium, l i thium, ammonium,  and hydron ium ion. 

P rev ious  work  on P b  (1,2) and  Sb (3) ind ica ted  
tha t  cathode d i s in t eg ra t i on  was the  resu l t  of h y -  
dr ide  fo rma t ion  via  r educ t ion  of wa t e r  molecules .  
The  p re sen t  i nves t iga t ion  was  u n d e r t a k e n  in  the  
expec ta t ion  tha t  t i n  hyd r ide  wou ld  be  fo rmed  at low 
c u r r e n t  densi t ies  and  so give ins igh t  in to  the  source 
of the h y d r o g e n  evolved at  these low c u r r e n t  d e n -  
sities. Ins tead,  t in  cathodes d i s in tegra ted  on ly  at 
e x t r e m e l y  h igh  c u r r e n t  densi t ies  and  this  paper  r e -  
ports  these  anoma lous  resul ts .  The  appara tus ,  m a t e -  
rials,  and  me thod  were  the  same  as used p rev ious ly  
(2,3). 

Observations and Results 
The d i s in t eg ra t ion  ra te  was i n d e p e n d e n t  of t ime,  

as w i th  Pb  and  Sb. I m p u r i t i e s  seemed to have  less of 
an  effect. Cri t ical  c u r r e n t  densi t ies  were  m u c h  
higher,  the /o'S be ing  abou t  an  order  of m a g n i t u d e  
bigger,  i.e., amperes  per  cm ~, and  the  cat ion effect 
was v e r y  specific. In  concen t r a t ed  a m m o n i u m  salt  
solutions,  smal l  amoun t s  of a m m o n i a  gas were  g iven  
off at  abou t  0.5 a m p / c m  ~. The  most  s t r ik ing  obse rva -  
t ion, o ther  t h a n  the  m a g n i t u d e  of the  c u r r e n t  d e n -  
sity, was  the  fact tha t  even  though  t in  hydr ide  is a 
fa i r ly  s table  compound  at  room t e m p e r a t u r e  (5) ,  
most  of the  Sn  lost to the cathode appeared  as m e -  
tal l ic  Sn in  the e lectrolysis  cell. On ly  t races  of Sn  
were  p icked up  f rom the exi t  gas. 

F igure  1 shows tha t  for NaOH the  slopes are less 
t h a n  theore t ica l  for f o rma t ion  of SnH~ and  tha t  bo th  
slope and  ra te  decrease as concen t r a t i on  increases.  
The ra te  in  KOH was neg l ig ib le  in  compar i son  to 
tha t  in  NaOH, and  in  NH~OH there  was  no d i s in -  
t eg ra t ion  at  all. 

For  n e u t r a l  so lut ions  (Fig. 2) the  fo l lowing  was  
found:  

(a)  D i s in t eg ra t ion  ra tes  decrease  in  the  order  
Na +, K +, Li +. The  ra te  in  r u b i d i u m  chlor ide was  too 
smal l  to be  p lo t ted  and  n o t h i n g  at al l  was  observed  
in e i ther  l i t h i u m  chlor ide  or a m m o n i u m  sulfate.  

(b)  Inc reased  Na2SO4 concen t r a t i on  decreased 
the rate.  The  in t e rcep t  was increased  bu t  the  slope 
was p rac t i ca l ly  unchanged .  

(c) Add i t i on  of KC1 to Na~SO, so lu t ion  de-  
creased the  ra te  m a r k e d l y  b u t  the  reverse ,  add ing  
Na~SO, to KC1 solutions,  did no t  seem to have  m u c h  
of an  effect. 

(d)  A d d i n g  LiCI to Na~SO, did no t  seem to have  
a ny  effect. 

(e) Not shown  on the  g raph  are  the resul t s  for 
add i t ion  of 0.02M RuC1 and  0.02M CsC1 to 0.1M 
Na~SO,. The  d i s in t eg ra t ion  was  comple te ly  s topped 
up to at  least  2.7 a m p / c m  2 which  was  as far  as the  
e x p e r i m e n t  wen t .  

Fig. 1. ALkaline solution. Open circle represents 0. IM 
NOON; open triangle, 1M NaOH; open square, 5M NoaH; 
closed circle 2M KOH. 

: / 
-15 / 

-10 l / 
/ 

d ~rnp :rr~ 2 3 4 g 

F.g. 2. Neutral solution. Open circle represents 0.1M 
Na.~SO4; solid circle, 0.1M Na~SO~ plus 0.04M LiCI; solid 
square, 0.1M No2SO~ plus 0.04M KCI; open square, 0.02M 
No,SO4 plus 0 . ]M KCI; open triangle, 1M Na2SO4; solid 
triangle, 0.1M KCI; X, 0.2M LiCI. 
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Fig. 3. 0. t M  Na,.>SO~. Open circle represents 0 .0M H~SO~; 
solid circle, 0 .01M H..,SO~; open tr iangle, 0 1M H~SO~, open 
square, 0 .2M H~SO~. 

In  the presence  of a cons tan t  a m o u n t  of n e u t r a l  
salt, add i t ion  of acid decreased the rate  sharp ly  
(Fig. 3). No decrease was no ted  in  0.1M Na~SO, 
un t i l  the ac id / sa l t  ra t io  was grea te r  t h a n  1/10. I n -  
creased sal t  concen t r a t i on  at cons tan t  acidi ty  in -  
creased the  rates.  Addi t ional ,  u n g r a p h e d  resul ts  
showed tha t  in more  concen t ra t ed  salt solut ions 
ra tes  were  lower  at the same ae id / sa i t  rat ios and  
tha t  the decrease began  at lower  ac id / sa l t  ratios. 
In  o ther  words,  the  ra te  depends  on tota l  ionic 
s t r eng th  and  total  ac idi ty  as wel l  as the ae id / sa l t  
ratio.  Also ungraphed ,  is the obse rva t ion  tha t  in  the 
absence  of sal t  smal l  amoun t s  of acid lowered  the 
ra te  dras t ica l ly .  For  example ,  in  0.1M sul fur ic  acid 
the weigh t  loss was on ly  0.4 m g / c m ' : - m i n  at 4 a m p /  
c m  ~. 

Discussion ond Conclusions 
The d i s in teg ra t ion  is due to hydr ide  fo rma t ion  

s ince (a) the exit  gas r ap id ly  reduces  s i lver  n i t r a t e ;  
(b)  the weigh t  loss of the  Sn is l inear  wi th  c u r r e n t  
dens i ty  and  the slope of the curve  corresponds  to 
tha t  r equ i r ed  for fo rma t ion  of the k n o w n  hydr ide ,  
SnH4 (at  weight  losses grea te r  t h a n  30 m g / c m ' - m i n  
or 40 m o n o l a y e r s / s e e  the l i nea r i t y  d isappears  due 
to erosion as pieces fal l  off the su r face ) ;  (c) the 
poss ib i l i ty  of a t i n - a l k a l i  a l loy which  reacts  wi th  
wa t e r  is ru l ed  out because  an  increase  in the con-  
een t r a t i on  of any  a lka l i  ca t ion e i ther  decreases the 
ra te  sha rp ly  or stops it  eompletey.  Even  more  to the 
point ,  d i s in t eg ra t ion  was observed in d i lu te  H._,SO, 
in  the absence  of a lka l i  cations. 

The SnH~ is fo rmed  in  a s t r a ined  and  u n s t a b l e  
state. Since s t a n n a n e  is a t e t r ahed ra l  molecule,  it 
would  h a v e  to be in a h igh ly  s t r a ined  state (5,7) 
w h e n  fo rmed  at a p l a n a r  surface.  E v e n  though u n -  
s t r a ined  s t a n n a n e  is s table  at room t e m p e r a t u r e  the 
s t r a ined  va r i e t y  should decompose rapidly ,  decom-  
posi t ion  pe rhaps  be ing  cata lyzed by  cations in the 
doub le  layer.  This  would  exp la in  the smal l  a m o u n t  
of s t a n n a n e  found  in the exhaus t  gas and  the la rge  
a m o u n t  of colloidal  Sn  found  in  the cell and  also 
the low efficiency of e lectrolyt ic  s t a n n a n e  p roduc-  
t ion, r epor ted  by  P a n e t h  (6).  

F igu re  3 shows tha t  the increase  in  h y d r o n i u m  
ion concen t r a t i on  m e r e l y  shifts the curve  a long the 
axis to h igher  c u r r e n t  densi t ies  w i thou t  change  in 
slope. This indiea tes  tha t  the reac t ion  is the same 
bu t  tha t  a h igher  c u r r e n t  dens i ty  is needed  to s tar t  
it, p r o b a b l y  to r emove  the  ex t ra  h y d r o n i u m  ions. 

Also, If surface hydronium ions are displaced by 

sodium ions, i.e., if salt is added to acid, the rate in- 

creases. The lack of disintegration in acid solutions 

would therefore seem to be due to the reduction of 

hydronium ions at potentials too low for stannane 

formation. Only water molecule reduction would 

allow the potential to rise enough to form stannane. 

Certainly, at the extremely high current densities 

used here, there is not enough surface HsO § ion to 

support the current (4) and the source of the hy- 

drogen found in the stannane must be the water 
molecule.  

The specificity of the eat ion effect m u s t  be ex-  
p la ined  on the basis of compe t ing  effects in  the 
double  layer.  At  first glance,  this seems to be in  
accord wi th  the a lka l i - a l l oy  hypothesis ,  i.e., rates  
increase  and  E <' decreases in the same order,  Li, K, 
Na. However ,  in  add i t ion  to the genera l  ev idence  
me n t i one d  above the a lka l i - a l l oy  hypothes is  is not  
t enab le  because (a) d i s in teg ra t ion  ra tes  in Li* 
solut ions are m u c h  grea te r  t han  in those of Cs* 
or Ru § a l though Li has a h igher  E~ (b)  the de-  
posi t ion po ten t i a l  of Li is 0.10 v h igher  t h a n  tha t  
of K § and  0.3 v h igher  t h a n  tha t  of Na § A s s u m i n g  a 
Tafel slope of 0.12 for the deposition of H~ on Sn, the 
current density needed for Li § deposition would 
have to be about 7 times that for K § deposition and 
about 400 times that for Na deposition. Since, ac- 
cording to the alloy hypothesis, the disintegration 
rate would be proportional to the alkali deposition 
rate, the current densities at equal disintegration 
rates would have to be in the approximate ratio 400/ 
57/i for Li, K, and Na salt solutions, respectively. 
Flgures i and 2 show that this is definitely not the 
case. 

The formation of SnH~ requires both a high po- 
tential and a surface largely covered by SnH_~ groups 
adjacent to each other. A large cation would not 
affect the potential particularly and would not be 
adsorbed strongly, but if adsorbed it would cover 
a large surface area. A small cation, with a more 
intense field, would cover a smaller portion of the 
surface but would be more strongly adsorbed and 
m addi t ion  have  a g rea te r  effect in  lower ing  the po-  
ten t ia l  across the double  layer.  

Ion h y d r a t i o n  decreases f rom Li to Cs and  the re -  
fore so does the ionic radius .  The  area  eovered by  
the ion decreases in p ropor t ion  to the square  of the  
decrease  in  ionic radius.  On the o ther  hand,  the 
force of a t t r ac t ion  be t w e e n  the  ion and  the  surface,  
and  hence  the adsorpt ion,  increases  as the reciprocal  
of the square  of the  rad ius  increases.  These compet -  
ing effects should cause a m i n i m u m  to appear  in  
the curve  of surface  coverage vs. ionic radius .  If the  
m i n i m u m  were  in  the ne ighborhood  of the  sodium 
ion radius,  solut ions  of sod ium salts should show 
m a x i m u m  d i s in teg ra t ion  rates.  

Some suppor t  is l en t  to this p ic tu re  by  the fact 
tha t  m i x t u r e s  of l i t h i um and  sodium salts show the  
d i s in teg ra t ion  ra te  expected of the smal le r  a nd  more  
t igh t ly  held sodium ion and  m i x t u r e s  of sod ium and  
po tass ium salts show the rates  expected  of the po-  
tass ium salt  solut ion.  
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The effect of ammonium ion is not covered by  this 
explanat ion.  Here, the evidence indicates  tha t  the 
ammonium ion is i tself  reduced,  p robab ly  at  a lower  
potent ia l  than  tha t  needed for s tannane  formation.  
This s t a t ement  is based on the facts tha t  (a) add i -  
t ion of ammonium salts to a sodium salt  solution 
almost  complete ly  stops dis in tegrat ion;  (b) smal l  
quant i t ies  of ammonia  gas are observed to be given 
off f rom the solution, even in 0.1M sulfuric acid; 
(c) the surface of the t in darkens  dur ing  this proc-  
ess, loosing its meta l l ic  luster.  

A t  cur ren t  densi t ies  above to, the surface is p rob-  
ab ly  sa tu ra ted  with  uns table  SnH~ molecules. The 
reasoning for this is as follows. 

Since the 4 hydrogen  atoms needed for SnH, are 
a lmost  cer ta in ly  not p roduced  by consecutive reduc-  
tions at the same site, at  least  2 sites and therefore  
2 t in atoms are  involved,  wi th  some sort  of d is-  
p ropor t iona t ion  fol lowing the e lect rochemical  r e -  
duction. The most p robab le  d ispropor t ionat ion  
would be the one involving two t in atoms each wi th  
two hydrogen  atoms. The hydrogen  atoms would 
not be in the form of an adsorbed molecule, since at 
the high cur ren t  densit ies of this react ion the mole-  
cules would be formed in such a high energy s tate  
tha t  they  could desorb immedia te ly  on formation.  
Instead,  the  two hydrogen  atoms would have  to be 
associated wi th  the t in atom as a complex or h y -  
dride.  This SnH~ hydr ide  would  have  to be non-  
volati le,  and unstable,  the first because the slope of 
the curve shows tha t  t in leaves in the t e t r ava len t  
state, the  second because no SnH2 has been repor ted.  
This molecule  would decompose to t in and hydrogen  
molecules unless it  reac ted  with  an ad jacent  SnH.~ 
to form SnH, and a t in atom. Since at  and above io 
most of the cur ren t  goes into r emova l  of t in  f rom 
the surface, (one equiva lent  of t e t r ava len t  t in  for 
each f a r aday )  the  surface would  have  to be sa tu-  
ra ted  wi th  SnH.~ molecules.  

Below io the  surface is unsa tu ra t ed  and the large  
current  densi t ies  are requ i red  to sa tura te  the  sur-  
face wi th  the  uns table  SnH~ molecules.  This s ta te -  
ment  is based on the  fol lowing considerations.  

The ove r -a l l  d is in tegra t ion  ra te  is de te rmined  
e i ther  by  the react ions involved in forming the SnH~ 
or by  the d ispropor t iona t ion  be tween  two SnH~. 
groups. If the former ,  the  r a t e - d e t e r m i n i n g  step wil l  
be e i ther  e lect rochemical  or a chemical  combinat ion 
of two atoms. If the  r a t e - d e t e r m i n i n g  step is elec- 
t rochemical ,  both  d is in tegra t ion  and the ove r -a l l  
cur rent  densi ty  wi l l  be semilog functions of poten-  

t ia l  and therefore  l inear  wi th  each other  at  to. How- 
ever, the  graphs  show tha t  the in tercept  at  io is 
curved, which el iminates  an e lect rochemical  step as 
the  r a t e - d e t e r m i n i n g  factor. If the  ra te  is de te r -  
mined by  the chemical  combinat ion of two hydrogen  
atoms, to form an SnH~ complex, the  r a t e  wi l l  be 
p ropor t iona l  to the square of the hydrogen  a tom 
concentrat ion.  Since un t i l  s tannane  is evolved al l  
the  hydrogen  leaves the  surface as Ha, i = k H 2, so 
tha t  the  d is in tegra t ion  ra te  should be l inear  wi th  
current .  Since the figures are  defini tely curved, at  
the  intercept ,  this possibi l i ty  is also e l iminated.  

F ina l ly ,  if the d is in tegra t ion  is de te rmined  by  the 
ra te  of combinat ion of two SnH~ groups, each of 
which would have  to be in equi l ib r ium wi th  two 
hydrogen  atoms, the over -a l l  r a te  would  be p ro-  
por t ional  to the four th  power  of hydrogen  atom 
concentra t ion and therefore  p ropor t iona l  to the 
square of the cur ren t  density.  The graphs seem to 
support  this possibil i ty,  wi th in  exper imen ta l  error.  

This p ic ture  of an over -a l l  ra te  being de te rmined  
by the combinat ion of ad jacen t  unstable  complexes 
would expla in  (a) the  ve ry  high current  densit ies 
needed, (b) the re la t ive  insensi t iv i ty  of the  reac-  
t ion to high overvol tage poisons such as mercu ry  
and lead, and (c) the re la t ive ly  inefficient p roduc-  
tion of s tannane even at  high overvol tage cathodes. 
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Oxidation of An Aluminum-3 Per Cent Magnesium 
Temperature Range 200~176 

Alloy in the 

W. W.  Smeltzer 1 

Aluminium Laboratories Limited, Kingston, Ontario, Canada 

ABSTRACT 

A study of the oxldation and magnesium evaporation kinetics has been 
carried out on an aluminum-3% magnesium alloy. A metallographic examina- 
tion of the surface oxide films produced was included. The alloy was oxidation 
resistant to 200~ At temperatures greater than 350~ the oxidation rate was 
initially inversely proportional to the oxide film thickness, transforming to a 
constant rate for long exposures. Selective oxidation of magnesium caused 
formation of aluminum inclusions in the surface oxide. These inclusions im- 
parted a black discoloration to the alloy surface. Magnesium evaporated from 
the alloy in a vacuum at temperatures greater than 350~ after an induction 
period, the duration of which was dependent on the temperature. A compari- 
son of the magnesium evaporation and alloy oxidation rates demonstrated that 
the oxide film offered resistance to oxidation of the metal. 

It has been shown in previous investigations that 
oxide film structures on alloys containing up to 10% 
Mg are dependent on the mode of heating, and final 
temperatures attained as amorphous oxide formed 
at room temperature may crystallize into v-alumina 
or MgAl~O, and MgO (i, 2). Magnesia forms rapidly 
on these alloys if they are exposed to steam (3-6). 
The surface of the AI-Mg alloy is discolored gray to 
black by high temperature oxidation and it has been 
suggested that this effect is associated with the MgO 
content of the oxide film (2). This discoloration is 
decreased by volatilization of NaBF~ into the oxidiz- 
ing atmosphere (7), pre-exposure of the alloy to 
HF (3), or small additions of Be to the metal (5, 8). 

Although Al forms an oxide film highly resistant 
to oxidation (9, i0), Al additions increase the oxl- 
dation rates of Mg (ii, 12). For the converse case, 
additions of Mg to Al, information is not available. 
Hence, in this investigation the oxidation rates of 
an A1-3% Mg alloy in pure oxygen have been in- 
vestigated. Some results of studies on Mg evapora- 
tion rates from the alloy and metallographic exam- 
ination of the oxide films are also included. 

Experimental 
The alloy used in this investigation was prepared 

from high purity Al and Mg and contained 2.87% 
Mg and impurities of 0.002% Cu, 0.03% Fe, and 
0.001% St. The 0.063 in. gauge sheet as received 
was cold-rolled to 0.013 in., annealed for 30 min at 
400~ and further cold-rolled to 0.010 in. Speci- 
mens, 0.6800 g, were prepared from sections of this 
sheet after they had been polished to 000 emery 
under kerosene and then on a dry Selvyt cloth. All 
specimens were stored in a desiccator after prepara- 
tion and prior to use. 

A vacuum microbalance assembly, which has been 
described previously (9, 13), was employed for the 
measurement of the oxidation and Mg evaporation 

1 Present address: Metals Research Laboratory, Carnegie Inshtute 
o f  Technology, Pittsburgh, Pa. 

rates. Oxidation rates were determined from speci- 
men weight increases in oxygen at 7.6 cm oxygen 
pressure and Mg evaporation rates were determined 
from specimen weight losses in a vacuum of 10 -6 

ram. Each specimen was suspended on the micro- 
balance and degassed at room temperature in a 
vacuum for 5 hr prior to further experimentation. 
For  ox ida t ion  tests at 200 ~ and 350~ each  speci -  
m e n  was degassed  30 m i n  at 400 ~ and  12 hr  at 
350 ~ respec t ive ly .  At  h i g h e r  t e m p e r a t u r e s  o x y g e n  
was a d m i t t e d  to the  spec imens  be fo re  the  in i t i a t ion  
of Mg evapora t ion .  

Resul t s  of ox ida t ion  tests  in the  t e m p e r a t u r e  
r ange  200~176  for  shor t  and long exposures  are  
i l lus t r a t ed  in Fig.  1 and 2. These  resu l t s  show t h a t  
the  al loy was  r e l a t i v e l y  ox ida t ion  res i s tan t  a t  a 
t e m p e r a t u r e  of 200~ As the  t e m p e r a t u r e  was  
e leva ted ,  the ox ida t ion  r a t e  increased.  H o w e v e r ,  
rap id  ox ida t ion  did not  occur  un t i l  a t e m p e r a t u r e  
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Fig 1. Oxldahon of metallographcally polished AI-3% 
Mg alloy in the temperature range 450~176 
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Fig. 2. Oxidation of metallographically polished AI-3% 
Mg alloy in the temperature range 200~176 

of 400~ was  exceeded .  The  in i t i a l  r a t e  of o x i d a -  
t ion dec rea sed  w i t h  t i m e  b u t  g a v e  w a y  to an  a p -  
p r o x i m a t e l y  c o n s t a n t  r a t e  a t  o x y g e n  w e i g h t  ga ins  
less t h a n  10 /~g /cm s ( less  t h a n  1000A fi lm th i cknes s )  
ove r  t he  t e m p e r a t u r e  r a n g e  350~176 Thus  an  
i nc rea se  in  f i lm th i ckness  b e y o n d  a c e r t a i n  r a n g e  
d id  no t  i n c r e a s e  o x i d a t i o n  res i s t ance .  T h e  r e p r o -  
d u c i b i l i t y  of t he  m e a s u r e m e n t s  is i l l u s t r a t e d  by  the  
t h r e e  400~ cu rves  in  Fig.  2. 

Resu l t s  of the  Mg e v a p o r a t i o n  tes ts  in t he  t e m -  
p e r a t u r e  r a n g e  350~176 a r e  i l l u s t r a t e d  in Fig.  3. 
T h e r e  was  an in i t i a l  w e i g h t  loss of a p p r o x i m a t e l y  
10~g/cm -~ because  of loss of gas  as each  s p e c i m e n  was  
h e a t e d  in  v a c u u m  to the  e v a p o r a t i o n  tes t  t e m p e r a -  
ture .  This  was  f o l l o w e d  b y  an  a d d i t i o n a l  w e i g h t  
loss due  to Mg e v a p o r a t i o n  a f t e r  an  i nduc t i on  p e r i o d  
w h i c h  was  d e p e n d e n t  on the  t e m p e r a t u r e .  F o r  
e x a m p l e ,  th is  p e r i o d  was  200 m i n  at  375~ and  was  
of such sho r t  d u r a t i o n  at  500~ tha t  i t  cou ld  no t  be  
d e t e r m i n e d  accu ra t e ly .  M a g n e s i u m  e v a p o r a t i o n  
m e a s u r e m e n t s  w e r e  r e p r o d u c i b l e  to 10%. 

M a r k e d  d i s co lo ra t i on  of t he  A1-3% Mg a l loy  
o c c u r r e d  on e x p o s u r e  to o x y g e n  a b o v e  400~ Con-  
ve r se ly ,  m e t a l l o g r a p h i c a l l y  po l i shed  spec imens  and  
a s p e c i m e n  w i t h  a t h i c k  ox ide  l a y e r  (100/~) w e r e  

Fig. 4. Oxide fi lm on AI-3% Mg alloy, in cross section at 
magnification of S00X before reduction for publication; 
Metal--whi te,  oxide--black. 

not  d i s co lo red  b y  v a c u u m  a n n e a l s  a t  500~ The  
p h o t o m i c r o g r a p h  in Fig.  4 i l l u s t r a t e s  t h e  cross  sec-  
t ion  of a b l a c k  o x i d e  fi lm f o r m e d  on t h e  a l loy  a f t e r  
a 4 0 - h r  e x p o s u r e  at  550~ The  ox ide  was  n o n -  
u n i f o r m  in t h i cknes s  (3-15/~) a n d  c o n t a i n e d  s m a l l  
m e t a l  pa r t i c l e s .  F u r t h e r ,  t he  m e t a l / o x i d e  i n t e r f a c e  
was  s e r r a t e d  w i t h  m a n y  s m a l l  m e t a l  inc lus ions  
n e a r l y  s u r r o u n d e d  b y  oxide .  E x a m i n a t i o n  of m e t a l  
cross  sec t ions  r e v e a l e d  ox ide  p e n e t r a t i o n  a long  g r a i n  
b o u n d a r i e s  a n d  d i r e c t l y  in to  gra ins .  

I t  was  d o u b t f u l  if  these  m e t a l  inc lus ions  r e s u l t e d  
f rom m e t a l  e n t r a i n m e n t  d u r i n g  pol i sh ing .  To con-  
f i rm this,  o x i d e  f i lms w e r e  s t r i p p e d  f r o m  the  m e t a l  
s u b s t r a t e  a n d  t hen  e x a m i n e d .  The  su r f ace  of an  
ox id i zed  s p e c i m e n  was  b a c k e d  w i t h  F o r m v a r  p la s t i c  
b y  b r u s h i n g  on a 3 % so lu t ion  of F o r m v a r  in  C4HsO~. 
Sect ions ,  1 cm ~, w e r e  o u t l i n e d  w i t h  r a z o r  sc ra t ches  
and  the  f i lm s t r i p p e d  w i t h  a 3% so lu t ion  of Br  in 
a n h y d r o u s  m e t h a n o l .  A sec t ion  was  p r e p a r e d  for  
mic roscop ic  e x a m i n a t i o n  b y  p l a c i n g  i t  b e t w e e n  two 
p ieces  of  1/16 in. Luc i t e  shee t  a n d  p l a c i n g  th is  s a n d -  
wich  v e r t i c a l l y  in a L u c i t e  p l a s t i c  m o u n t  fo r  m e t a l -  
l o g r a p h i c  pol i sh ing .  Such  an  ox ide  cross  sec t ion  is 
i l l u s t r a t e d  in  Fig .  5. P a r t i c l e s  of a second  p h a s e  less 
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Fig. 3. Evaporation of Mg from metallographically polished 
AI-3% Mg alloy in the temperature range 350~176 

Fig. 5. Stripped oxide f i lm from AI-3% Mg alloy at mag- 
nification of 1000X with oil immersion objective before re- 
duction for publication; metal inclusions--small white spots. 
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t h a n  2/~ in  d i ame te r  were  sca t tered  t h roughou t  the 
oxide. Also, powder  x - r a y  ana lyses  were  t a k e n  of 
oxide s t r ipped  f rom an  al loy which  had been  ex-  
posed 60 h r  in  d ry  oxygen  at  500~ Al l  powders  
gave an  A1 diff ract ion p a t t e r n  and  the  oxides i den t i -  
fied were  MgO and  MgA120,. One powder  con ta ined  
silica in  t race  amounts .  Two powders ,  which  gave 
the  best  A1 dif f ract ion pa t te rns ,  were  hea ted  18 hr  ~- 
in  air  at  900~ The  powders  changed  color f rom ~ 
black to whi te ;  x - r a y  ana lyses  showed on ly  MgO ~ 
and  MgALO,. 

Discussion ~ 

Al loy  Oxidat ion  

Due to the complex i ty  of the  ox ida t ion  kinet ics ,  
q u a n t i t a t i v e  conclus ions  canno t  be  deduced  f rom the 
ox ida t ion  charac ter is t ics  of this  A1-Mg alloy. How-  
ever,  qua l i t a t i ve  conclus ions  m a y  be d r a w n  by  ap -  
p r o x i m a t i n g  the  resul t s  to parabol ic  and  l inea r  
ox ida t ion  ra te  equat ions .  Tha t  is, t he  ra te  cons tan t s  
for the in i t i a l  v a r y i n g  and  final cons tan t  ox ida t ion  
ra tes  m a y  be expressed,  respect ively ,  as, 

= [ A ]~ K ,  L im  , ( A m ~ A )  (I)  

t--) 0 dt 

KL = L im  [ d ( A m / A )  ] ( I I )  

t--) 0o d t 

where  Kp and  K~ are  the  parabol ic  and  l i nea r  r a t e  
constants ,  respect ively ,  and  A m / A  is the  a m o u n t  of 
oxygen  per  u n i t  a rea  at t ime  t. The  in i t i a l  we igh t  
i n c r e m e n t s  we re  p lo t ted  according  to the parabol ic  
equa t ion :  (~g/cm-~) ~ oxygen  vs. t ime. These curves  
and  l inea r  sections of the  ox ida t ion  curves  i l lus -  
t r a t ed  in  Fig. 2 show tha t  the ox ida t ion  ra tes  obey 
parabol ic  and  l inea r  re la t ionsh ips  to a first app rox i -  
m a t i o n  over  the  t e m p e r a t u r e  r ange  350~176 
Pa rabo l i c  and  l i nea r  r a t e  cons tan t  va lues  d e t e r m i n e d  
f rom t a n g e n t s  to the  in i t i a l  and  final  sections of the  
parabol ic  and  l inea r  ox ida t ion  curves  are  recorded 
in  Tab l e  I. 

The t e m p e r a t u r e  v a r i a t i o n  of these  ox ida t ion  ra te  
cons tan ts  over  pa r t  of the t e m p e r a t u r e  r ange  e x a m -  
ined  m a y  be  expressed by  the  A r r h e n i u s  re la t ion  

K = A exp - -  E / R T  ( I I I )  

where  A is the  f r e q u e n c y  factor,  E is the ene rgy  of 
ac t ivat ion,  R is the gas cons t an t  and  T is the  abso-  
lu te  t empe ra tu r e .  This is i l l u s t r a t ed  by  plots of log 

Table I. Oxidation and Mg evaporation rates 
for the AI 2.87% Mg alloy 

L i n e a r  P a r a b o l i c  M g  
o x i d a t i o n  r a t e  o x i d a t i o n  ra te  e v a p o r a t i o n  r a t e  

T e m p ,  ~ ( g / e m e / s e e )  ( g / c m e / s e c )  2 ( g / c m ~  s e e )  

350  3.8 • 10 -~7 
375 2.6 X 10 -~ 
400  4.7 • 10 -~ 9.2 X 10 -~ 6.0 X 10 -2 

5.6 X 10 -~ 2.4 X 10 -1" 
5.9 • 10 -~ 3.8 X 10 -~  

450  2.2 X 10 -~~ 1.6 X 10 -~ 1.6 X 10 -~ 
500 9.2 X 10 -~~ 3.9 >< 10 -L~ 5.6 X 10 -8 

6.8 X 10 -~ 
550  2.8 X 10 -~ 2.9 X l f f  *' 1.3 X 10-'  
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Fig. 6. Arrhenius plots of parabolic and linear oxidation rate 
constants; open circle = parabolic constants; solid circle 
linear constants. 

K vs. 1 /T  in  Fig. 6; the  express ions  for the cons tan ts  
are:  

K~ ( g / c m  2 sec) 2 := 2x10 -'~ exp --  33,000/RT (IV) 

KL ( g / c m  ~ sec) ~ 0.2 exp - -  29 ,000/RT (V) 

I t  has been  suggested by  Evans  (14) a nd  Lor iers  
(15) tha t  t r a n s i t i o n  f rom a parabol ic  to a l i nea r  
ox ida t ion  ra te  r e l a t ionsh ip  occurs for pu re  meta l s  if 
porous oxide  forms over  compact  oxide. The i n n e r  
compact  l ayer  t ends  to a l imi t ing  th ickness  y .... 
w h e n  its f o r ma t i on  r a t e  is equa l  to its t r a n s f o r m a -  
t ion ra te  to porous  oxide. Webb,  Norton,  and  W a g n e r  
(16) express  this th ickness  as, 

y .... = ~ Kp/2K~ (VI)  

where  ~ is the  ra t io  of oxygen  con ten t  per  g ram 
a tom me t a l  in  the  compact  and  porous oxide. 

F r o m  e lec t ron  diffract ion resul ts ,  De Brouck~re  
(3) has suggested tha t  the  oxide on A1-Mg alloys, 
c o n t a i n i n g  up to 8% Mg, consists of an  i n n e r  
y - a l u m i n a  or m a g n e s i u m  a l u m i n a t e  compact  l ayer  
and  an  ou te r  porous  m a g n e s i a  l ayer  upon  h igh  t e m -  
p e r a t u r e  oxidat ion.  If this  is val id,  it  fol lows to a 
first a p p r o x i m a t i o n  f rom Eqs. ( IV) ,  (V),  and  (VI)  
tha t  

y ..... = 5x10 -~ exp --  4000 /RT  (VII)  

The  ca lcu la ted  oxygen  va lues  of 3 to 5 /~g/cm 2 for 
compact  l ayer  fo rma t ion  over  the  t e m p e r a t u r e  
r a n g e  400~176 are  of the same m a g n i t u d e  as the  
e x p e r i m e n t a l  va lues  of less t h a n  10 /~g/cm ~ before  
the  onset  of cons t an t  ox ida t ion  rates.  

Other  ev idence  m a y  be advanced  to suppor t  the  
v iew tha t  the oxide film offers res i s tance  to the r e -  
act ion of me ta l  w i th  oxygen.  S tudies  of Leont i s  and  
Rhines  (11) and  G u l b r a n s e n  (17) have  shown tha t  
the  ox ida t ion  a nd  evapora t i on  k ine t ics  of p u r e  Mg 
m a y  be r ep re sen t ed  by  l inea r  r a t e  equat ions .  Tab le  
II  conta ins  th ree  di f ferent  rat ios:  the  evapora t ion  
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Table II. Comparison of oxidation and Mg rates for pure Mg 
and the AI 2.87% Mg a{Ioy 

Mg evap .  A l l o y  oxid.  M g  oxid.  
Mg oxid. Mg evap.  

Temp, rate(11, 17) rate(iv) A l l o y  A l l o y  A l l o y  
~ ( g / c m  2 sec) (g/cm2 sec) evap .  evap.  oxid .  

400 4.7 X 10 -~ 7 • 102 1.1 
1.2 • 10 -2 0.7 

450 5.6 X 10 -1~ 3.6 • 10 -8 2.3 2.8 • I0 -~ 1.9 
6.3 • 10 -1~ 2.2 X 10 -9 1.4 

500 6.3 • 10 -" 1.9 • 10 -8 0.3 2.5 • 10 -2 4.5 
2.0 • 10 -s 

ra te  of p u r e  Mg to its evapora t ion  ra te  f rom the 
alloy, the  ox ida t ion  ra te  of the a l loy  to the evapo ra -  
t ion  of Mg f rom the  a l loy and, finally,  the  ox ida t ion  
ra te  of pure  Mg to the  ox ida t ion  ra te  of the  alloy. 
These rat ios  show, first, tha t  the  ox ida t ion  ra te  of 
the  al loy is ve ry  n e a r l y  the  same  as for pu re  Mg 
and,  second, the ox ida t ion  ra te  of e i ther  the a l loy  
or pu re  Mg is m u c h  smal l e r  t h a n  Mg evapora t i on  
rates.  This  suggests  tha t  the  oxide film on the  a l loy 
offers res i s tance  to ox ida t ion  of the  me t a l  at  al l  
stages of exposure .  

A l t h o u g h  parabol ic  and  l inea r  r a t e  equa t ions  give 
an  exce l len t  a p p r o x i m a t i o n  to the  reac t ion  kinet ics ,  
ox ida t ion  does no t  proceed s imply  by  fo rma t i on  of 
porous  m a g n e s i a  over  a compact  oxide l ayer  of con-  
s t an t  thickness.  The  ox ida t ion  m e c h a n i s m  is m o r e  
complex  as the  m e t a l / o x i d e  in te r face  is h igh ly  ser -  
r a ted  and  me ta l  inc lus ions  occur in  the  oxide. P e r -  
haps, this  composi te  film forms according  to the  
type  of a l loy ox ida t ion  m e c h a n i s m  proposed by  
W a g n e r  (18).  In  the t e m p e r a t u r e  r ange  of this  
inves t iga t ion ,  A1 oxidizes r ap id ly  for exposures  no t  
exceeding  10 hr  and  af ter  this  fo rma t ive  stage the  
ox ida t ion  r a t e  decreases to a neg l ig ib le  va lue  at  
film th icknesses  of the  order  of 2000A (9, 10). On 
the  o ther  hand ,  the  al loy oxidizes at a cons tan t  r a t e  
s imi la r  to Mg af ter  the  in i t i a l  f o rma t ive  ox ida t ion  
stages. Thus,  the ox ida t ion  ra te  of the  base  com-  
ponent ,  Mg, exceeds tha t  of the nob le  component ,  
A1, for long  exposures.  Select ive  ox ida t ion  of Mg 
wou ld  p roduce  the  se r ra ted  a l l oy /ox ide  in te r face  
and  inc lus ions  of the  a l loy deple ted  w i th  respect  to 
Mg as the  oxide moves  i n w a r d  to fill the space of 
c o n s u m e d  meta l .  

Magnesium Evaporation 
The weight  loss curves  of Fig. 3 for spec imens  

suspended  in  v a c u u m  at e leva ted  t e m p e r a t u r e s  have  
shown three  charac ter i s t ic  fea tures :  (a) an  in i t i a l  
we igh t  loss due to outgass ing;  (b) an  i nd uc t i on  
per iod;  and  (c) the  onset  of Mg evapora t ion .  Values  
for  the  in i t i a l  Mg evapora t i on  r a t e  (Tab le  I I )  i n -  
crease e x p o n e n t i a l l y  w i t h  t e m p e r a t u r e  according  to 
the  A r r h e n i u s  r e l a t ion :  

K~ .... ( g / c m  ~ s e c ) =  0.6 exp - -  25,000/RT (VII I )  

M a g n e s i u m  m a y  evapora te  at  an  in i t i a l  cons t an t  
r a t e  af ter  the  i n d u c t i o n  per iod  by  two possible m e c h -  
an i sms :  it  m a y  diffuse t h rough  the  oxide film upon  
e s t ab l i shmen t  of a concen t r a t i on  g rad ien t  or evapo-  
r a t e  f rom the  m e t a l / v a c u u m  in te r face  if the  com- 
pact  oxide film breaks  down  to porous  oxide. These 
two m e c h a n i s m s  m a y  be d i f fe ren t ia ted  by  a ca lcu-  

l a t ion  based on equa t ions  for the  i n d u c t i o n  per iod  
and  diffusion ra te  of a subs tance  t h r ough  a semi-  
p e r m e a b l e  m e m b r a n e  g iven  by  B a r t e r  (19).  The 
diffusion ra te  P of a subs tance  t h r ough  a semi-  
p e r m e a b l e  m e m b r a n e  of th ickness  1 is to a first 
a p p r o x i m a t i o n  

~c 
P = - -  ( IX)  

6L 

if L is the per iod  r equ i r ed  to es tabl ish  a concen t r a -  
t ion  g r ad i en t  for concen t ra t ions  of c and  zero at  t he  
interfaces .  The c onc e n t r a t i on  c, which  in  this  case 
r ep resen t s  the  so lub i l i ty  of Mg in  the oxide at  the  
m e t a l / o x i d e  in ter face ,  m a y  be es t ima ted  f rom the  
e x p e r i m e n t a l  data.  The e lec t ron  diffract ion s tudies  
of De Brouck~re  (2) ind ica te  tha t  the  a i r - f o r m e d  
oxide film on the  al loy at room t e m p e r a t u r e  does 
no t  exceed 100A at  400~ the  in i t i a l  Mg evapora -  
t ion  ra te  is 6x10 -9 g / c m  ~ sec af ter  an  i nduc t i on  
per iod  of 200 rain.  Hence,  c = 432 g/cm ~. This  ve ry  
h igh va lue  indica tes  t ha t  Mg evapora tes  f rom the  
m e t a l / v a c u u m  in te r face  t h r ough  porous  oxide 
which  m a y  be p roduced  by  chemical  reac t ion  or 
mechan i ca l  b r e a k d o w n  of compact  oxide. Since the  
d u r a t i o n  of the i n d u c t i o n  per iod is s t rong ly  d e p e n d -  
en t  on t empe ra tu r e ,  a l u m i n a  m a y  be r educed  by  Mg 
to give m a g n e s i a  a nd  the  film w ou l d  be porous  as 
the  v o l u m e  rat io  p r o d u c t s / r e a c t a n t s  for this  r eac t ion  
is 0.7. Consequen t ly ,  the  decreas ing  Mg evapora t ion  
ra te  f rom the a l loy i l l u s t r a t ed  by  the  c u r ve  for 
v a c u u m  exposure  at 400~ is d e t e r m i n e d  by  its 
diffusion ra te  in  the al loy and  by  pa r t i a l  res i s tance  
of porous  oxide. 

Surface Discoloration 

Different  v iews as to the  or ig in  of the  discolora-  
t ion  of A1-Mg al loys by  ox ida t ion  have  been  ex-  
pressed.  De Brouck6re  (2) has shown  by  e lec t ron  
diffract ion t ha t  b l ack  films con ta in  m a g n e s i a  which  
was  a s sumed  to cause discolorat ion.  G u m i n s k i  and  
Hines  (20) h a v e  suggested tha t  m e t a l  in  a tomic or 
par t ic le  fo rm in  the  surface  oxide m a y  be the  cause 
of d iscolora t ion as h y d r o g e n  is evolved f rom black 
oxide w h e n  i t  is t r ea ted  w i th  acid. This  inves t iga -  
t ion  indica tes  tha t  me t a l  par t ic les  embedded  in  the  
oxide are  a p r i m a r y  cause of d iscolora t ion  as mic ro -  
scopic and  x - r a y  e x a m i n a t i o n s  have  shown  the  
occur rence  of A1 inclus ions .  Thus,  the  b lack  oxide 
became  whi t e  w h e n  exposed at  900~ as A1 was  
comple te ly  oxidized. Meta l  par t ic les  of col loidal  
d imens ions  a re  of ten  colored black.  However ,  it  is 
no t  k n o w n  if d iscolora t ion  is caused by  this effect 
or by  mu l t i p l e  reflect ion a nd  absorp t ion  of l ight  by  
i r r e g u l a r  surfaces  of l a rger  part ic les .  The  v iew tha t  
d iscolora t ion is associated w i th  the  la t t ice  defect  
s t r uc t u r e  of magnes i a  has no t  been  d i sp roven  in  this  
inves t iga t ion .  Leont is  a nd  Rhines  (11) h a v e  shown 
tha t  g ray  magnes ia ,  p r e s u m a b l y  due  to its n o n -  
s to ichiometr ic  composi t ion,  occurs n e x t  to the  me t a l  
sur face  of m a g n e s i u m .  Tha t  this  effect is a p r i m a r y  
cause of a l loy d iscolora t ion  is doub t fu l  as m e t a l -  
lograph ica l ly  pol ished spec imens  or a spec imen  wi th  
a th ick  anodic  fi lm were  no t  discolored by  v a c u u m  
a nne a l s  of sufficient d u r a t i o n  to a l low Mg evapora -  
t ion. 
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General 

In  t he  p r e c e d i n g  discuss ion,  the  o x i d a t i o n  k ine t i c s  
a t  t e m p e r a t u r e s  g r e a t e r  t h a n  350~ h a v e  b e e n  a p -  
p r o x i m a t e d  to p a r a b o l i c  and  l i n e a r  r a t e  equa t ions .  
A c o m p a r i s o n  of o x i d a t i o n  and  Mg e v a p o r a t i o n  r a t e s  
d e m o n s t r a t e d  t ha t  t he  ox ide  fi lm offered  r e s i s t ance  
to o x i d a t i o n  at  a l l  s tages  of exposure .  M e t a l l o g r a p h i c  
and  x - r a y  e x a m i n a t i o n s  h a v e  s h o w n  tha t  d e p l e t i o n  
of Mg b y  se lec t ive  o x i d a t i o n  r e s u l t e d  in f o r m a t i o n  
of A1 inc lus ion  in  t he  oxide .  These  inc lus ions ,  in 
tu rn ,  caused  a g r a y  to b l a c k  d i s co lo r a t i on  of the  
surface .  M a n y  of t he  v i ews  w h i c h  h a v e  been  e x -  
p r e s sed  m u s t  r e m a i n  s p e c u l a t i v e  because  c h e m i c a l  
compos i t i ons  a n d  s t r u c t u r e s  of t he  ox ides  in  t he  
compos i t e  film, and  d e t e r m i n a t i o n s  of Mg ac t iv i t i e s  
and  d i f fus iv i t i es  for  t h e  a l l oy  a n d  ox ides  a r e  r e -  
q u i r e d  to e l u c i d a t e  t he  o x i d a t i o n  and  Mg e v a p o r a -  
t ion  behav io r .  
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Metallographic Manifestations of the Air Oxidation 

of Tantalum at 7S0~ 
Robert Bakish 1 

Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The c rys ta l lographic  and s t ruc tura l  factors involved  in the  air  oxidat ion  of 
t an ta lum at 750~ are  presented.  The role of the  {100} planes  in the  oxidat ion  
process is discussed, and  a t en ta t ive  mechanism for  the conversion of meta l  to 
oxide under  these condit ions is proposed.  

The  o x i d a t i o n  of Ta  has  been  s t u d i e d  b y  a n u m b e r  
of i n v e s t i g a t o r s  w i t h  e m p h a s i s  on t h e  t y p e  a n d  
s t r u c t u r e  of t h e  o x i d e  f o r m e d  (1 -4 )  or  on t h e  k i n e t -  
ics of o x i d a t i o n  ( 5 - 9 ) .  W o r k  on the  so lub i l i t y  of 
o x y g e n  in Ta  has  also been  r e p o r t e d  (10) .  In  a l l  
these  i nves t iga t ions ,  t he  n a t u r e  of t h e  o x i d e - m e t a l  
i n t e r f a c e  has  been  c o m p l e t e l y  d i s r e g a r d e d ,  a n d  no 
m e n t i o n  of the  c r y s t a l l o g r a p h i c  d e p e n d e n c e  of t he  
t a n t a l u m  o x y g e n  r e a c t i o n  has  b e e n  made .  

P u r e  Ta  (Ta  99.9 + F e  0.03 m a x  a n d  C 0.03 m a x )  
s u p p l i e d  b y  F a n s t e e l  M e t a l l u r g i c a l  C o r p o r a t i o n  was  
used  for  th is  i nves t i ga t i on .  

Experimental Procedure 

I t  has  been  shown  t h a t  t a n t a l u m  ox ide  ex is t s  in 
a s t ab le  modi f i ca t ion  in  t he  t e m p e r a t u r e  r a n g e  650 ~ 
1300~ (3) .  The  t a n t a l u m  ox ide  used  in the  mos t  
r e c e n t  s t r u c t u r e  d e t e r m i n a t i o n  was  p r e p a r e d  b y  

1Presen t  address:  Ciba Limited,  Rare  Meta l s  Division, Basle, 
Switzerland. 

o x i d a t i o n  of t h e  m e t a l  a t  700~ (4) .  In  o r d e r  to 
avo id  pos s ib l e  c omp l i c a t i ons  i n t r o d u c e d  b y  w o r k i n g  
w i t h  an  u n k n o w n  oxide ,  an  o x i d a t i o n  t e m p e r a t u r e  
was  se l ec t ed  on the  bas is  of t he  a b o v e  re fe rences .  
A l l  spec imens  in  th is  i n v e s t i g a t i o n  w e r e  s u b j e c t e d  
to 4 5 - m i n  o x i d a t i o n  in  a i r  a t  750~ fo l l owed  b y  
q u e n c h i n g  in a i r  a t  r o o m  t e m p e r a t u r e .  

X - r a y  p o w d e r  t e c h n i q u e  was  used  to i d e n t i f y  the  
ox ide  fo rmed .  The  s ing le  c r y s t a l s  used  in  th is  s t u d y  
w e r e  g r o w n  b y  s t a n d a r d  s t r a i n  a n n e a l  t e c h n i q u e  
a n d  t h e i r  o r i e n t a t i o n s  d e t e r m i n e d  us ing  G r e n i n g e r ' s  
m e t h o d  (11) .  The  iden t i f i ca t ion  of t he  p l a n e  of 
o x i d a t i o n  was  c a r r i e d  out  as  fo l lows:  two  su r faces  
w i t h  k n o w n  a n g u l a r  r e l a t i o n s  w e r e  g r o u n d  on c r y s -  
t a l s  of k n o w n  o r i en t a t i on ,  a n d  the  ang les  m a d e  b y  
the  p l anes  of  p r e f e r r e d  o x i d a t i o n  w i t h  t he  c o m m o n  
edge  w e r e  m e a s u r e d .  This  i n f o r m a t i o n  was  t h e n  
p l o t t e d  s t e r e o g r a p h i c a l l y  a n d  a n a l y z e d  us ing  a 
s t a n d a r d  cubic  p ro j ec t ion ,  in  a c c o r d a n c e  w i t h  
s t a n d a r d  p r o c e d u r e s  (12) .  
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S tanda rd  meta l lograph ic  techniques were  applied 
in this study,  and a solution consist ing of H~SO4 
(96%),  HNO~ (70%),  and HF (48%) in rat io  
(2: 1: 1) was used as the etching reagent .  

In oxygen embr i t t l ed  Ta, both in te r -  and t rans-  
c rys ta l l ine  f rac tu re  can be observed.  I n t e rg r a nu l a r  
failure is predominant in relatively small grain size 
material (about 0.I ram). The oxide distribution on 
grain surfaces obtained by fracturing small grained 
metal were examined in order to gain additional 
information regarding the sites of preferred oxida- 
tion. These observations were made on freshly frac- 
tured wires without any subsequent surface prep- 
aration. 

Experimental Results 
Air  oxidat ion  of Ta leads to surface oxidat ion  and 

c rys ta l lograph ica l ly  dependent  in te rna l  oxidat ion.  
The la t te r  proceeds at h igher  rates  along cer ta in  
planes  and direct ions in the  Ta latt ice.  The oxide-  
meta l  in ter face  in po lycrys ta l l ine  Ta oxidized in air  
at 750~ is shown in Fig. 1. Observe here the sur -  
face oxide and the spea r - l ike  o r i en ta t ion -dependen t  
p la te le ts  of the oxide. Note tha t  no p re fe ren t ia l  
oxidat ion exists at the gra in  boundary .  This type  of 
in ter face  is typ ica l  of the large  number  of oxide-  
meta l  interfaces examined  and is unaffected by 
longer  oxidat ion  t r ea tmen t s  which only moves this 
in ter face  into the metal .  

X - r a y  s tudy by appl icat ion of powder  technique 
indicates  tha t  the oxide formed under  these condi-  
tions is Ta20~, of the same va r i e ty  as commercia l ly  
produced mate r i a l  of this formula.  The s t ruc ture  of 
this oxide  has recent ly  been reeva lua ted  (4).  X - r a y  
lines character is t ic  of the  oxide pa t t e rn  were  also 
detected af ter  r emova l  of the surface oxide in speci- 
mens which, by meta l lographic  examinat ion,  were  
shown to have in te rna l  p re fe ren t ia l  oxidation.  

The oxide formed on po lycrys ta l l ine  Ta is of ve ry  
fine par t ic le  size, as indica ted  by  diffuse x - r a y  pa t -  
terns.  This oxide has a high degree of porosi ty  
which can be detected on careful  microscopic e x a m -  
inat ion of the pol ished oxide. The same type of 
po lycrys ta l l ine  oxide seems to be formed on single 
crysta l  surfaces. 

X - r a y  analysis  of the in te rna l  oxidat ion occurr ing 
in single crystals  shows that ,  wi th in  the accuracy 
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Fig. 2. Details of early stage internal oxidation. 2000X 
before reduction for publication. 

of the measurements  of about  2 ~ , the planes  of in-  
t e rna l  oxidat ion are para l l e l  to the (100) planes of 
the bcc lattice. On successive lapping  and polishing 
of s ingle crys ta l  surfaces normal  to the oxidized sur-  
face, and in severa l  cases normal  to the ~100~  d i -  
rections, it was found tha t  qui te  often the solid 
p la te le t  profile of (100) p lanes  was subs t i tu ted  at  a 
g rea te r  depth  by  a bead profile and even tua l ly  wi th  
discrete  sites of oxidation.  See Fig. 2 for the  ap-  
pearance  of (100} traces at some depth  f rom the 
oxide meta l  interface.  (Observe both "bead"  p ro -  
file and discrete oxidat ion sites.) These oxide p la te -  
lets do not grow apprec iab ly  in thickness normal  
to the {100) planes  af te r  they  reach a thickness of 
about  0.002 mm (see Fig. 3). Heavier  oxidat ion is 
character ized by  the presence of a g rea te r  number  
of more  na r rowly  spaced platelets .  The porous 
oxide is but  a thorough oxidat ion  of the volume of 
the meta l  by  oxidat ion along {100} planes. F igure  4, 
which is a t aper  section of an oxidized surface of a 
single crystal ,  supports  this contention. Observe the  
is lands of porous oxide, the  high densi ty  of p la te -  
lets in their  immedia te  vicini ty,  and the r e l a t ive ly  
smal ler  densi ty  of p la te le ts  as the dis tance f rom the 
oxidized surface is increased.  That  this appears  to 
be the na ture  of oxidat ion seems to be also sup- 
por ted  by examina t ion  of polished oxide surfaces 

Fig. 1. Oxide metal interface, cross section normal to Fig. 3. Traces of the {100} planes. 2000X before reduction 
oxidized surface. 2000X before reduction for publication, for publication. 
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F,g. 4. Taper seclion of oxidized single crystal surface. 
500X before reduction for publication. 

Fig. 7. Fractograph showing sites of nucleation of oxygen 
metal reaction on a grain surface. 500X before reduction for 
publication. 

Fig. 5. Polished oxide surface (polarized light). 500X before 
reduction for publication. 

u n d e r  p o l a r i z e d  l i gh t  (see Fig.  5) .  This  r e v e a l s  a 
fine s t r u c t u r e  w i t h  e l e m e n t s  p a r a l l e l  to t he  t r aces  
of t he  {100} p l a n e s  of the  subs t r a t e .  

A n o t h e r  a spec t  in  w h i c h  the  c r y s t a l l o g r a p h i c  d e -  
p e n d e n c e  of o x i d a t i o n  m a n i f e s t s  i t se l f  is t he  fo r -  
m a t i o n  of s teps  b o u n d  b y  {100} s u b s t r a t e  p l a n e s  o n  

the  o x i d e - m e t a l  i n t e r f a c e  of s ingle  c rys ta l s .  F i g u r e  6 
shows  the  a p p e a r a n c e  of such an  i n t e r f a c e  as v i e w e d  
on a (112) p lane .  W h e n  such s ingle  c rys t a l s  w e r e  
s u b j e c t e d  to ox ida t ion ,  i t  was  poss ib le  to obse rve  
t h a t  t he  < 1 0 0 >  d i r ec t ions  in  t he  {100} p l a n e s  w e r e  
the  d i r ec t ions  of a h i g h e r  r a t e  of ox ida t ion .  This  
o b s e r v a t i o n  a n d  the  occu r r ence  of t he  {100} s tep  
fo rma t ion ,  t e n d  to show t h a t  t h e  ~ 1 0 0 ~  d i r ec t i ons  

Fig. 6. Crystallographic (100} steps on oxide metal inter- 
face plane of photomicrograph parallel to (112). 2000X be- 
fore reduct,on for publication. 

in  t he  {100} p l a n e s  a r e  t he  d i r ec t ions  of p r e f e r r e d  
ox ida t ion .  

In  a d d i t i o n  to o x i d a t i o n  w i t h i n  the  gra ins ,  ev i -  
dence  of i n t e r n a l  o x i d a t i o n  was  f o u n d  on g r a i n  s u r -  
faces.  This  i n f o r m a t i o n  was  o b t a i n e d  b y  m i c r o -  
scopic  e x a m i n a t i o n  of f r a c t u r e d ,  fine g ra ined ,  ox i -  
d ized  Ta  wi re .  F i g u r e  7 shows  a d i s t r i b u t i o n  t y p i c a l  
of those  obse rved .  

Discussion of Results 

The  f indings  of th is  i n v e s t i g a t i o n  show the  p r e s -  
ence  of a set  of h igh  a c t i v i t y  p l a n e s  in  t he  (100} 
p l a n e s  of the  Ta  la t t i ce .  

Two a l t e r n a t i v e s  a r e  of fered  as poss ib le  e x p l a n a -  
t ions  of the  h igh  a c t i v i t y  of  t he  {100} p l anes :  i t  can  
be  due  e i t he r  to the  i n h e r e n t  h igh  a c t i v i t y  of th is  
p l ane ;  or  i t  can  be  the  r e s u l t  of t h e  p r e s e n c e  of 
f a v o r a b l y  o r i e n t e d  i m p e r f e c t i o n s  w h i c h  could  act  as 
sho r t  c i r cu i t i ng  p a t h s  for  d i f fus ion  a n d  ox ida t ion .  
I t  is on these  i m p e r f e c t i o n s  t h a t  t he  m e t a l - o x i d e  r e -  
ac t ion  a p p e a r s  to nuc l ea t e .  No p r e f e r e n t i a l  g r a i n  
b o u n d a r y  o x i d a t i o n  was  o b s e r v e d  in th is  s tudy .  The  
o x i d a t i o n  p rocess  seems  to p roceed  b y  n u c l e a t i o n  of 
o x i d a t i o n  a t  h i g h l y  loca l i zed  s i tes  a long  the  t r aces  
of t he  {100} p lanes ,  l e a d i n g  to t he  g r o w t h  of ox ide  
p l a t e l e t s  p a r a l l e l  to t he  {100} p lanes .  These  p l a t e l e t s  
g r o w  in t h i cknes s  u n t i l  t h e y  r e a c h  a b o u t  0.002 mm.  
F u r t h e r  o x i d a t i o n  p roceeds  b y  n u c l e a t i o n  and  the  
g r o w t h  of a d d i t i o n a l  p l a t e l e t s  un t i l  a l l  t h e  m e t a l  is 
c o n s u m e d  in the  reac t ion .  The  h igh  a c t i v i t y  u s u a l l y  
a s soc ia t ed  w i t h  g r a i n  b o u n d a r i e s  in  o x i d a t i o n  r e -  
ac t ions  is no t  a p p a r e n t  f rom e x a m i n a t i o n  of m e t a l -  
o x i d e  i n t e r f ace s  in  th is  s tudy .  No s a t i s f a c t o r y  e x -  
p l a n a t i o n  for  th is  b e h a v i o r  can  b e  a d v a n c e d  a t  p r e s -  
ent .  O x i d e - m e t a l  r eac t ion ,  h o w e v e r ,  was  f o u n d  to 
n u c l e a t e  at  d i s c r e t e  s i tes  on g r a i n  sur faces ,  and  d i s -  
c re te  ox ide  p a r t i c l e s  can  b e  seen on o b s e r v a t i o n  of 
these  sur faces .  The  e x a c t  n a t u r e  of t he  s i tes  w h i c h  
act  as n u c l e a t i n g  cen te r s  for  the  o x i d e - m e t a l  r e -  
ac t ion  is no t  k n o w n .  T h e i r  a p p e a r a n c e  and  d i s t r i -  
bu t i ons  sugges t  t h e  p o s s i b i l i t y  t h a t  t h e y  a r e  d i s loca -  
t ions.  This,  h o w e v e r ,  c anno t  be  a s s e r t e d  a t  p resen t .  

Conclusions 

On the  bas is  of th is  s tudy ,  i t  is p r o p o s e d  t h a t  
o x i d a t i o n  of  Ta  p r o c e e d s  b y  p r e f e r e n t i a l  o x i d a t i o n  
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along the  {100} p lanes  in  the  ~100D direct ion.  The  
complete  convers ion  of the me ta l  to oxide is effected 
by  the n u c l e a t i o n  and  g rowth  of {100} plates,  wh ich  
e v e n t u a l l y  fill the  v o l u m e  of the meta l .  The  i n d i -  
v i d u a l  plates  do not  exceed 0.002 m m  in  th ickness .  

On e x a m i n a t i o n  of t ape red  sections, the  Ta~O~ 
shows c lear ly  the c rys ta l lographic  dependence  of its 
g rowth  process and  the o r i en t a t i on  of the  t races  of 
the  {i00} p lanes  of the  subs t ra te .  Lat t ice  imper fec -  
tions, be l i eved  to be dislocations,  seem to act as sites 
for the  nuc l ea t i on  of the  m e t a l - o x i d e  react ion.  
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Cathodic Reduction of Oxide Films on Iron 

II. Determination of a-FeO and FeO 

K. H. Buob, A. F. Beck, and M. Cohen 

National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

A study of the cathodic reduct ion of a-Fe~O~ on iron has been made with 
the object of using the technique for the accurate determinat ion of both the 
a-Fe~O~ and Fe~O4 formed dur ing  the oxidation of iron. The films were ex- 
amined after oxidation and after various stages of cathodic reduction. Ex- 
aminat ion was made by weight change, electron diffraction, x-ray diffraction, 
and chemical analysis of the films. Some evidence for the existence of a th in  
layer  of ~-Fe~O~ between the layers of Fe~O~ and a-Fe~O~ was found. A standard 
pa t te rn  for Fe:~O4 was obtained. 

W h e n  Fe is oxidized in  oxygen  at t e m p e r a t u r e s  up 
to abou t  450~ a dup lex  fi lm of Fe~O4 n e x t  to the  
me t a l  and  a-Fe~O~ is formed.  The  ove r - a l l  g rowth  
of the oxide film should  be r e l a t ed  to the ra tes  of 
g rowth  of these two layers .  In  a prev ious  pape r  (1) 
there  was  descr ibed  a t echn ique  for the cathodic r e -  
duc t ion  of a-FelOn. In  this  pape r  the app l ica t ion  of 
this  t e chn ique  to the  d e t e r m i n a t i o n  of a-Fe~O~ a nd  
Fe~O4 is described.  

The m e t h o d  proposed was to we igh  the  oxidized 
spec imen and  to reduce  it  ca thodica l ly  un t i l  the  po-  
t en t i a l  of the  Fe ind ica ted  a change  in  the cathodic 
process. The  spec imen  was r ewe ighed  and  the Fe~O~ 
d e t e r m i n e d  by  difference. The  Fe~O, was  ca lcu la ted  
f rom the tota l  we igh t  ga ined  and  the we igh t  of 
FelOn. 

To check on the va l id i ty  of this method,  reflect ion 
e lec t ron  dif f ract ion ident i f ica t ion  of the oxide was  
made  d u r i n g  var ious  stages of the cathodic r e d u c -  
t ion  process. F i lms  were  s t r ipped  for ident i f ica t ion 
by  both  dif f ract ion and  chemica l  analysis ,  and  the  
effect of cathodic r educ t ion  on m a g n e t i t e  films was  
de t e rmined .  

Experimental 
Preparation of oxidized specimens. - -The speci-  

m e n s  m e a s u r i n g  5 x 1 cm w i t h  a h a n d l e  2.5 x 0.2 cm 
were  cut  f rom rol led A r mc o  I ron  sheet  0.150 m m  
thick.  The Fe con ta ined  0.113% tota l  impur i t i es .  
The spec imens  were  degreased  in  benzene ,  wiped  
d ry  w i th  Kleenex ,  s tored in  a desiccator  for 1 hr, 
a nd  weighed  on a m i c r o b a l a n c e  to •  x 10 4 g. T h e y  
were  t hen  suppor ted  in  a quar tz  t u b e  over  which  a 
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f u rnace  could be d rawn .  The  t e m p e r a t u r e  of the  
fu rnace  was r egu la t ed  to •176 The Fe  surface  
was r educed  in  purif ied h y d r o g e n  at 400~ for 1 hr. 
The  h y d r o g e n  was  p u m p e d  off and  the  Fe  outgassed 
for 3 hr, d u r i n g  which  t ime the  des i red ox ida t ion  
t e m p e r a t u r e  was  set. Oxygen  was  admi t t ed  to the 
ox ida t ion  c h a m b e r  to a p ressure  of 20 m m  Hg. At  
the end  of the des i red ox ida t ion  t ime,  the  f u r n a c e  
was removed,  the  outs ide of the  quar tz  t ube  was  
cooled r ap id ly  wi th  water ,  the spec imens  p laced  in  
a desiccator  for 1 hr, and  r ewe ighed  on the  mic ro -  
ba lance .  

Cathodic reduction of a-Fe~O~.--The cathodic re -  
duc t ion  was  car r ied  out  in  the  cell descr ibed  by  Os- 
w in  and  Cohen  (1) .  O p t i m u m  resul t s  we re  ob ta ined  
in  a borate-HC1 buffer  of pH 7.65, wi th  a c u r r e n t  
dens i ty  of 15 ~ a / c m  ~. The  spec imens  were  dr ied  and  
weighed  af ter  cathodic reduct ion .  

Isolation of oxide f i lms . - -A modified vers ion  of 
the film s t r ipp ing  appa ra tu s  of Vernon ,  Wormwel l ,  
and  Nur se  (2) was  used. This was  of a l l -g lass  con-  
s t ruc t ion  and  employed  a v a c u u m  and  pur i f ied n i -  
t rogen  for deoxygena t i on  and  m o v e m e n t  of solut ions.  
A so lu t ion  of 12% iodine  in  m e t h a n o l  was  used. Al l  
r eagen ts  were  wel l  dr ied  and  free of oxygen.  The 
t ime of t r e a t m e n t  va r i ed  f rom 30 to 90 rain,  de pe nd -  
ing on  the  n a t u r e  of the  films. I t  was  found  tha t  the 
dup lex  film or a film of Fe~O~ alone could be s t r ipped 
equa l ly  well .  

Af te r  t r e a t m e n t  the film was washed  and  floated 
on methano l .  This film could t h e n  be used for c he m-  
ical analys is  or e x a m i n a t i o n  by  diffraction.  

Electron difJraction.--For e lec t ron  diffract ion ex-  
a m i n a t i o n  the  oxide film was m o u n t e d  on a 12 mesh  
gr id suppor ted  by  a t h i n  F o r m v a r  film. This  film 
was p r epa red  by  spread ing  one drop of a 0.3% w / v  
F o r m v a r  in  e thy lene  dichlor ide  so lu t ion  on water ,  
and  m o u n t i n g  on the grid. This  c o m b i n a t i o n  forms 
a tough  m o u n t i n g  subs t r a t e  for the  s o m e w h a t  b r i t t l e  
oxide film, yet  the F o r m v a r  film is t h i n  enough  to be  
p rac t i ca l ly  t r a n s p a r e n t  to the  e lec t ron  beam.  The 
"hole" a rea  of the 12 mesh  gr id  is l a rger  t h a n  the 
area  of the  e lec t ron  beam,  hence  e l i m i n a t i n g  i n t e r -  
fe rence  by  the  grid. Reflection e lec t ron  diffract ion 
e x a m i n a t i o n  was also made  on the  spec imens  at 
var ious  stages of reduc t ion .  

Chemical analysis.--The t h i n  s t r ipped  films were  
t ho rough ly  washed  wi th  w a t e r  and  then  dissolved 
in  1:1 HC1. The m a g n e t i t e  dissolved read i ly  whi le  
the  Fe~O~ dissolved only  ve ry  slowly.  Fe r rous  ion was  
d e t e r m i n e d  by  the a d d ipy r idy l  me thod  (3) and  
tota l  Fe  by  the  thioglycol l ic  acid me thod  (4) .  

Results and Discussion 

A series of spec imens  w e r e  oxidized in  q u a d r u p l i -  
cate. These  were  t h e n  reduced  ca thodica l ly  a nd  the  
a m o u n t s  of ~-Fe~O~ and  Fe~O, de te rmined .  A typ ica l  
set  of resu l t s  is shown  in  Tab le  I. As can be seen 
f rom the  tab le  the dev ia t ion  f rom the  average  is less 
t h a n  7%. The  Fe30~ value,  of course, is ob t a ined  by  
difference.  As po in ted  out  in  the  prev ious  paper ,  the 
c u r r e n t  efficiency es t ima ted  f rom e i ther  we igh t  loss 
or Fe in  so lu t ion  is abou t  95%. 

A cathodic r educ t ion  curve  is shown  in  Fig. 1. The 
n o r m a l  poin ts  at which  the  spec imens  are weighed  

C A T H O D I C  R E D U C T I O N  O F  O X I D E  F I L M S  

Table I. Iron oxidized at 320~ 
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T o t a l  W e i g h t  loss  
T i m e  w t  g a i n  on  C.R.* O~ ~-Fe2Oa O~ as  Fe30~ 
r a i n  /~g/cm 2 ~ g / c m  e ~ g / e m  e # g / c m ~  

2413 21.0 45.1 13.5 7.5 
2413 21.3 46.8 14.0 7.3 
2413 23.1 50.7 15.1 8.0 
2413 21.8 50.8 15.2 6.6 
Average 21.8 48.4 14.4 7.4 

* C a t h o d i c  r e d u c t i o n .  

Table Ii. Effect of cathodic reduction on Fe~04 

R e d u c t i o n  t i m e  W e i g h t  loss C u r r e n t  eff ic iency 
m i n  # g / c m ~  % 

53 (Point  A) 39.2 98 
+ 5  0.60 - -  
+ 5  0.66 - -  
+10 0.73 - -  
+20 0.60 - -  

are  at the b e g i n n i n g  a nd  at  P o i n t  A, jus t  af ter  com-  
p le t ion  of the  inflection.  Reflection e lec t ron  diffrac-  
t ion  showed tha t  the  sur face  was  composed of ~-Fe~O~ 
at  the  end  of the  oxidat ion.  A f t e r  cathodic r educ t ion  
up to P o i n t  A on ly  Fe~O~ was present .  

A series of e xpe r i me n t s  was  made  to d e t e r m i n e  
w he t he r  Fe30, was  r educed  u n d e r  the condi t ions  
used in  the  cathodic  reduct ion .  A spec imen  was  r e -  
duced to P o i n t  A and  weighed.  It  was  t h e n  reduced  
u n d e r  the same condi t ions  for f u r t he r  per iods  of 5, 
5, 10, and  20 min ,  wi th  weigh ings  b e t w e e n  each re -  
duc t ion  period. The results on a specimen which 
had been heated for 24 hr at 320~ are shown in 

Table If. It was also shown that cathodic reduction 
for periods up to at least 1 hr past Point A did not 
change  the Fe~O4 diff ract ion pa t t e rn .  

I t  can be seen that ,  once the  a-Fe~O3 has been  r e -  
moved  at P o i n t  A, there  is a smal l  b u t  cons tan t  
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Fig. ] .  Repet i t ive cathodic  reduct ion of  a single specimen. 
Comple te  reduct ion is usually assumed at  Point  A. 
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Fig. 2. Diffraction patterns of specimens removed at various 
stages of cathodic reduction. 

weight  loss on re -expos ing  the specimen to fu r the r  
reduction.  This is p robab ly  caused by  corrosion loss 
in the short  per iod tha t  the specimen is first im-  
mersed  unt i l  it is ca thodical ly  protected.  A pa r t  of 
the weight  loss m a y  be due to a smal l  amount  of 
oxidat ion  of Fe~O~ to Fe~O~ on exposure  to air  wi th  
subsequent  reduct ion of this FelOn. In a continuous 
run, the weight  change af ter  Point  A should be 
negligible.  I t  would thus appear  tha t  Fe30, is not  
reduced under  the conditions used in these exper i -  
ments. 

As a fu r the r  check on the process, reflection pa t -  
terns  were  obta ined from specimens which had  been 

ca thodical ly  reduced to the points indicated in 
Fig. 2. In Table  I I I  typica l  i n t e rp lana r  spacings and 
the es t imated intensi t ies  of the pa t te rns  are  t abu -  
lated.  Only those spacings, and thei r  intensit ies,  
unique to the  pa r t i cu la r  oxide are tabula ted .  

Reduction curve.--The specimen at  point  1 in 
Fig. 2 gave a reflection pa t t e rn  only of hexagonal  
a-FelOn, indicat ing the thickness of this oxide  to be 
grea te r  than  the depth  of pene t ra t ion  of the electron 
beam. A t  point  2 enough of the a-Fe~O~ had been 
removed  to al low the beam to diffract  f rom a cubic 
oxide beneath,  producing a pa t t e rn  of a-Fe~O~ plus 
a t race of cubic oxide. The pa t t e rn  f rom point  3 
was s imi lar  to tha t  from point  2. Of these last  three  
pat terns ,  the in tens i ty  of the character is t ic  2.69 l ine 
has been decreas ing as the reduct ion progresses,  
being absent  at point  4. No mater ia l ,  other  than the 
cubic oxide, was detected dur ing  the reduction,  in-  
d icat ing that  no in te rmedia te  product  was formed 
by the reduction.  Reflection diffraction pa t te rns  
from thicker  oxide films showed no Fe304 unt i l  
point  4 was reached,  thus e l iminat ing  the possibi l i ty  
of format ion of Fe30~ as a reduct ion product  of 
a-FelOn. 

The pa t t e rn  f rom point  4 did not contain the 
character is t ic  d = 2.69A reflection, indicat ing al -  
most to ta l  d i sappearance  of a-Fe~O.~. The pat tern ,  
however,  differed f rom tha t  of Fe~O, by  ex t r a  reflec- 
tions not possible by  a t rue  Fe~O, s tructure.  This 
pa t t e rn  is ve ry  s imilar  to Br indley ' s  (5) ~/-Fe.~O3. 
Davies and Evans (6) find tha t  ~-Fe~O~ can be dis-  
t inguished from Fe~O, by the presence of these and 
other  addi t ional  lines; also that  the ~/-Fe20~ pa t t e rn  
appears  in ad jacent  layers  of ~,-Fe.~O~ and Fe~O, 
when the ra t io  of these oxides is app rox ima te ly  4: 1, 
respect ively.  The presence of these ex t ra  lines, and 
the sl ight  shift  of the remain ing  lines in point  4 
toward  the higher  angle  of diffraction indicate  a 
high p robab i l i ty  of the  presence of ~,-Fe~O~. 

The pa t te rns  f rom specimens at  points  5, 6, and 7, 
( there  is also a t ransmiss ion pa t t e rn  at  point  6) al l  
give a s t r ic t ly  Fe~O, pa t te rn ,  wi th  no anomalies.  It 
would appear  that  if ~/-Fe,~O~ is present ,  i t  is only 
present  as a very  thin  layer .  

Chemical analysis.--Stripped films were  dissolved 
in HC1 and analyzed for both  ferrous and to ta l  Fe. 
Pure  Fe~O~ would have a to ta l  F e / F e  § ra t io  of 3/1, 
whi le  mix tures  of Fe~O~ and Fe~.O~ would  have a 
ra t io  grea te r  than  3/1. 

Fi lms which had been s t r ipped wi thou t  ini t ia l  r e -  
duct ion gave rat ios grea ter  than  3, indicat ing the  
presence of both ferr ic  and ferrous  ions. Specimens 
which had been cathodical ly  reduced before s t r ip-  
ping gave rat ios of 2.73 ---+ 0.10. This would indica te  
too high a concentra t ion of ferrous ion for pure  
FelOn. X - r a y  diffraction of these films showed the 
presence of small  amounts  of a -Fe  and Fe~C, which 
p robab ly  consisted of par t ic les  which adhered  to 
the s t r ipped film. A p p r o x i m a t e l y  5% of ex t raneous  
Fe  in the film would account for this lower ing in 
ratio.  

Some specimens were  oxidized in the  o rd ina ry  
way  and then annealed  in vacuum unt i l  only an 
Fe~O, pa t t e rn  was obtained.  F i lms  s t r ipped  f rom 
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Table III 
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1 2 3 4 5 6a 6b 7 
d l/Io d IIio d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io 

3.00 40 2.97 40 2.97 33 2.97 40 2.98 50 
2.69 100 2.72 80 2.70 5 

[1]* 
2.64 20 

2.50 50 2.50 100 2.50 100 2.50 100 
[2]* 

2.20 35 2.20 65 2.19 33 2.19 20 
2.09 40 

2.54 I00 2.52 100 2.53 100 2.51 100 

2.09 20 2.08 33 2.09 20 2.09 50 
1.87 14 1.88 3 1.87 4 

1.85 25 1.85 33 1.84 17 
[3]* 
1.81 13 

1.68 80 1.69 65 1.68 33 1.70 17 1.70 17 1.70 10 1.71 13 1.69 25 
1.60 8 1.61 25 1.60 13 1.61 40 1.61 50 1.61 50 1.62 33 1.60 65 

1.09 33 1.08 40 1.09 25 1.09 20 1.09 30 

* S p a c i n g s  [1] a n d  [3] b e l o n g  n e i t h e r  to  ~-Fe2Os no r  FeaO~. The  T-FeuOa p a t t e r n ,  as g i v e n  b y  B r i n d l e y ,  h o w e v e r ,  c o n t a i n s  t he se  2 l ines ,  
as w e l l  as l i ne  [2]. The  absence  of the  2.70 spac ing  of ~ - F ~ O a  i n  t h e  p a t t e r n  reduces  t he  p r o b a b i l i t y  os l i ne  [2] b e i n g  t h a t  of a-Fe2Oa. 

these  spec imens  g a v e  a to ta l  F e / F e  § ra t io  of 2.93 -- 
0.05. X - r a y  d i f f rac t ion  of these  spec imens  showed  
only  a t r ace  of the  F e  l ines.  This  l o w e r i n g  in ra t io  
wou ld  be accoun ted  for  by about  1% of e x t r a n e o u s  
Fe.  

Fe~O, s t a n d a r d . - - T h e  annea l ed  spec imens  de-  
sc r ibed  above  g a v e  e x t r e m e l y  good Fe~O, p a t t e r n s  
both  by ref lect ion and t ransmiss ion .  Some  of the  fi lm 
was  m o u n t e d  on a glass fiber w i t h  C.I.L. Duco ce-  
m e n t  for  x - r a y  diffract ion.  The  pa t t e rn s  ob ta ined  
con ta ined  m o r e  l ines  t h a n  those  r e p o r t e d  by  B r i n d -  
ley  (5) or any  o the r  source.  The  e l ec t ron  d i f f rac t ion  
pa t t e rn s  are  shown in Fig.  3 and  the  t a b u l a t e d  spac-  
ings a re  g iven  in Tab le  IV. It  can be  seen tha t  t h e r e  
is v e r y  good a g r e e m e n t  b e t w e e n  the  ref lec t ion  and  
t r ansmis s ion  pa t te rns .  This  indica tes  t ha t  t h e r e  is 

no s ignif icant  change  d u r i n g  the  s t r ipp ing  of the  
film. T h e  t r ansmiss ion  p a t t e r n  g ives  the  m o r e  ac-  
c u r a t e  va lues ,  because  the  d i a m e t e r s  of who le  c i r -  

Table IV. Standard Fe~04 Patterns 

Reflection Transmission X-ray 
hkl d I/Io d I/Io d I/Io 

4.93 20 4.81 25 4.78 20 
4.20 4 

2.95 40t 2.97 40 2.95 70 
2.70 10 

2.53 100 2.53 100 2.53 100 
2.42 5 2.43 20 2.42 5 
2.09 33 2.09 25 2.09 75 

2.04* 10 
1.91 10 1.92 8 

1.87 6 1.85 2 
1.72 20 1.71 25 1.71 20 

)~ 1.62 50t 1.62 40 1.61 70 

1.48 80t 1.48 50 1.48 80 
1.42 10 1.42 13 
1.34 10 1.32 13 1.33 10 
1.28 20 1.28 20 1.28 20 
1.22 10 1.21 17 1.21 7 

1.18 10 1.17 13 

1.12 20 1.12 20 1.13 5 

1.10 25 1.09 25 1.09 25 

1.05 17 1.05 8 1.05 10 

1.02 6 

0.986 20 0.983 8 0.985 2 

0.966 25 0.966 17 0.970 20 

0.938 20 0.938 13 0.938 5 
0.917 10 
0.892 5 

0.877 17 0.877 13 

0.854 25 0.854 20 

0.839 5 
0.821 5 

17 0.810 13 

111 
200 
220 

311 
222 
400 

331 
420 
422 
511 
333 
440 
531 
620 
533 
444 
711 
551 
642 
731 
553 
800 
82O 
644 
822 
660 
751 
555 
84O 
842 
664 
931 
844 

(10)00 860 

(10)20 862 
951 
773 0.815 

Fig. 3. a. (top) Reflection di f f ract ion pattern of FesO,; Fig. 
* Strongest Fe line. 3b. (bottom) transmission di f f ract ion pattern of  Fe304. t Broad. 
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cles can  be  m e a s u r e d  m o r e  a c c u r a t e l y  t h a n  the  r a d i i  
of semic i rc les .  

The  l a t t i c e  p a r a m e t e r  of Fe~O4 was  c a l c u l a t e d  
f rom the  x - r a y  d a t a  a n d  was  f o u n d  to be  8.394 • 
0.002A. 

Summary 
I t  has  been  shown  tha t  t he  ca thod ic  r e d u c t i o n  

t e c h n i q u e  can  be  used  to o b t a i n  an  a c c u r a t e  m e a s -  
u r e  of t he  a m o u n t s  of Fe~O, a n d  a -Fe20 ,  f o u n d  in a 
two  sca le  l a y e r  on Fe .  Pos i t i ve  iden t i f i ca t ion  of t h e  
two  l a y e r s  has  been  made .  T h e r e  is some d i f f r ac t ion  
e v i d e n c e  for  the  ex i s t ence  of a v e r y  t h i n  l a y e r  of 
~-Fe~O~ b e t w e e n  t h e  t w o  l a y e r s  w h i c h  is also r e -  
duced  and  m e a s u r e d  as a -Fe ,O, .  

In  t he  course  of the  w o r k  a s t a n d a r d  p a t t e r n  for  
Fe304 was  ob t a ined .  

Manuscr ip t  rece ived  May 29, 1957. This pape r  was 
p r e p a r e d  for  de l ive ry  before  the  Buffalo Meeting,  Oct. 
6o10, 1957. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis- 
cussion Sect ion to be publ i shed  in the  December  1958 
JOURNAL. 
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Temperature Characteristics of Barium Strontium 
Lithium Silicate Phosphors 

A. H. McKeag 

Research Laboratories, General Electric Company, Ltd., Wembley,  England 

ABSTRACT 

The changes in spectra l  emission, efficiency, and t empe ra tu r e  s tab i l i ty  are  
discussed which  resul t  f rom changes in the  fo l lowing va r i ab le  pa rame te r s  in 
phosphor  p repara t ion :  the  b a r i u m : s t r o n t i u m  ratio,  l i th ium content,  base : ac id  
ratio, ac t iva tor  concentrat ions,  and firing conditions. Fo r  prac t ica l  appl ica t ion  
in j acke ted  high pressure  me rc u ry  vapor  lamps,  composit ions wi th in  a cr i t ical  
base: acid ra t io  of 3RO : 1.8 to 1.9 SiO~ have  produced  the  best  results .  

The  t e m p e r a t u r e  d e p e n d e n c e  of t he  l u m i n e s c e n c e  
of va r i ous  p h o s p h o r s  has  been  s t ud i ed  b y  a n u m b e r  
of w o r k e r s  (1 ,2) .  The  w i d e  v a r i a t i o n  in b e h a v i o r  
b e t w e e n  the  s ame  a c t i v a t o r  in  d i f fe ren t  m a t r i c e s  
and  b e t w e e n  d i f fe ren t  a c t i v a t o r s  in  t h e  s ame  m a t r i x  
sugges t s  t h a t  t e m p e r a t u r e  d e p e n d e n c e  c h a r a c t e r i s -  
t ics  a r e  d e t e r m i n e d  b y  the  n a t u r e  of t he  m a t r i x - a c -  
t i v a t o r  comb ina t i on .  The  effect of a c t i v a t o r  conc e n -  
t r a t i o n  has  also been  s t u d i e d  a n d  F o n d a  has  s h o w n  
t h a t  in  W i l l e m i t e  h igh  M n  c o n c e n t r a t i o n s  p r o d u c e  
a l o w e r i n g  of the  q u e n c h i n g  t e m p e r a t u r e  (2) .  S i m i -  
l a r  effects h a v e  also been  o b s e r v e d  w h e n  c e r t a i n  
h a r m f u l  i m p u r i t i e s ,  such  as Fe,  a r e  a d d e d  to sulf ides 
and  s i l ica tes .  K r o e g e r  (1)  has  also n o t e d  t ha t  p h o s -  
pho r s  w h i c h  a r e  b a d l y  c r y s t a l l i z e d  h a v e  a low 
q u e n c h i n g  point .  

Recen t ly ,  a t t e n t i o n  has  been  d i r e c t e d  to t he  i m -  
p r o v e m e n t  in  bo th  color  r e n d e r i n g  and  eff iciency of 
h igh  p r e s s u r e  Hg v a p o r  l a m p s  b y  the  a p p l i c a t i o n  of 
i m p r o v e d  p h o s p h o r s  to the  ou te r  glass  enve lopes  of 
these  l amps .  A s  a r e s u l t  of  th is  w o r k  ( 3 - 8 ) ,  a n u m -  
b e r  of n e w  p h o s p h o r s  h a v e  been  f o u n d  w h i c h  m a i n -  
t a in  t h e i r  f luorescence  at  h igh  t e m p e r a t u r e s .  The  
p r e s e n t  p a p e r  g ives  de t a i l s  of the  p r e p a r a t i o n  of 
i m p r o v e d  b a r i u m  s t r o n t i u m  l i t h i u m  s i l ica te  p h o s -  
p h o r s  for  use  at  h igh  t e m p e r a t u r e s  and  shows  t h a t  
the  m e t h o d  of  p r e p a r a t i o n  can  h a v e  a m a r k e d  effect 
on the  t e m p e r a t u r e  c h a r a c t e r i s t i c s  of the  phospho r .  

Barium Strontium Lithium Silicates Activated with 
Cerium and Manganese 

This  f a m i l y  of p h o s p h o r s  h a v e  b e e n  d e s c r i b e d  
p r e v i o u s l y  (6,7) .  T r i v a l e n t  Ce, p r o d u c e d  b y  f i r ing in  
r e d u c i n g  condi t ions ,  g ives  a c h a r a c t e r i s t i c  b lue  
emiss ion  b y  i tse l f ,  and  acts  as a s ens i t i z e r  for  t he  
s e c o n d a r y  ac t i va to r ,  Mn. T h e  b r o a d  e x c i t a t i o n  spec -  
t r u m  a n d  f r e e d o m  f r o m  a p p r e c i a b l e  b o d y  color  
m a k e s  these  " t r i p l e  s i l i ca t e"  p h o s p h o r s  a t t r a c t i v e  
for  use  in c o l o r - c o r r e c t e d  h igh  p r e s s u r e  Hg  v a p o r  
(H.P.M.V.)  l amps .  

A m a r k e d  i m p r o v e m e n t  in  t he  t e m p e r a t u r e  c h a r -  
ac te r i s t i c s  of these  phosphor s ,  o b t a i n e d  b y  the  
m e t h o d s  d e s c r i b e d  be low,  has  l ed  to a c o r r e s p o n d i n g  
i m p r o v e m e n t  in  t h e  color  r e n d e r i n g  p r o p e r t i e s  of 
c o m m e r c i a l  H.P.M.V. l a m p s  u t i l i z ing  these  p h o s -  
phors .  

Preparation Conditions, Bar ium to S tront ium Ratio 

As Ba is r e p l a c e d  b y  Sr  in  t h e s e  phosphor s ,  the  
co lor  of t he  f luorescence  c ha nge s  f r o m  o r a n g e - y e l -  
l ow  to r e d  w i t h  a g iven  Mn c on t e n t  and  th i s  change  
is also a s soc ia t ed  w i t h  a d e c r e a s e  in the  r e sponse  to 
sho r t  u.v. r a d i a t i on .  T h e  b r i g h t e s t  p h o s p h o r s  h a v e  
no t  been  o b t a i n e d  w i t h  a p u r e  b a r i u m  l i t h i u m  s i l i -  
ca te  compos i t ion ,  as m i g h t  be  e x p e c t e d  f r o m  color  
cons ide ra t ions ,  b u t  w i t h  p h o s p h o r s  c o n t a i n i n g  an  
a p p r e c i a b l e  p r o p o r t i o n  of S r  c o r r e s p o n d i n g  to an  
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a p p r o x i m a t e  m o l a r  r a t i o  of 4BaO: 1SrO. This  effect 
m a y  be  a s soc ia t ed  w i t h  d i f fe rences  in  ionic  s ize  b e -  
t w e e n  Ba and  a c t i v a t o r  ions  w h i c h  w o u l d  t e n d  to  
m a k e  s u b s t i t u t i o n  of a c t i v a t o r  ions m o r e  diff icult  
in  p h o s p h o r s  of p u r e  b a r i u m  l i t h i u m  s i l i ca te  c o m -  
pos i t ion .  

Li th ium Content 

The  l i t h i u m  ox ide  c o n t e n t  is no t  c r i t i ca l  a n d  can  
be  v a r i e d  ove r  a w i d e  r a n g e  w i t h o u t  a l t e r i n g  the  
color  or  i n t e n s i t y  of the  f luorescence  m a r k e d l y .  The  
mos t  u se fu l  r a n g e  l ies b e t w e e n  one fif th a n d  one  
ha l f  t he  c o m b i n e d  m o l a r  p r o p o r t i o n s  of t he  a l k a l i n e  
e a r t h  oxides ,  a n d  w i t h i n  th is  r a n g e  x - r a y  e x a m i n a -  
t ion  shows  t ha t  the  c r y s t a l  s t r u c t u r e  is b a s i c a l l y  u n -  
changed .  A t  h i g h e r  Li  contents ,  a phase  of d i f fe ren t  
c r y s t a l  s t r u c t u r e  can  be  f o r m e d  (7)  and  t h e  spec -  
t r a l  emiss ion  becomes  modi f ied ;  these  p h o s p h o r s  
show p o o r e r  t e m p e r a t u r e  c h a r a c t e r i s t i c s  as t he  
l i t h i u m  ox ide  is inc reased .  A l t h o u g h  L i  m a y  be  r e -  
g a r d e d  as a m a j o r  c o n s t i t u e n t  of the  c o m p l e x  s i l i -  
ca te  la t t ice ,  i t  is i n t e r e s t i n g  to no te  t h a t  K l a s e n s  (5)  
has  o b s e r v e d  an  i m p r o v e m e n t  in  the  t e m p e r a t u r e  
c h a r a c t e r i s t i c s  of m a g n e s i u m  a r s e n a t e  phosphor s ,  
f o l l owing  the  a d d i t i o n  of Li.  

Silica Content 

Si l ica  con ten t  a p p e a r s  to exe rc i se  a m a r k e d  effect 
on bo th  c h e m i c a l  s t a b i l i t y  and  t e m p e r a t u r e  r e sponse  
c h a r a c t e r i s t i c s  of these  phosphor s .  P h o s p h o r s  can  
be  p r e p a r e d  in  t h e  r a n g e  3RO: l .7SiO~ to 3RO: 
2.3SIO., ( w h e r e  RO r e p r e s e n t s  the  c o m b i n e d  bas ic  
r a d i c a l s ) ,  b u t  the  bes t  r e su l t s  h a v e  been  o b t a i n e d  
w i t h i n  t h e  m u c h  n a r r o w e r  r a n g e  3RO: 1.8SiO.o to 
3RO: 1.9SiO_~. These  ranges ,  w h i c h  a r e  mod i f i ed  b y  
the  a c t i v a t o r  con ten t ,  r e f e r  to p h o s p h o r s  c o n t a i n i n g  
0.25 a d d i t i o n a l  mo le s  of t h e  c o m b i n e d  ox ides  of Ce 
and  Mn. 

W i t h  th is  p r o p o r t i o n  of a c t i v a t o r s  the  r a n g e  of 
s i l ica  f rom 1.8 to 1.9 moles  a p p e a r s  to cover  a 
c r i t i ca l  b a l a n c e  p o i n t  in t h e  c h e m i c a l  s t a b i l i t y  of 
these  phosphors .  A t  a m b i e n t  t e m p e r a t u r e s ,  t he  
b r i g h t e s t  p h o s p h o r s  a r e  o b t a i n e d  w i t h  s i l ica  con-  
t en t s  r a n g i n g  f r o m  1.8 to 1.85 moles  of s i l ica  
(Fig .  1) and  these  p h o s p h o r s  a r e  i n i t i a l l y  s o m e w h a t  
w h i t e r  in  b o d y  color  t h a n  those  w i t h  h i g h e r  s i l ica  
ra t ios .  If, h o w e v e r ,  a r a n g e  of p h o s p h o r s  w i t h  v a r y -  
ing  s i l ica  con ten t s  a r e  h e a t e d  in  a i r  to a b o u t  400~ 
a m a r k e d  d i s co lo ra t i on  occurs  in  p h o s p h o r s  c o n t a i n -  
ing  abou t  1.8 moles  of s i l ica  or  less,  w h e r e a s  m u c h  
s m a l l e r  changes  t a k e  p l a c e  w i t h  h i g h e r  s i l ica  ra t ios .  
As  m i g h t  b e  e x p e c t e d  p h o s p h o r s  w i t h  low s i l ica  
con ten t s  a re  m o r e  su scep t i b l e  to l a m p  p rocess ing  
condi t ions .  

Changes  in  b o d y  color,  w h i c h  occur  w h e n  p h o s -  
pho r s  w i t h  low s i l ica  con ten t  a r e  hea ted ,  b e g i n  to 
de ve lop  m a r k e d l y  a t  t e m p e r a t u r e s  s l i g h t l y  h i g h e r  
t h a n  t h e  t e m p e r a t u r e  b r e a k  p o i n t  and  a r e  t h o u g h t  
to be  a s soc ia t ed  w i t h  d i s p l a c e m e n t  of a c t i v a t o r  
a t o m s  f r o m  the  p h o s p h o r  l a t t i ce  f o l l o w e d  b y  s u r f a c e  
ox ida t ion .  X - r a y  e x a m i n a t i o n  shows  tha t ,  a f t e r  p r o -  
longed  h e a t i n g  at  400~ s m a l l  a m o u n t s  of a second  
phase  m a y  be  fo rmed .  This  second  phase ,  r e f e r r e d  to 
l a t e r ,  is b e l i e v e d  to c o r r e s p o n d  to a t r i p l e  s i l i ca te  
w h i c h  is def ic ient  in  Ce. 

PHOSPHOR TEMPERATURE CHARACTERISTICS 
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Fig. 1. Var iat ion of brightness of tr iple silicate phosphor 
wi th silica content (at ambient  temperature). 

The  t e m p e r a t u r e  r e sponse  cu rves  of p h o s p h o r s  
p r e p a r e d  w i t h  a r a n g e  of s i l ica  con ten t s  also show a 
m a r k e d  p r o g r e s s i o n  in p r o p e r t i e s  as t he  s i l ica  con-  
t en t  is i n c r e a s e d  (Fig .  2) .  A t  low t e m p e r a t u r e s  ( b e -  
l ow  200~ p h o s p h o r s  w i t h  l o w e r  s i l ica  r a t io s  a re  
b r i gh t e r ,  b u t  as t he  s i l ica  c on t e n t  is i n c r e a s e d  the  
m a x i m u m  is r e a c h e d  at  p r o g r e s s i v e l y  h i g h e r  t e m -  
p e r a t u r e s .  The  t e m p e r a t u r e  b r e a k  p o i n t  for  p h o s -  
pho r s  w i t h  l o w e r  s i l ica  c on t e n t  c o r r e s p o n d s  r o u g h l y  
to t he  t e m p e r a t u r e  a t  w h i c h  d a r k e n i n g  sets  in  and  
sugges t s  t h a t  t h e  s i l ica  c on t e n t  ( b a s e  to ac id  r a t i o )  
m a y  d e t e r m i n e  t h e  r e a d i n e s s  w i t h  w h i c h  the  ac -  
t i v a t o r s  a r e  d i s p l a c e d  f r o m  the  la t t ice ,  e v i d e n c e d  b y  
t h e  d i s co lo ra t i on  p r o d u c e d  b y  h e a t i n g  in  air .  

Ef fect  of A c t i v a t o r  C o n c e n t r a t i o n  
In  c o m m o n  w i t h  ca l c ium o r t h o p h o s p h a t e  p h o s -  

pho r s  a c t i v a t e d  w i t h  Ce and  Mn (9) ,  c o m p a r a t i v e l y  
l a r g e  qua n t i t i e s  of  Ce of t he  o r d e r  of 10% b y  w e i g h t  
of the  m a t r i x ,  g ive  t he  b r i g h t e s t  f luorescence  at  
a m b i e n t  t e m p e r a t u r e s .  A l t h o u g h  the  t e m p e r a t u r e  
c h a r a c t e r i s t i c s  of t h e s e  p h o s p h o r s  a r e  n o t  c r i t i c a l l y  
d e p e n d e n t  on the  Ce conten t ,  i nc rea se  in  Ce l o w e r s  
t he  t e m p e r a t u r e  a t  w h i c h  o p t i m u m  b r i g h t n e s s  oc-  
curs  w h i l e  t he  r a t e  of d e p r e c i a t i o n  b e y o n d  th is  
p o i n t  is r educed .  Resu l t s  a r e  s im i l a r  to those  o b -  
s e r v e d  b y  K r o e g e r  (1)  for  l a n t h a n u m  s i l i ca te  ac -  
t i v a t e d  b y  Ce. 

M a n g a n e s e  c o n t e n t  in f luences  the  color  a n d  i n -  
t e n s i t y  of f luorescence  but ,  even  in a m o u n t s  w h i c h  
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Fig. 2. Temperature response curves of tr iple sil icate phos- 
phor with varying silica content. 
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reduce the ini t ia l  brightness,  does not a l ter  m a r k -  
edly the shape of the t e m p e r a t u r e  dependence 
curves, p rovided  op t imum silica rat ios are ma in -  
tained. 

Cerium also appears  to assist in the format ion  of 
the crys ta l l ine  phase associated wi th  fluorescence 
(7).  Nonfluorescent mater ia ls ,  p r epa red  wi thout  Ce, 
are usual ly  of a dist inct  crys ta l  s t ructure.  

Effect of Firing Treatment 
Triple  si l icate phosphors a re  fired in a reducing 

a tmosphere  to re ta in  Ce in the cerous state neces-  
sary  for act ivat ion.  The op t imum firing t empera tu re  
is fa i r ly  cr i t ical  and the best  resul ts  have  been ob- 
ta ined at t empera tu res  close to the  s inter ing tem-  
pe ra tu re  which may  va ry  be tween 800~176 for 
compositions descr ibed earl ier .  As the firing t ime is 
increased a marked  improvement  in t empera tu re  
dependence occurs. This effect is i l lus t ra ted  in 
Fig. 3, which compares  phosphors wi th  the same 
ini t ia l  composit ion fired for 3 hr and 100 hr, r e -  
spectively.  X - r a y  examinat ion  shows that  the only 
crysta l  phase  in these two samples is tha t  normal ly  
associated with the ba r ium s t ront ium l i th ium si l i -  
cate phosphors.  The crys ta l  size of the ma te r i a l  fired 
for the longer per iod ranged  from 5 to 30tL, while  
the 3-hr  firing per iod  gave a c rys ta l  size range of 
approx ima te ly  1-10~. These results  confirm those of 
Kroeger  (1), that  the t empera tu re  character is t ics  
depend on the perfect ion of the crys ta l  latt ice.  

Effect of Temperature on Spectral Emission 
Characteristics 

The t r ip le  si l icate phosphor  shows a marked  
change in color of fluorescence as its t empe ra tu r e  is 
raised. This is due to a shift  in the posit ion of the 
Mn emission band toward  shorter  wave  lengths,  
which occurs most m a r k e d l y  below about  150~ 
(see Fig. 3). This shift  also accounts, at  least  par t ly ,  
for the  observed increase in br ightness  of fluores- 
cence between these t empera tu res  (Fig. 2). At  
higher  tempera tures ,  modification of the color is 
less marked  and is due main ly  to a re la t ive  decrease 
in the blue emission band due to Ce. 

At  l iquid air  t empera tu res  there  may  be some 
tendency to a head in the  red emission band  which 
occurs at  6,400A for a phosphor  containing equi-  
molecular  propor t ions  of Ba and Sr. 

Performance in Lamps 

Color corrected H.P.M.V. lamps were  first in-  
t roduced in Grea t  Br i ta in  in 1937 using zinc cad-  
mium sulfide phosphors.  These lamps gave a red 
rat io  of about  5% where  red rat io  is defined as the 
percentage  of the  total  lumens from the lamp pass-  
ing through an orange Wra t t en  No. 25 filter. In 
1953, t r ip le  si l icate phosphors  were  in t roduced in 
place of the sulfide phosphors  in 125-w quartz  
lamps. Red rat ios of about 6-7% were  obta ined with  
these ear ly  phosphors which had re la t ive ly  poor 
t empera tu re  response characteris t ics .  Improvements  
in t empera tu re  character is t ics  of these phosphors,  of 
the type  descr ibed above, have  led to an improve-  
ment  in red output  of some 20%, so that  red rat ios of 
about  8% are now obtained.  The improvement  in 
color render ing  over sulf ide-coated lamps is not 
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Fig. 3. Effect of f ir ing time on temperature response of 
tr iple silicate phosphor. Curve 1, tr iple silicate (3-hr f ir ing); 
curve 2, triple silicate (100-hr f ir ing); curve 3, 3 M g O ' l  
MgF2" GeO2(Mn). 
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Fig. 4. Change of spectral energy distribution of tr iple sili- 
cate phosphor (Mn bond) with temperature. 

fu l ly  reflected by  the increase in red ra t io  measu re -  
ments. The blue emission f rom the si l icate phos-  
phor  together  wi th  its r e la t ive  f reedom from body 
color gives a marked  improvement  in the blue and 
b lue -g reen  regions of the spectrum. The luminous 
efficiency and lumen main tenance  character is t ics  of 
these lamps follow closely tha t  of the lamp wi thout  
fluorescent coating and lamps of 125 w ra t ing  give 
100 hr efficiencies of about  40 ]pw. 

These resul ts  are obtained wi th  t r ip le  si l icate 
phosphors having  equimolecular  propor t ions  of Ba 
and Sr. If phosphors wi th  h igher  Ba to Sr rat ios are 
used, addi t ional  yel low l ight  is added and efficien- 
cies some 10% higher  can be obtained.  Al though 
the color render ing  proper t ies  are s l ight ly  degraded,  
the red rat io  figures are  not ma te r i a l ly  reduced.  
This may  be due to the increased sensi t ivi ty  of these 
phosphors  to short  u.v. radiat ion,  which resul ts  in 
a h igher  propor t ion  of fluorescence emission in 
lamps coated wi th  these phosphors.  

Discussion 

The addi t ion of compara t ive ly  minor  const i tuents  
to improve  the t empera tu re  character is t ics  of sev-  
eral  phosphor  systems is wel l  known. Froel ich  and 
Margolis  (9),  for example,  have shown tha t  cer tain 
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a lka l i  m e t a l s  can  i m p r o v e  the  t e m p e r a t u r e  c h a r -  
ac te r i s t i c s  of ca l c ium p h o s p h a t e s  a c t i v a t e d  w i t h  Ce 
and  Mn, a n d  h a v e  sugges t ed  t h a t  these  a d d i t i v e s  
m a y  p r o d u c e  a l a t t i c e  w i t h  f e w e r  vacanc ie s  or  d e -  
fects.  K l a s e n s  (5)  has  o b s e r v e d  s im i l a r  i m p r o v e -  
m e n t s  w i t h  M n - a c t i v a t e d  m a g n e s i u m  a r s e n a t e  
p h o s p h o r s  c o n t a i n i n g  Li.  T h e  effect  of s i l ica  con ten t ,  
in  t h e  t r i p l e  s i l ica tes ,  r e p r e s e n t s  a f u r t h e r  e x a m p l e  
of t he  i m p o r t a n c e  of s m a l l  changes  in  p h o s p h o r  
compos i t i on  on t e m p e r a t u r e  cha rac te r i s t i c s .  

As  d e s c r i b e d  above,  i n c r e a s e  in  s i l ica  con t en t  i m -  
p roves  t e m p e r a t u r e  d e p e n d e n c e  c h a r a c t e r i s t i c s  and  
r educes  t he  t e n d e n c y  to d i sco lor  d u r i n g  low t e m -  
p e r a t u r e  a i r  bake .  The  onse t  of m a r k e d  d i s c o lo r a -  
t ion  in  p h o s p h o r s  w i t h  low s i l ica  con ten t  a p p e a r s  to 
occur  at  t e m p e r a t u r e s  s o m e w h a t  h i g h e r  t h a n  those  
a t  w h i c h  p e a k  b r i g h t n e s s  of f luorescence  is a t t a ined .  
This  d i s co lo r a t i on  is b e l i e v e d  to c o r r e s p o n d  to a 
d i s p l a c e m e n t  of a c t i v a t o r s  f rom l a t t i ce  pos i t ions  a t  
e l e v a t e d  t e m p e r a t u r e s  w h i c h  is f o l l o w e d  b y  a s u p e r -  
ficial ox ida t ion .  Such  cond i t ions  m a y  be  e x p e c t e d  
to o b t a i n  in a l a t t i c e  w h i c h  is c o n s t r a i n e d  and  the  
func t ion  of a d d i t i o n a l  s i l ica  m a y  be  to r e l i e v e  such 
cons t ra in t s .  I t  may ,  for  e x a m p l e ,  p r o v i d e  m o r e  
r e a d i l y  for  t h e  i n c o r p o r a t i o n  of a c t i va to r s  into the  
l a t t i ce  or  i n d i r e c t l y  b y  c r e a t i n g  l a t t i ce  vacanc i e s  b y  
the  i n c o r p o r a t i o n  of a d d i t i o n a l  L i  ions  in to  t h e  l a t -  
t ice.  I n  e i t h e r  case, cond i t ions  m a y  be  c r e a t e d  in  the  

l a t t i c e  e q u i v a l e n t  to a l o w e r i n g  of a c t i v a t o r  concen -  
t r a t ion ,  and  w h i c h  migh t ,  t he re fo re ,  be  e x p e c t e d  to 
g ive  i m p r o v e d  t e m p e r a t u r e  cha rac te r i s t i c s .  The  r e -  
su l t s  t hus  l end  some  s u p p o r t  to t he  v i ews  of K l e m -  
en t  (10) t ha t  in  a g iven  p h o s p h o r  s y s t e m  t e m p e r a -  
t u r e  q u e n c h i n g  is d e p e n d e n t  on the  d e g r e e  of i so -  
m o r p h i s m  of t he  a c t i v a t o r  a n d  the  m a t r i x  la t t i ce .  

Manuscr ip t  rece ived  June  3, 1957. This pape r  was 
p repa red  for  de l ive ry  before  the  Washington  Meeting, 
May 12-16, 1957. 

A n y  discussion of this pape r  wil l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1958 
JOURNAL. 
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Zone Purification of Silicon 

E. A. Taft and F. H. Horn 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

A procedure  is descr ibed for the zone purif icat ion of high pur i ty  silicon 
using th in-wal led  quar tz  boats. Data  are  given tha t  show tha t  improved  life- 
t ime and more  un i form electr ical  res is t iv i ty  resul t  f rom the zone purif icat ion 
of commerc ia l ly  avai lab le  silicon. 

The  zone pu r i f i ca t ion  (1)  of h igh  p u r i t y  Si  in a 
boa t  p r e s e n t s  p r o b l e m s  no t  e n c o u n t e r e d  in  p r o c e s s -  
ing  the  less  c h e m i c a l l y  r e a c t i v e  Ge for  w h i c h  zone  
re f in ing  is a lmos t  a r o u t i n e  pu r i f i ca t ion  p roce du re .  
I t  is no t  n e c e s s a r y  to use  a b o a t  as in f loat ing zone 
pur i f i ca t ion  (2 ) ;  h o w e v e r ,  in such  a case  one  is 
l i m i t e d  to one m o l t e n  zone p e r  pass.  I t  is t he  p u r -  
pose  of th is  r e p o r t  to (a )  d e s c r i b e  a p r o c e d u r e  t h a t  
has  been  used  success fu l ly  to zone ref ine  h igh  p u r i t y  
Si  in  qua r t z ,  (b)  p r e s e n t  d a t a  to i nd i ca t e  w h a t  is 
a c c o m p l i s h e d  t h e r e b y ,  and  (c)  sugges t  some  of the  
p r e s e n t  l i m i t a t i o n s  to t he  process .  

In  o r d e r  to w o r k  out  a p rocess  one is f aced  w i t h  a 
c e r t a i n  n u m b e r  of v a r i a b l e s  t h a t  a f t e r  some e x -  
p l o r a t i o n  m u s t  be  a r b i t r a r i l y  fixed. In  the  case  of 
zone  re f in ing  these  a r e  (a )  m a t e r i a l s  for  the  boa t  
and  r e l a t e d  a p p a r a t u s ,  (b )  w o r k i n g  a t m o s p h e r e ,  (c)  
source  of hea t ,  a n d  (d )  the  f o r m  of s t a r t i n g  m a -  
te r ia l .  

Experimental 
Tests  us ing  se l ec t ed  r e f r a c t o r y  sulf ides,  n i t r ides ,  

ca rb ides ,  and  ox ides  i n d i c a t e d  t h a t  b e c a u s e  of d i r ec t  
a t t a c k  b y  m o l t e n  Si  a n d / o r  because  of the  i m p u r i -  
t ies  in  the  r e f r a c t o r i e s  o b t a i n a b l e ,  fused  c lea r  q u a r t z  
was  the  bes t  a v a i l a b l e  m a t e r i a l  for  t he  boat .  T h e r e  
a r e  c e r t a i n  c h e m i c a l  l i m i t a t i o n s  to t he  use  of q u a r t z  
t ha t  a r e  d i scussed  l a te r .  The  first  se r ious  di f f icul ty  
i n v o l v e d  in  t he  use  of q u a r t z  is m e c h a n i c a l .  Mo l t en  
Si we t s  qua r t z .  If  m o l t e n  Si  is a l l o w e d  to f reeze  in 
boa t s  of q u a r t z  of c o m m e r c i a l l y  a v a i l a b l e  th ickness ,  
c r a c k i n g  of t he  q u a r t z  and  Si  t a k e s  p l a c e  on cool ing  
the  sol id  Si  s ince  t he  coefficient  of t h e r m a l  e x p a n -  
s ion of q u a r t z  is c o n s i d e r a b l y  s m a l l e r  t h a n  t ha t  for  
St. N e v e r t h e l e s s  q u a r t z  m a y  be  e m p l o y e d  for  h a n d -  
l ing  Si  if u se  is m a d e  of t he  p l a s t i c  p r o p e r t i e s  of 
q u a r t z  and  St. A t  and  a b o v e  the  f r eez ing  po in t  of 
St, q u a r t z  is p las t i c ;  b e l o w  the  f r eez ing  po in t  of Si  
to a b o u t  1000~ (3) ,  in  w h i c h  t e m p e r a t u r e  r a n g e  
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quar tz  is neg l ig ib ly  plastic,  solid Si i tself  is plastic.  
The so lu t ion  to the  p r o b l e m  of us ing  qua r t z  to 
h a n d l e  m o l t e n  and  solid Si is to use as t h in  qua r t z  
as possible, in  pract ice  f rom 5 to 15 mils  thickness" 
depend ing  on the  size of equ ipmen t ,  and  to m a i n t a i n  
the t e m p e r a t u r e  of the  solid Si in  the plas t ic  r a nge  
t h r o u g h o u t  a process. This l a t t e r  r e q u i r e m e n t  m a y  
be me t  by  a proper  d i s t r i bu t i on  of heat .  

No ve ry  m a r k e d  differences in  the  f inal  p roduc t  
have  been  observed  whe the r  the  Si d u r i n g  zone re -  
f ining is m a i n t a i n e d  in  a v a c u u m  or in  a tmospheres  
of H, He, or A. The use of A requ i res  less power  
t h a n  H or He for hea t ing .  A lower  power  i n p u t  m a y  
be reflected in  a somewha t  lower  t e m p e r a t u r e  of 
the mo l t en  s i l i con-quar t z  interface.  This is i m p o r -  
t an t  as is discussed below. The use  of A is p re fe r red  
for this reason.  

I n d u c t i o n  hea t ing  has been  used t h r o u g h o u t  this  
work.  The source of power  has been  a 15-kw 450-kc 
Gene ra l  Electr ic  I n d u c t i o n  heater .  The power  ou t -  
pu t  was fi l tered to r emove  low f r e q u e n c y  com-  
ponen t s  tha t  cause ag i ta t ion  of the  l iqu id  zones. I t  
is not  essent ia l  to do this in  order  to zone mel t  the  
St; however ,  c rys ta l  g ra ins  grow to a s igni f icant ly  
la rger  size if the ag i ta t ion  is r emoved  by  the  use 
of a filter. 

High p u r i t y  Si is ob t a inab l e  in  e i ther  smal l  c rys -  
t a l l ine  aggregate  or "densif ied" fo rm?  Wi th  di rect  
i nduc t ion  coupl ing  the fus ion  of aggregates  or dens i -  
fled m a t e r i a l  in  a boat  is ve ry  difficult to accom-  
plish. I t  is easier to have  a s ingle  solid rod of Si to 
place in  the boat.  Such rods were  p r epa red  by  
m e l t i n g  together  the  c rys ta l l ine  aggregates.  

P r e m e l t i n g  is car r ied  out  in  a t h i n  wa l l  quar tz  
tube  in  the appa ra tu s  shown schemat ica l ly  in  Fig. 1. 
The m o l t e n  Si is b l a n k e t e d  by  a rgon  gas. As the  Si 
is added, the hea t ing  coils are  moved  u p w a r d  keep-  
ing about  1 in. of m o l t e n  Si on top of the  solid. The 
quar tz  t u b e  adheres  to the Si and  m u s t  be r e move d  
(HF so lu t ion)  before  proceeding  wi th  the zone re -  
fining. Typica l  p r eme l t  rods are shown in  Fig. 2, 
bo th  before  and  af ter  r e m o v i n g  the  quar tz  tube.  

Avai lable  t h rough  Genera l  Electric Company,  Cleveland Quar tz  
Works,  Cleveland,  Ohio. 

E. I. du Pont  de Nemour s  Company,  P i g m e n t s  Div i s ion ,  w a s  the  
malor  supphe r  of the  h igh  pur i ty  Si used in these  exper imen t s .  
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Fig. 1. Schematic arrangement for premelt ing Si crystals 
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Fig. 2. Photograph of (A) crystalline aggregate of Si; (B) 
thin quartz premelt tube; (C) premelt rod of Si with quartz 
tube adhering to surface; (D) premelt rod of Si with quartz 
removed; (E) thin quartz zone melt boat; (F) zone melted 
billet of SI. 
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Fig. 3. Schematic ar rangemen t  fo r  zone re f in ing  Si 

The a r r a n g e m e n t  for zone re f in ing  Si is shown 
schemat ica l ly  in  Fig. 3. A p p r o x i m a t e l y  400 g of Si 
is h a n d l e d  at a t ime  and  five zones are car r ied  
th rough  the  solid in  one pass. M o v e m e n t  of the  
zones at  the r a t e  of about  51/2 i n . / h r  has been  found  
sat isfactory.  The appea rance  of a zone ref ined b i l le t  
is shown in  the  pho tograph  of Fig. 2. Before  use, 
the quar tz  adhe r ing  to the Si m u s t  aga in  be re -  
moved  by  solut ion in  H r .  

Discussion 
In  o rder  to assess wha t  is accompl ished  by  the 

zone purif icat ion,  s ingle crys ta ls  were  g r ow n  f rom 
quar t z  crucibles  us ing  por t ions  of the zone ref ined 
ingot.  L i fe t ime  and  res i s t iv i ty  m e a s u r e m e n t s  we re  
made  a long the  l eng th  of the s ingle  crystal .  Some 
of these da ta  are g iven  in  Tables  I and  II. The  con-  

Table I. Lifetime and resistivity of crystals grown from 
zone refined Si ingot 

Resis t iv i ty  
ohm cm* L i fe t ime  ~sec 

Crysta l  
No. Descript ion Type  P~o P~ $1o T T 

91 Premel t  only P 
82 Zone melt  f ront  P 
83 2nd--10% P 
84 3rd--10% P 
85 4th--10% P 
86 Zone melt--50% P 

80 56 90 50 - -  
90 40 200 400 150 
90 40 >1000 750 400 
90 40 800 150 - -  
90 40 200 100 60 
90 40 140 100 60 

* Subscr ipt  d e n o t e s  p e r c e n t a g e  of g rown  crystal .  

Table II. Lifetime and resistivity of crystals grown from separate 
zone refined ingots from same lot of Si 

Resis t iv i ty  
ohm cm* Li fe t ime  ~sec 

Crysta l  Plo P~ 1; 
No. Descr ipt ion Type  lo T~o 

127 Densified Si n 20 2 100 100 
193 Zone melt  133 P 76 34 300 200 
195 Zone melt  134 P 90 50 300 200 
198 Z o n e m e l t  135 P 300 150 

* Subscr ip t  denotes pe rcen tage  of crystal  grown.  
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clusions reached  based on these  da ta  are va l id  for 
all  of the  work  done on zone ref ining.  

Al l  da ta  in  Tab le  I are  de r ived  by  us ing  the  same 
lot  of Si. Crys ta ls  g r o w n  d i rec t ly  f rom the  c rys ta l  
aggregates  of this lot con ta in  ba r r i e r s  which  m a k e  
res i s t iv i ty  m e a s u r e m e n t s  u n r e l i a b l e  as an  i n de x  of 
pur i ty .  The  l i fe t ime as d e t e r m i n e d  for regions  of 
the crysta ls  not  i nc lud ing  a b a r r i e r  was less t h a n  
20 ~sec. I t  is seen tha t  the p r e m e l t i n g  opera t ion  
a lone improves  the  qua l i t y  of the  Si. A more  s ign i -  
ficant i m p r o v e m e n t  is ob ta ined  af ter  zone pur i f ica-  
tion. In  par t i cu la r ,  the concen t r a t i on  of impur i t i e s  
tha t  sho r t en  the  l i fe t ime of the c rys ta l  appears  to 
be reduced.  The res i s t iv i ty  is no t  apprec iab ly  
al tered.  The  res i s t iv i ty  profiles of the crys ta ls  are  
cons is ten t  w i th  an  a s sumpt ion  of the  presence  in  
the  crys ta ls  of an  acceptor  i m p u r i t y  w i th  a segrega-  
t ion  coefficient nea r  u n i t y  such as is the case for 
boron.  If no B is i n t roduced  d u r i n g  the  process ing 
of the  Si, the  resul t s  suggest  tha t  the  donors  or ig-  
i na l l y  p resen t  are e i ther  vola t i le  or are r ead i ly  
segregated  d u r i n g  g rowth  of the  e v a l u a t i o n  crystal .  
This  s i tua t ion  is more  a p p a r e n t  f rom the  resul t s  of 
Tab le  II. 

The  da ta  in  Tab le  II are  all  for the  same lot  of Si 
bu t  the eva lua t ions  were  made  on crys ta ls  g rown  
f rom the  Si t aken  f rom the  same reg ion  of d i f ferent  
zone me l t  ingots.  These da ta  are compared  wi th  
those f rom an  eva lua t i on  crys ta l  g rown  f rom dens i -  
fled Si (w i thou t  zone ref in ing)  f rom the  same  lot. 
The  d o m i n a n t  i m p u r i t y  in  the  densif ied ma te r i a l  
was a donor,  the d o m i n a n t  i m p u r i t y  af ter  p r e m e l t -  
ing and  zone ref in ing  was  an  acceptor.  Process ing  
a p p a r e n t l y  removes  the  donor  impur i t i es .  L i fe t ime  
is aga in  seen to improve .  The consis tency of the  
resul t s  f rom separa te  opera t ions  suggests tha t  the  
final res i s t iv i ty  level  resul t s  f rom an  i m p u r i t y  whose  
segregat ion  coefficient is n e a r  un i ty .  

These  resul t s  of Si qua l i t y  a re  ind ica t ive  of w h a t  
is accompl ished  by  zone ref ining,  n a m e l y  (a) i n -  
creased l i fe t ime r e su l t i ng  f rom a subs t an t i a l  r educ -  
t ion  in  the  concen t r a t i on  of l i fe t ime suppressors  in  
Si, and  (b)  r educ t ion  of the  concen t r a t i on  of donors  
w i th  r e s u l t a n t  increased  u n i f o r m i t y  of m a t e r i a l  
f rom an  ingot,  or a lot, and  even  among  lots. 

It  was cons idered  des i rab le  to learn ,  p a r t i c u l a r l y  
w i t h  respect  to boron,  the  ex t en t  to wh ich  the  use 
of commerc i a l l y  ava i l ab le  qua r t z  m a y  cont ro l  the  
resul t s  of zone p u r i f y i n g  Si. In  order  to assess this  
possible  l i m i t a t i o n  it  is necessa ry  to k n o w  the  ra te  
of a t t ack  of fused qua r t z  by  m o l t e n  Si. This  was  
done by  d e t e r m i n i n g  the  loss in  we igh t  f rom cubes  
of fused quar tz  lef t  in  contact  wi th  m o l t e n  Si at 
severa l  t empera tu re s .  The a rea  of contact  b e t w e e n  
the qua r t z  and  Si is c lear ly  ind ica ted  by  the  r e -  
action. The weigh t  loss per  cm ~ per  hour  is p lo t ted  
as a f u n c t i o n  of the  Si t e m p e r a t u r e s  in  Fig. 4. Us ing  
the va lue  of 5 m g / c m ~ / h r  for the  r a t e  of reac t ion  
b e t w e e n  quar tz  and  m o l t e n  Si it  is es t imated  tha t  
about  101' boron  a t . /cc  of Si m a y  be dissolved d u r -  
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Fig, 4. Removal of  quartz by molten Si 

ing zone me l t i ng  for each p a r t  per  mi l l i on  of B in  
the  quar tz .  The B concen t r a t i on  in  the quar tz  used 
is of the  order  of t en ths  of par ts  per  mi l l ion .  In  
pract ice,  m a t e r i a l  w i th  a res i s t iv i ty  in  excess of 300 
ohm cm, or less t h a n  5 x 10 ~ ca r r i e r s / cc  has been  
realized.  The reac t ion  b e t w e e n  the quar tz  and  
m o l t e n  Si can be kept  at a m i n i m u m  by  keep ing  the  
l iqu id  Si at a t e m p e r a t u r e  as n e a r  the me l t i ng  t e m -  
p e r a t u r e  as is cons is ten t  w i th  conduc t ing  the  
process. 

In  add i t ion  to the  p r ob l e m of possible  B c o n t a m -  
i na t i on  by  the quar tz ,  Si me l t ed  in  qua r t z  appa ra tu s  
also conta ins  some oxygen  (4) .  In  this  respect  the  
Si zone ref ined in  qua r t z  differs f rom the  m a t e r i a l  
ob t a inab le  by  a p rocedure  such as the  f loat ing zone. 
If Si r e l a t i ve ly  free f rom oxygen  is requi red ,  the  Si 
zone ref ined in  quar tz  r ep resen t s  a c o n v e n i e n t  
fo rm of s t a r t i ng  m a t e r i a l  for app ly ing  the  f loat ing 
zone technique .  

Summary 
1. A p rocedure  for zone ref in ing  Si in  t h i n -  

wa l led  quar tz  is described.  
2. Zone ref in ing  Si has been  found  to i mprove  

l i fe t ime.  
3. Si l icon of more  cons is ten t  res i s t iv i ty  is r e a l -  

ized w i t h i n  an  ingot  or w i t h i n  a lot a f ter  zone p u r i -  
fication. The r e m a i n i n g  i m p u r i t y  behaves  l ike B. 

4. The use  of commerc ia l ly  ava i l ab le  qua r t z  does 
no t  necessa r i ly  cons t i tu te  a l i m i t a t i o n  on the  p u r i t y  
of the  zone ref ined Si if the  in i t i a l  concen t r a t i on  of 
the  poor ly  segrega t ing  i m p u r i t y  in  the  Si ( p r e sumed  
B) is l a rger  t h a n  a p p r o x i m a t e l y  5 x 10 ~ ca r r i e r s /  
cm ' (300 ohm cm) .  I t  should  be b o r n e  in  mind ,  
however ,  t ha t  Si processed in  qua r t z  is no t  f ree  of 
oxygen.  

Manuscript  received Aug. 19, 1957. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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A Fused Bath for Electrodeposition of Molten 
Cadmium-Indium Alloy 
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ABSTRACT 

A fused salt  ba th  for e lect rodeposi t ion of mol ten  cadmium- ind ium al loy is 
described,  f rom which  el l ipsoidal  beads of mol ten  al loy are  p la ted  onto wires  
used as leads to emi t te r  and collector e lectrodes of transistors.  Electrodeposi-  
t ion of mol ten  meta ls  can be ve ry  rapid,  and the deposits  are  smooth, dense, 
and nonporous.  The fused salt  bath,  conta ining 6% cadmium chloride,  56% 
indium monochloride,  and 38% zinc chloride,  by  weight,  is opera ted  at about  
260~ Tungsten anodes a re  used. Wi th  6 v d.c. applied,  a 2 mg  el l ipsoidal  
bead of cadmium- ind ium alloy of app rox ima te ly  eutectic composit ion can be 
deposi ted on a 0.5 mm wire  tha t  is immersed  a depth  of 1.5 m m  into the  
p la t ing  ba th  in about  4 sec. Under  these  conditions,  cur ren t  dens i ty  is of the  
o rder  of 40 a m p / c m  ~. The effect of ba th  composit ion and of p la t ing  conditions 
on a l loy composit ion and p la t ing  ra te  is discussed. 

In  t he  f a b r i c a t i o n  of t r ans i s to r s ,  for  e x a m p l e ,  
a l l o y e d - j u n c t i o n  and  s u r f a c e - b a r r i e r  types ,  e l ec -  
t r i c a l  connec t ions  m u s t  b e  m a d e  to t he  e m i t t e r  and  
co l lec to r  e lec t rodes .  I f  the  t r a n s i s t o r  e l ec t rodes  a r e  
i n d i u m  meta l ,  In  canno t  be  used  as a so lde r  s ince  
i t  is no t  d e s i r a b l e  to m e l t  t he  e l ec t rodes  d u r i n g  
so lder ing .  C a d m i u m - i n d i u m  eutec t ic  a l loy  (25% Cd, 
75% In, b y  w e i g h t )  m e l t s  a t  123~ The  m o l t e n  
a l l oy  r e a d i l y  we t s  In  in t h e  p r e s e n c e  of a s u i t a b l e  
f lux and  can  be  used  to so lde r  w h i s k e r  wi res ,  r i b -  
bons,  s t em leads ,  or  o t h e r  e l ec t r i ca l  connec t ions  to 
t he  e m i t t e r  a n d  co l l ec to r  e l ec t rodes  w i t h o u t  m e l t i n g  
the  In  e l ec t rodes  ( m p  157~ The  s o l d e r i n g  o p e r a -  
t ion is p e r f o r m e d  in a few seconds  a t  140~ in the  
p r e s e n c e  of a m i l d  flux. The  a l loy  is h a r d e r  t h a n  In  
me ta l ,  w i t h  the  r e su l t  t h a t  jo in t s  so lde red  w i t h  it 
a r e  c o n s i d e r a b l y  s t r o n g e r  t h a n  jo in t s  s o l d e r e d  w i t h  
In  a lone.  T r a n s i s t o r s  h a v i n g  I n  e l ec t rodes  s o l d e r e d  
w i t h  C d - I n  a l loy,  in  c o n t r a s t  to those  s o l d e r e d  w i t h  
S n - I n  a l loy,  can  be  c l e a n - u p  e t ched  in  ac ids  such 
as aqueous  so lu t ions  c o n t a i n i n g  HNO~ and  HF.  Cd +§ 
and  In  +++ ions  do no t  depos i t  c h e m i c a l l y  on t h e  Ge 
d u r i n g  the  c l e a n - u p  e t ch ing  process .  S ince  bo th  Cd 
and  In  a r e  m o r e  n e g a t i v e  t h a n  Ge in the  e l e c t r o -  
m o t i v e  ser ies  (1 -3 )  ( less  n o b l e ) ,  c h e m i c a l  d e p o s i -  
t ion  w o u l d  no t  be  expec t ed .  

Electrodeposition of Molten Cd-In Alloys 

S e v e r a l  m i l l i g r a m s  of C d - I n  a l loy  a r e  r e q u i r e d  
on the  ends  of e m i t t e r  and  co l lec to r  l eads  of t r a n -  
s i s tor  s tems.  (The  s t em consis ts  of t h r e e  l e a d  w i r e s  
h e r m e t i c a l l y  sea l ed  in  an  e q u i l a t e r a l  t r i a n g u l a r  
conf igura t ion  in  a g lass  base . )  Because  of t he  sens i -  
t i v i t y  of t r a n s i s t o r s  to c o n t a m i n a n t s ,  the  C d - I n  
so lde r  m u s t  b e  f ree  of  e n t r a p p e d  fluxes,  p l a t i n g  
solut ions ,  or  o t h e r  i m p u r i t i e s .  A r a p i d  process  was  
r e q u i r e d  for  p r o d u c t i o n  l ine  use. 

E x p e r i m e n t s  i n d i c a t e d  t ha t  ho t  d ip  " t i n n i n g "  of 
s t ems  in m o l t e n  C d - I n  a l l oy  p r o d u c e d  coa t ings  too 

th in  to be sa t i s f ac to ry .  E l e c t r o d e p o s i t i o n  of so lde r  
was  cons ide red  the  mos t  s u i t a b l e  app roach .  W i t h  
e l e c t r o d e p o s i t i o n  a n y  or a l l  of a g roup  of l e ad  wi re s  
s i m u l t a n e o u s l y  i m m e r s e d  in  t he  p l a t i n g  so lu t ion  can  
be  p l a t e d  and  d i f f e ren t  a m o u n t s  can  r e a d i l y  be  
p l a t e d  on e m i t t e r  and  co l lec to r  leads.  

E l e c t r o d e p o s i t i o n  of C d - I n  a l loys  f r o m  aqueous  
so lu t ions  r e s u l t e d  in  rough ,  po rous  deposi ts .  P l a t i n g  
r a t e s  w e r e  too low for  p r o d u c t i o n  use. 

E l e c t r o d e p o s i t i o n  of m o l t e n  m e t a l s  r e su l t s  in  
smooth ,  dense ,  n o n p o r o u s  depos i t s  w h i c h  a r e  f ree  
of p l a t i n g  b a t h  c o n s t i t u e n t s  (occ lus ions ) .  The  h igh  
su r f a c e  t ens ion  of t h e  m o l t e n  depos i t s  in  p l a t i n g  
ba ths  h a v i n g  a f lux ing  ac t ion  t ends  to affect  t he  
su r f a c e  a r e a  and  loca t ion  of t h e  m o l t e n  m e t a l  or  
a l l oy  deposi t .  F o r  e x a m p l e ,  on wi re s  he ld  v e r t i c a l l y  
d u r i n g  p l a t ing ,  t he  m o l t e n  depos i t  flows d o w n w a r d ,  
f o r m i n g  a smoo th  e l l i p so ida l  b e a d  of m o l t e n  m e t a l  
or  a l l oy  at  the  end  of t he  wi re .  

S ince  m o l t e n  depos i t s  in  an  ef fec t ive  f lux a r e  
c h a r a c t e r i z e d  on ly  b y  compos i t i on  a n d  t e m p e r a t u r e ,  
p l a t i n g  q u a l i t y  is una f fec t ed  b y  m a n y  of the  v a r i -  
ab les  w h i c h  m u s t  be  c a r e f u l l y  c on t ro l l e d  in o r d i n a r y  
aqueous  p l a t i n g  processes .  F o r  e x a m p l e ,  t he  l i m i t -  
ing  c u r r e n t  d e n s i t y  w h i c h  can  be  e m p l o y e d  is no t  
d e t e r m i n e d  b y  p l a t i n g  q u a l i t y  as w i t h  a q ueous  
p l a t i n g  ba ths ,  w h e r e  d e n d r i t i c  g r o w t h s  a r e  f o r m e d  
at  h i g h e r  c u r r e n t  dens i t ies .  

A n u m b e r  of m e t h o d s  h a v e  been  d e v e l o p e d  a t  th is  
l a b o r a t o r y  for  e l e c t r o d e p o s i t i n g  m o l t e n  m e t a l s  and  
a l loys  f rom p l a t i n g  b a t h s  o p e r a t e d  a t  t e m p e r a t u r e s  
a b o v e  the  m e l t i n g  po in t  of the  m e t a l  or  a l loy.  

Ba ths  d e v e l o p e d  for  e l e c t r o d e p o s i t i o n  of m o l t e n  
C d - I n  a l loys  a r e  of two  g e n e r a l  t ypes :  (a) Cd and  
In  sa l t s  d i s so lved  in  h i g h - b o i l i n g  p o l a r  o rgan ic  so l -  
ven t s  such  as  g lyce ro l ;  (b) fu sed  sa l t  so lu t ions  con-  
t a i n ing  Cd and  In  sal ts .  

In  genera l ,  t h e  p l a t i n g  b a t h s  d e v e l o p e d  a r e  effec- 
t i ve  f luxes for  base  m e t a l s  such as Ni  as w e l l  as fo r  
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Fig. 1. Typical transistor stems having leads plated with 
Cd-ln alloy. 

the  d e p o s i t e d  m e t a l s  and  a l loys .  Thus  good w e t t i n g  
of the  base  m e t a l s  is ob ta ined .  

Typical Operating Conditions 
The  fused  sa l t  b a t h  is p a r t i c u l a r l y  su i t ab l e  for  

p l a t i n g  w i r e s  5-40 mi l s  in  d i a m e t e r ,  w h e r e  a few 
m i l l i g r a m s  of C d - I n  a l loy  a r e  d e s i r e d  on each  w i r e  
or  lead.  The  p r e f e r r e d  ba th ,  con t a in ing  6% CdCl_o, 
56% InC1, and  38% ZnCI~ b y  we igh t ,  p l a t e s  m o l t e n  
C d - I n  a l loy  s e v e r a l  h u n d r e d  t imes  as fas t  as aqueous  
ba ths .  U n d e r  t y p i c a l  o p e r a t i n g  cond i t ions  the  p l a t -  
ing  b a t h  is m a i n t a i n e d  a t  2 5 5 ~ 1 7 7 1 7 6  a p l a t i n g  
p o t e n t i a l  of 6 v d.c. is a p p l i e d  b e t w e e n  the  ca thode  
and  a t u n g s t e n  anode .  F o r  60 m i l  i m m e r s i o n  of s t em 
leads  20 mi l s  in d i a m e t e r  (1.5 m m  i m m e r s i o n  of 
l eads  0.5 m m  in d i a m e t e r ) ,  p l a t i n g  t imes  of r o u g h l y  
2 a n d  4 sec a r e  s u i t a b l e  for  e l e c t r o d e p o s i t i o n  of 1 
and  2 m g  of C d - I n  a l loy  on e m i t t e r  and  co l lec to r  
leads,  r e spec t i ve ly .  P l a t i n g  c u r r e n t  a v e r a g e s  a b o u t  
2 a m p / l e a d .  U n d e r  these  condi t ions ,  c u r r e n t  d e n s i t y  
is of the order of 40 amp/cm ~. 

Typical plated whiskers and stems are shown in 
Fig. i. 

No Zn has been detected in Cd-ln alloys plated 
from CdCl~-InC1-ZnCl,_, fused salt baths. 

Experimental Results 
Cadmium-Indium Alloys 

The  C d - I n  s y s t e m  has  been  i n v e s t i g a t e d  by  
B e t t e r i d g e  (4 ) ,  C a r a p e l l a  a n d  P e r e t t i  (5 ) ,  V a l e n -  
t i n e r  (6 ) ,  and  W i l s o n  a n d  W i c k  (7) .  C a d m i u m  ( m p  
321~ a n d  i n d i u m  ( m p  157~ fo rm a eu tec t i c  
a l loy  c o n t a i n i n g  25% Cd and  75% I n  b y  weigh t ,  
m e l t i n g  at  123~ C a d m i u m - i n d i u m  a l loys  in the  
r a n g e  f rom n e a r l y  100% Cd to a b o u t  18% C d - 8 2 %  
In  b y  w e i g h t  have  s t r u c t u r e s  showing  the  eutec t ic ,  
and  thus  h a v e  a so l idus  t e m p e r a t u r e  of 123~ 
l i qu idus  t e m p e r a t u r e s  v a r y  f rom 321 ~ to 123~ 
Al loys  con t a in ing  less t h a n  a b o u t  18% Cd b y  w e i g h t  
have  so l idus  t e m p e r a t u r e s  f r o m  123 ~ up to 157~ 
as In  con ten t  increases .  A l l o y s  in  the  a p p r o x i m a t e  
r a n g e  f rom 50% C d - 5 0 %  In  to 20% C d - 8 0 %  In  
have  been  f o u n d  to flow at  t e m p e r a t u r e s  b e l o w  
130~ A l t h o u g h  some of these  a l loys  h a v e  a l i qu idus  
t e m p e r a t u r e  a b o v e  130~ a l l  h a v e  a so l idus  te rn-  
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p e r a t u r e  of 123~ and  a l l  w o u l d  consis t  of a t  l eas t  
67% l iqu id  p h a s e  at  130~ There fo re ,  a n y  a l loy  
in th is  compos i t i on  r a n g e  flows b e l o w  130~ and  is 
cons ide r ed  a s a t i s f a c t o r y  so lde r  for  In  me ta l .  

The  t e m p e r a t u r e  at  w h i c h  depos i t ed  a l loys  flow 
was  d e t e r m i n e d  b y  f l a t t en ing  e l l i p so ida l  beads  of 
a l loy  p l a t e d  on the  ends  of w i r e s  and  i m m e r s i n g  
t h e m  in a h e a t e d  f lux b a t h  w h i c h  was  s t i r r e d  v i g o r -  
ously.  A l l o y s  w e r e  cons ide r ed  to flow if  t h e  f l a t t ened  
a l loy  r e t u r n e d  to an  e l l i p so ida l  bead  of m o l t e n  a l l oy  
w i t h i n  3 sec a f t e r  i m m e r s i o n  in  a f lux b a t h  at  t h e  
p a r t i c u l a r  t e m p e r a t u r e  chosen.  A f lux cons i s t ing  of 
2% b y  v o l u m e  c o n c e n t r a t e d  HC1 ( 3 7 % )  in g lyce ro l  
is su i t ab le .  

B r e a k i n g  load  e x p e r i m e n t s  have  i n d i c a t e d  t h a t  
C d - I n  eu tec t ic  a l l oy  at  a n y  t e m p e r a t u r e  f rom 25 ~ 
to l l 0 ~  has  a g r e a t e r  t ens i l e  s t r e n g t h  t h a n  In  m e t a l  
a t  t he  s ame  t e m p e r a t u r e ;  i n d e e d  t h e  a l l oy  has  a 
g r e a t e r  t ens i l e  s t r e n g t h  at  l l 0 ~  t h a n  In  m e t a l  at  
r o o m  t e m p e r a t u r e .  C a d m i u m - i n d i u m  a l loys  m i g h t  
be  e x p e c t e d  to h a v e  a g r e a t e r  t ens i l e  s t r e n g t h  t h a n  
In  m e t a l  s ince  b i n a r y  a l loys  of In  w i t h  Pb,  Ag,  Cd, 
Bi, and  Sn have  been  r e p o r t e d  to h a v e  t ens i l e  
s t r e n g t h s  g r e a t e r  t h a n  t h a t  of In  at  r oom t e m p e r a -  
t u r e  (8 -10 ) .  

H u n d r e d - h o u r  c reep  s t r e n g t h  m e a s u r e m e n t s  m a d e  
at  100~ h a v e  s h o w n  t h a t  C d - I n  eu tec t ic  a l loy  has  
a s o m e w h a t  h i g h e r  c reep  s t r e n g t h  t h a n  In  m e t a l  a t  
IO0~ 

Fused Salt Bath for Electrodeposition o~ Molten 
Cadmium-Indium Alloys 

The  r e q u i r e m e n t s  of a fused  sa l t  b a t h  for  e l e c t r o -  
depos i t i on  of m o l t e n  C d - I n  a l loys  on Ni  w i r e s  a r e  
r a p i d  p l a t i n g  ra te ,  p r a c t i c a l  o p e r a t i n g  t e m p e r a t u r e ,  
f r e e d o m  f r o m  o b j e c t i o n a b l e  c rus t  fo rma t ions ,  r e a -  
sonab le  b a t h  life,  m i n i m u m  evo lu t i on  of fumes ,  a n d  
a b i l i t y  to act  as a s a t i s f a c t o r y  flux for  Ni  as we l l  as 
for  m o l t e n  C d - I n  a l loy.  

The  mos t  obv ious  choice  as a source  of In  ions  for  
a fused  sa l t  b a t h  is InCl, ,  w h i c h  m e l t s  a t  586~ b u t  
sub l imes  b e l o w  400~ The  on ly  a l k a l i  or  a l k a l i n e  
e a r t h  ch lo r ide  s y s t e m  w h i c h  could  s e rve  as a so lven t  
for  InCl~ was  the  LiC1-KC1 eutec t ic ,  m p  352~ A 
so lu t ion  of InC13 in m o l t e n  LiC1-KC1 eu tec t ic  f u m e d  
too m u c h  to b e  p rac t i ca l .  

I n d i u m  t r i c h l o r i d e  was  f o u n d  to d i s so lve  in  m o l t e n  
ZnCl_~. H o w e v e r ,  e l ec t ro lys i s  of a m o l t e n  so lu t ion  
of InCl~ in ZnCL a t  320~ r e s u l t e d  in ca thod ic  r e -  
duc t i on  of In +++ to In ++ and/or In + (indicated by 
formation of In metal by disproportionation when 
an electrolyzed bath was treated with water) but 
no In metal (or Zn) was deposited on the cathode. 
This is in agreement with the work of Coyle (12), 
who, upon electrolysis of a fused solution of InCl~ 
in ZnCL, obtained no deposit of In metal at the 

cathode. 

Molten InC1, mp 225~ was found to deposit 
molten In metal upon electrolysis. However, InC1 
is a relatively poor solvent for anhydrous CdCI~., 
tends to form crusts (oxides), and was a relatively 

poor flux for Ni. 

Molten InCl (rap 225~ and molten ZnC12 (mp 
275~ are miscible in all proportions. Cooling 
curves run on fused salt solutions of InCl and ZnCl~, 
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containing 50, 57, and 60% by weight  InC1, ind i -  
cated that  the InC1-ZnCI~ system forms a eutectic 
containing about  55-60% InC1 by weight,  mel t ing  
at roughly  145~ 

Cadmium chloride appears  to be more soluble in 
mol ten  solutions containing both InC1 and ZnCL 
than  in e i ther  of these alone. A solution containing 
60% InC1 and 40% ZnCI~ dissolves roughly  10% by 
weight  of CdCL at 200~ and dissolves more  than  
15% CdCI~ at  260~ [Molten ZnCI~ dissolves only 
15% by weight  CdCI~ at 305~ (11).]  

The presence of ZnCI~ in the  fused sal t  p la t ing  
bath  minimizes crust  format ions  and makes  the  ba th  
a more effective flux for base meta ls  such as Ni as 
well  as for the  molten Cd- In  alloy. 

A CdCI~-InC1-ZnCL ba th  containing 6% CdCI~, 
56% InC1, and 38% ZnCI~, by weight ,  may  be oper -  
ated at t empera tu res  f rom 200 ~ to about  320~ At  
t empera tu res  above 300~ fuming may  be objec-  
t ionable.  

Electrolysis  of mol ten  CdCL-InC1-ZnCI~ solutions 
at 250~ results  in e lect rodeposi t ion of mol ten  Cd-  
In al loys at the cathode;  no Zn has been detected 
in spectrographic  analyses  of the  e lectrodeposi ted 
alloys. Thus, in the solutions invest igated,  Zn ++ is 
sufficiently negat ive  in the e lec t romot ive  series com- 
pared  to Cd ++ and In + (or In ++ and In ~+§ tha t  ZnCL 
is capable  of serving as an iner t  solvent  for CdC12 
and InC1 wi thout  any reduct ion of Zn +§ ions to Zn 
meta l  occurr ing dur ing  electrolysis.  This might  be 
expected f rom the da ta  of Hamer,  Malmberg,  and 
Rubin (13), who ca lcula ted  the theore t ica l  decom- 
posit ion voltages of fused meta l  chlorides at var ious  
tempera tures .  

Preparation of Plating Baths 

The InC1 used in the p la t ing  solution is p r epa red  
by react ing anhydrous  InCL wi th  an excess of In 
meta l  at 300~ in an iner t  a tmosphere  to form 
mol ten  InC1 (mp 225~ Ind ium monochlor ide  p r e -  
pared  by this method has a monovalen t  In content,  
as de te rmined  by  the d ispropor t ionat ion  method,  
averaging  96-98% of theoret ical .  Min imum assay 
for acceptable  InC1 is 95%. 

Some InC1 has also been p repa red  by  react ion of 
anhydrous  HC1 gas wi th  excess mol ten  In me ta l  at  
about  300~ 

It  is necessary for fused salt  baths  which are  
opera ted  at high cur ren t  densit ies to be essent ia l ly  
anhydrous.  Otherwise  excessive bubbl ing  occurs at  
the cathode, caused by evolut ion of wa te r  vapor  as 
a resul t  of local hea t ing  at  the  cathode dur ing  
electrolysis  a n d / o r  by evolut ion of hydrogen  gas at  
the cathode. A considerable  amount  of wa te r  was 
found to be present  in CdCI~-InC1-ZnCI~ baths  p re -  
pa red  by  heat ing the const i tuent  salts to 250~ The 
pr inc ipa l  source of the wa te r  is the ZnCL; r eagen t -  
grade zinc chlor ide has an assay of about  95% ZnCL. 

While  wa te r  can be removed from fused salt  ba ths  
by  hea t ing  to about 450~ this p rocedure  resul ts  
in the format ion  of some insoluble ma te r i a l  since 
in the presence of wa te r  the meta l  chlorides are  to 
some extent  conver ted  to oxides a n d / o r  oxychlor ides  
wi th  evolut ion of HC1. It  was found that  complete ly  
clear,  anhydrous  CdCI~-InC1-ZnC12 fused salt  solu-  

tions could be p repa red  by  bubbl ing  anhydrous  HC1 
gas through the mol ten  ba th  at  about  360~ Any  
excess HC1 in the t r ea ted  mel t  is removed by  bub-  
bl ing dry  n i t rogen through the fused sal t  solution. 

The InC1 is t r ea ted  with  anhydrous  HC1 dur ing 
prepara t ion .  Cadmium chloride and zinc chloride in 
the  proper  propor t ions  are  heated to 360~ and 
t rea ted  wi th  anhydrous  HC1 to remove water ,  a t  
which t ime the correct  amount  of InC1 is added, and 
the CdCI~-InCI-ZnCL solution at 360~ is t r ea ted  
with  anhydrous  HC1 for a short  time. 

The fused salt  bath,  ana lyzed  for monovalent  In 
content  by  disproport ionat ion,  should assay not less 
than  93% of the  theore t ica l  amount  of InCl. 

Plating Apparatus 

St i r r ing  of fused salt  baths  dur ing  rap id  e lec t ro-  
deposi t ion of Cd- In  al loy is essent ial  in order  to 
insure  reproduc ib le  p la t ing of the  correct  amount  
of a l loy of sui table  composition. S t i r r ing  minimizes 
local deple t ion  of ions at  the electrodes and mini -  
mizes local hea t ing  at the cathode dur ing elec- 
trolysis.  I t  also enables  immersed  wires, which are 
to be plated,  to a t ta in  ba th  t empera tu re  quickly.  
This is especial ly impor t an t  when immers ion  depth  
is only s l ight ly  grea ter  than  the d iamete r  of the  
wi re  to be pla ted.  

A magnet ic  s t i r r ing appara tus  was used dur ing 
all  p la t ing  exper iments  descr ibed below. The mag-  
netic  s t i r r ing bar  was sealed in a P y r e x  tube.  
Ave rage  veloci ty  of p la t ing  ba th  past  cathodes and 
anodes was es t imated  to be of the order  of 10 
cm/sec.  Baths were  contained in P y r e x  vessels. 

Iner t  anodes are used in the fused salt  ba th  for 
e lect rodeposi t ing mol ten  Cd- In  alloy. Carbon anodes 
(spectroscopic graphi te )  may  be used at low cur-  
rents  but  d is in tegra te  r a the r  r ap id ly  at  high cur-  
rents,  and, therefore,  are not recommended.  Rhodium 
appears  to be a sa t is factory  ma te r i a l  for  anodes. 
Tungsten has been en t i re ly  sat isfactory as an anode 
mater ia l ,  and was used in al l  of the exper iments  
descr ibed below. 

The anode should be large  enough to minimize  
anodic polarizat ion.  Using a spi ra l  tungsten wire  
(0.1 cm d iamete r )  wi th  an effective length  of about 
30 cm as an anode, no apprec iab le  polar iza t ion  was 
evident  at cur rents  up to 4 amp. 

The anode should be located symmet r i ca l ly  wi th  
respect  to each of the s tem leads to be p la ted  so 
that,  wi th  equal  potent ia ls  appl ied  be tween  the 
anode and each lead to be plated,  equal  currents  
wi l l  flow through  each stem lead. Under  these con- 
dit ions the p la t ing  ra te  wi l l  be the same for each 
stem lead. Anodes  were  located roughly  1 cm from 
the wires  to be e lectroplated.  

If different  amounts  of Cd- In  al loy are  desired 
on emi t te r  and collector leads, this should be accom- 
pl ished by  employing  different  p la t ing  t imes ra the r  
than  by apply ing  different  potent ia ls  to emi t te r  and 
collector leads. This is done in order  to obtain al loy 
of the same composit ion on both leads. 

An iner t  a tmosphere  such as d ry  ni t rogen gas is 
passed over the surface of the p la t ing  ba th  to min i -  
mize oxide format ion  and air  oxidat ion of mono-  
va len t  indium. 
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Severa l  p la t ing baths,  pro tec ted  by  a n i t rogen 
atmosphere,  have  been ma in ta ined  at  250~ for 1 
week wi thout  apprec iab le  change in the al loy com- 
posit ion as de te rmined  by the flow t empera tu r e  of 
al loy p la ted  from the bath.  

Relationship between Bath and Plated Alloy 
Composition 

Successive increments  of CdC12 were  added to a 
fused salt  solution consisting of 60% InC1 and 40% 
ZnCI~ by weight.  Bath composit ion versus p la ted  
alloy composition, as de te rmined  by  EDTA t i t r a -  
tions, is shown in Table  I for a ba th  opera ted  at  
255~ Six volts d.c. were  applied.  P la t ing  currents  
were  about  the  same in each case. The approx ima te  
amounts  of Cd- In  al loy p la ted  in 10 sec on a 20-mil  
wire  immersed  60 mils into the ba th  are given in 
the table. Al l  percentages  are by  weight.  

The cathode area  of immersed  stem leads increases 
r ap id ly  as e l l ipsoidal  beads  of mol ten  Cd- In  al loy 
are  e lectrodeposi ted on the immersed  stem leads. 
Under  typica l  opera t ing  conditions (60 rail  i m m e r -  
sion of a 20 mi l  lead in the p re fe r red  ba th  at  255~ 
6 v d.c. appl ied)  the surface area  of the mol ten  
Cd- In  al loy at  the end of a 3-sec p la t ing  per iod is 
2 to 3 t imes as g rea t  as the or iginal  surface area  
of the immersed  lead. As the  area  of the mol ten  
Cd- In  al loy increased dur ing  plat ing,  the  cur ren t  
d r a w n  (at  constant  appl ied  vol tage)  also increased.  
For  this reason accurate  measurements  of cur ren t  
densi ty  were  not  possible. Curren t  densi ty  under  
the  typica l  opera t ing  condit ions descr ibed above is 
of the  order  of 40 a m p / c m  ~. 

In repea t  tests, baths  opera ted  under  the same 
conditions as those descr ibed above (255~ 6 v, 
tungsten anode) showed good reproduc ib i l i ty  of 
deposi ted al loy composition. 

Decrease in deposi t ion ra te  (amount  of a l loy de-  
posit  obta ined in a given t ime)  wi th  increase in 
cadmium chloride content  in the bath, as shown in 
Table  I, is ascr ibed in par t  to the  fact  that  the  re-  
duction react ion at the  cathode involves an increas-  
ing propor t ion  of Cd ++ ions, which have an equiv-  
a lent  weight  only half  as great  as tha t  of In + ions. 
As a result ,  even if the ca thode cur ren t  efficiency 
does not change, the weight  of meta l  deposi ted 
would drop somewhat  as the alloy deposit  becomes 
r icher  in Cd. 

EfJects of Plating Voltage on Alloy Composition 

In exper iments  where  a ba th  containing 6% CdCI~, 
56% InC1, and 38% ZnCI.~, opera ted  at  a t e m p e r a -  
ture  of 255~ was e lect rolyzed at  var ious  potent ia ls  

Table I. Effect of bath composition on electrodeposited alloy 
composition and deposition rate; bath at 255~ 6 v applied 

B a t h  compos i t ion  Depos i ted  a l loy 

Cd 
- - - x l 0 0  Compos i t ion  A p p r o x i m a t e  

%CdC12 %InC1 %ZnCle C d + I n  %Cd q u a n t i t y ,  m g  

0 60 40 0 0 95 
3 58 39 4 13 77 
6 56 38 8 28 63 
9 55 36 12 38 50 
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from 1.5 to 12 v, al loys flowing below 130 ~ were  
obta ined  in all  cases. Analys is  showed tha t  al loys 
p la ted  at  1.5 v contained 24% Cd, 76% In; alloys 
p la ted  at  6 v contained 27% Cd, 73% In. 

Potent ia ls  of 10 v or more  cause a considerable  
amount  of fuming due to local heat ing at  the 
cathode. 

Anode Reactions and Plating Bath Depletion 

Deplet ion tests on a ba th  containing 9% CdCI~, 
55% InC1, and 36% ZnCI~ by weight  indica ted  that  
about  5 g of Cd- In  al loy (equivalent  to about  1600 
t rans is tor  stems having  1 mg of al loy on the emi t te r  
lead and 2 mg on the collector lead)  can be p la ted  
f rom a 160-g ba th  before  the p la t ing  ra te  decreases 
not iceably.  P la t ing  was done at 260~ using 6 v d.c. 
Over 7 g of Cd- In  al loy was deposi ted wi th  l i t t le  
change in p la ted  al loy composition, as indicated by  
flow t empera tu re  de te rmina t ions  and by  EDTA 
t i t ra t ions.  P la t ing  cur ren t  remained  essent ia l ly  con- 
s tant  dur ing  deplet ion tests. 

The anode react ion dur ing  electrolysis  of fused 
CdCI: InCI-ZnCI~ baths  involves oxidat ion of mono-  
va lent  In ions to In ++ a n d / o r  In +++ ions. Whi le  this 
react ion decreases the opera t ing  l ife of the bath,  it  
complete ly  e l iminates  evolut ion of chlor ine  gas at  
the anode, which would be ve ry  undes i rab le  in 
many  appl icat ions of the bath.  The g radua l  increase 
in mul t iva len t  In  ions in the  ba th  dur ing electrolysis  
leads to lower p la t ing  rates. 

Tests in which successive increments  of InC13 
were  added  to a ba th  consist ing of 9% CdCl~, 55% 
InCl, and 36% ZnCl~ indica ted  tha t  p la t ing  ra te  
decreased because the cathode react ion In +++ -I- e- -~ 
In ++ a n d / o r  the  ca thode  react ion In ++ ~- e- -~ In + 
competed wi th  the desired react ions In + + e- -~ In 
and Cd § + 2e- -~ Cd. A solution containing 8% 
CdCI~, 46% InC1, 15% InCl,, and 31% ZnCI~ p la ted  
Cd- In  al loy less than half  as fast as a ba th  contain-  
ing 9% CdCI~, 55% InC1, and 36% ZnCI~, a l though 
pla t ing currents  were  about equal.  

If ind ium dichlor ide is formed at the anode dur -  
ing electrolysis,  e lectrodeposi t ion of 1 g of eutectic 
al loy (containing 25% Cd, 75% In, by  weight)  
resul ts  in oxidat ion  of 1.26 g of In + to In ++ at  the  
anode; if InCl~ is formed, 0.63 g of In* is oxidized 
to In *++. There is considerable  evidence (14) tha t  
indium dichloride ac tua l ly  exists  as In+InCl-~. 

Cleaning of Stems Plated in the Fused Salt Baths 

Stems p la ted  in the fused salt  ba th  can be  cleaned 
by immers ion  in ZnCI:NH~C1 eutectic flux at about  
250~ to remove the th in  coating of solidified 
pla t ing ba th  on the Cd- In  alloy. Stems should be 
immersed  deeper  into the flux than they  had been 
immersed  in the fused salt  bath.  Gent le  s t i r r ing is 
helpful  in removing all  of the  p la t ing ba th  f rom 
the surface of the Cd- In  alloy. The ZnCI:NH,C1 
eutectic flux (75% ZnCI~, 25% NH~C1, by  weight,  
mp 180~ is p r e p a r e d  by  heat ing the mix tu re  of 
ZnCI~ and NILC1 at  about  300~ unt i l  a c lear  solu-  
t ion is formed.  

The ZnCI:NH,C1 eutectic flux r inse is fol lowed 
by successive rinses in 3% acetic acid (3% by 
volume glacial  acetic acid in deionized wate r ) ,  cold 
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de ion ized  w a t e r ,  a n d  ho t  de ion ized  w a t e r  ( a b o u t  
80~ S t e m s  a re  d r i e d  in  air .  

In  some a p p l i c a t i o n s  d i l u t e  HC1 can  be  used  to 
r e m o v e  the  t h in  coa t ing  of so l id i f ied  p l a t i n g  b a t h  
f rom C d - I n  a l loys .  In  the  p r e s e n c e  of d i l u t e  HC1 the  
In  sponge  r e s u l t i n g  f r o m  d i s p r o p o r t i o n a t i o n  of t he  
fused  s a l t  b a t h  in  w a t e r  is d i s so lved  w i t h  e v o l u t i o n  
of h y d r o g e n  gas. C o n c e n t r a t i o n s  f r o m  0.01N to 0.1N 
HC1 a re  su i t ab le .  

Analytical Methods 

In  the  p r e s e n c e  of w a t e r  InC1 u n d e r g o e s  d i s p r o -  
p o r t i o n a t i o n  (14,15) to In  m e t a l  and  InCl ,  acco rd ing  
to t he  r e a c t i o n  3InC1 H~O 2In -t- In  §247247 + 3C1-. This  

> -  
r e a c t i o n  is the  bas i s  of the  d i s p r o p o r t i o n a t i o n  
m e t h o d  for  d e t e r m i n i n g  the  m o n o v a l e n t  In  con ten t  
of InC1 s amp le s  and  of CdCI~-InC1-ZnC12 ba ths .  

A w e i g h e d  s a m p l e  of InC1 or  of fused  sa l t  b a t h  is 
p l aced  in  s t i r r e d  w a t e r  to b r i n g  a b o u t  the  d i s p r o -  
p o r t i o n a t i o n  reac t ion .  The  aqueous  so lu t ion  is d e -  
c an t ed  f rom the  r e s u l t i n g  spongy  l u m p s  of In  me ta l .  
The  In  is m e l t e d  in  a m i l d  f lux such  as 10% NI-LC1 
in g l y c e r o l  to fo rm  a single,  dense  l u m p  of me ta l ,  
wh ich  is cooled  and  we ighed .  

E x p e r i m e n t s  h a v e  i n d i c a t e d  t h a t  the  d i s p r o p o r -  
t i ona t i on  r e a c t i o n  is q u a n t i t a t i v e .  S ince  bo th  Cd  a n d  
Zn  a r e  m o r e  n e g a t i v e  t h a n  In  in  t h e  e l e c t r o m o t i v e  
ser ies  (3,16),  the  p r e s e n c e  of CdCI~ and  ZnCI~ in 
the  fused  sa l t  b a t h  does not  i n t e r f e r e  w i t h  t h e  r e -  
ac t ion  in  a n y  w a y ;  t he  r e s u l t i n g  In  m e t a l  is s p e c t r o -  
scop ica l ly  f r ee  of Cd and  of Zn. 

I n d i u m  d i c h l o r i d e  also u n d e r g o e s  d i s p r o p o r t i o n a -  
t ion  (14,15) acco rd ing  to t he  r e a c t i o n  3 InCh  H,O In  

> - -  

+ 2In +++ + 6C1-. 
Since,  w i t h i n  t he  r a n g e  of a l l oy  compos i t i ons  

f rom 50% C d - 5 0 %  In  to 20% C d - 8 0 %  In, d e t e r -  
m i n a t i o n  of flow t e m p e r a t u r e  is no t  s u i t a b l e  for  
e s t i m a t i n g  a l loy  compos i t ions ,  a p r o c e d u r e  was  d e -  
ve loped  for  t i t r a t i n g  In  in  the  p r e s e n c e  of Cd  w i t h  
e t h y l e n e d i a m i n e t e t r a a c e t i c  ac id  ( E D T A )  solut ion.  
In  th is  p rocedu re ,  a modi f i ca t ion  of t h a t  d e s c r i b e d  
b y  F l a s c h k a  and  A m i n  (17) ,  t he  Cd ++ is c o m p l e x e d  
w i t h  excess  K C N  and  the  In +++ is t i t r a t e d  w i t h  
s t a n d a r d  E D T A  solut ion .  C a d m i u m  was  d e t e r m i n e d  
b y  d i f fe rence  based  on the  t o t a l  w e i g h t  of t he  C d - I n  
a l loy  a n d  b a s e d  on t i t r a t i o n  of b o t h  Cd ++ a n d  I n  §247247 
w i t h  EDTA.  No K C N  was  used  d u r i n g  the  t i t r a t i o n  
of Cd ++ + In +++. 

No Zn has been detected in spectrographic anal- 
yses of Cd-ln alloys plated from CdCI2-InCI-ZnC]~ 

baths. Detection limit was 0.0001% for Zn. 

Indium Recovery from Depleted Baths 

Since  t h e  b a t h  con ta in ing  6% CdC12, 56% InC1, 
and  38% ZnC1, con ta ins  43% In  m e t a l  b y  we igh t ,  
m e t h o d s  of r e c o v e r y  of d e p l e t e d  p l a t i n g  b a t h s  h a v e  
been  i nves t i ga t ed .  

In  the  m e t h o d  n o w  used  the  d e p l e t e d  b a t h  is 
h e a t e d  to a b o u t  280~ a n d  s l o w l y  p o u r e d  into  a 
l a r g e  b e a k e r  c o n t a i n i n g  r a p i d l y  s t i r r e d  de ion ized  
w a t e r  (a t  r oom t e m p e r a t u r e ) .  In  t he  r e s u l t i n g  d i s -  

p r o p o r t i o n a t i o n  reac t ion ,  t w o - t h i r d s  of the  m o n o -  
v a l e n t  In  a n d  o n e - t h i r d  of t h e  d i v a l e n t  In  in  t he  
b a t h  is c o n v e r t e d  to In  me ta l .  The  aqueous  so lu t ion  
is d e c a n t e d  f rom the  In  sponge,  w h i c h  is t h e n  m e l t e d  
u n d e r  a f lux of NI-LC1 in g l y c e r o l  to f o r m  a s ingle  
g l o b u l e  of In. The  In  is a l l o w e d  to cool  u n t i l  so l id i -  
fied a n d  is r i n s e d  w i t h  de ion ized  w a t e r .  No Zn or  
Cd was  d e t e c t e d  in s p e c t r o g r a p h i c  a n a l y s e s  of In  
m e t a l  s a m p l e s  r e c o v e r e d  in  th is  way .  O t h e r  i m p u -  
r i t i e s  w e r e  at  t he  s ame  l eve l  of c o n c e n t r a t i o n  as 
those  p r e s e n t  in t he  In  m e t a l  a n d  in the  InCl~ used  
to p r e p a r e  t he  InC1 used  in t he  f o r m u l a t i o n  of t he  
fused  sa l t  ba th .  

The  r e c o v e r e d  In  m e t a l  can  b e  used  to p r e p a r e  
InCl .  

The  aqueous  so lu t ion  f r o m  the  d i s p r o p o r t i o n a t i o n  
reac t ion ,  c o n t a i n i n g  Cd +§ In  §247 Zn  +§ and  CI-, can  be  
t r e a t e d  w i t h  Zn dus t  to r e c o v e r  In  scrap.  
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The Relationship between Thermal Decomposition in Vacuum and 
the Macrostructure of Alkaline Earth Carbonates 
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Physics Laboratory, Sylvania Electric Products Inc., Bayside, New York 

ABSTRACT 

The control of quality in electronic tubes processed by production equip- 
ment depends on numerous factors. Among these factors are those involving 
the time and temperature conditions for effective conversion of the cathode 
coating from the carbonate to the emitting oxide. A technique is described 
for evaluating the relative thermal decomposition properties of different 
cathode carbonates under simulated tube processing conditions. Various ob- 
servations on the relationship between the macrostructure of cathode car- 
bonates and the thermal decomposition behavior are described. 

One of the fundamenta l  chemical  react ions in-  
volved in the processing of a coated cathode tube is 
the  dissociation of the emission carbonate.  The t em-  
pe ra tu re  range  over which this is car r ied  out in-  
fluences a va r i e ty  of other  phenomena such as c rys-  
tal  growth,  evapora t ion  and diffusion of impur i ty  
elements  in both the base meta l  and bulk  oxide, and 
the format ion  of in ter face  compounds. Some p re -  
l iminary  studies of carbonate  b reakdown  have been 
car r ied  out and this paper  repor ts  on the method 
employed and the resul ts  obtained.  

Work on the double carbonates  (1) (Ba, Sr)  COs 
and on dolomite  (2,3), (Ca, Mg) CO,, indicates  tha t  
a mul t i s tep  process is involved in the conversion to 
the corresponding oxides. Studies of magnesi te  (4),  
MgCO~, decomposi t ion in a va r ie ty  of gaseous a t -  
mospheres  revea led  the mechanism of the  reaction.  
Wooten (5) has s tudied decomposit ion of single 
carbonates  in n i t rogen and in hydrogen  a tmos-  
pheres.  Invest igat ions  of CaCO, decomposit ion (6) 
and BaCO~ b reakdown (7),  as wel l  as double and 
t r iple  carbonates  under  vacuum conditions, have  
also been reported.  In no instance have two in-  
vest igators  employed ident ical  techniques for the 
s tudy of these reactions, and the da ta  repor ted  are 
not  adequate  in terms of the object ives in the cur-  
rent  program.  Among the ear l ies t  work  a t tempt ing  
to re la te  thermionic  emission with  the size of the 
carbonate  was that  of Benjamin  (8),  who repor ted  
that  small  carbonate  size favors higher  emission 
levels. Shimazu (9),  using sma l l - ang le  scat ter ing 
x - r a y  methods,  concluded tha t  small  oxide size 
yields  h igher  emission levels than do la rger  sizes. 
Genera l ly  the decomposit ion ra te  i tself  is only in-  
t roduced in terms of its dependency  on chemical  
composition, whereas  the growth  of the oxide crys-  
tal  is examined  in re la t ion to processing t ime and 
t empera tu re  conditions. Recent ly both the carbonate  
and oxide crys ta l  sizes have been s tudied in terms of 
thei r  effect on emission levels. Wright  (10) repor ted  
that  super ior  emission character is t ics  can be ex-  
pected from the smal ler  oxide crys ta l  size or ig ina l ly  
produced from la rger  carbonate  crystals.  This r e l a -  

t ion applies to carbonates  p rec ip i ta ted  by Na~CO~, 
but  holds only to a lesser ex ten t  for different  sizes 
of carbonates  p r epa red  by (NI-L)~CO~ prec ip i ta t ion  
owing to a "wider  size d is t r ibut ion"  in the la t te r  
case. 

The several  k inds  of double  and t r ip le  carbonates  
cur ren t ly  in genera l  use differ from one another  
both chemical ly  and physical ly .  The proper  choice 
of processing schedules for any  one of these is in-  
va r i ab ly  d ic ta ted  by the necessi ty for obta in ing 
complete  b reakdown  in m i n i m u m  t ime wi thout  de-  
s t roying the abi l i ty  of the coating to respond favor -  
ably  to subsequent  activation.  However,  qua l i ta t ive  
considerat ion is given to the influence of such fac-  
tors as coating composition, density,  weight ,  par t ic le  
size, and even the presence of reducing gases dur ing 
breakdown.  

Here the processing per formance  of coatings has 
been s tudied to establ ish relat ions be tween such 
proper t ies  as par t ic le  size, size dis t r ibut ion,  par t ic le  
shape, and coat ing density.  Per fo rmance  in this case 
means the re la t ive  ease wi th  which the rma l  decom- 
posit ion occurs under  a set of fixed t empera tu re  and 
t ime conditions. 

The general  procedure  employs a constant  ra te  of 
increase in t empera tu re  of P t  s t r ips  coated wi th  the 
carbonate.  An analysis  of the resul t ing  p ressure -  
t i m e - t e m p e r a t u r e  re la t ionships  provided  by each of 
the mater ia l s  u l t ima te ly  made  it possible to in t ro-  
duce a method of r ank ing  the carbonates  according 
to thei r  decomposi t ion performance.  In addi t ion to 
re la t ing  this per formance  to the macros t ruc ture  of 
the carbonates,  p r imar i l y  character ized by  Fisher  
sub-s ieve  sizer (F.S.S.) measurements ,  it  was also 
possible to eva lua te  the unique role  of coating den-  
sity. 

Experimental Procedure 
A hot - f i lament  ionization gauge technique made 

possible direct  measurement  of the pressure  of the 
the rmal  decomposi t ion products  and provided  re l a -  
t ive ly  s imple da ta  for analysis  of the resul t ing  pres -  
s u r e - t i m e - t e m p e r a t u r e  profile. This method  p ro -  
vided a prac t ica l  means for s tudying  carbonates  
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Fig. 1. Vacuum chamber containing sample and ionization 
gauge. 

t aken  d i rec t ly  f rom p roduc t ion  sources as we l l  as 
f rom those p r e p a r e d  here.  The  appa ra tu s  in  Fig. 1 
conta ins  an  ion gauge bu i l t  in to  a d e m o u n t a b l e  glass 
enve lope  p rov ided  wi th  power  and  the rmocoup te  
(Pt,  P t - R h )  leads. The  cy l indr i ca l  anode  was  of Ta. 
The  glass connec t ion  to the  oil diffusion p u m p  was 
located n e a r  the  uppe r  por t ion  of the  envelope.  The 
var ious  carbonates ,  in  s t a n d a r d  l acquer  suspensions ,  
were  sp rayed  on the  cen t r a l  sect ion of 0.002 in. P t  
strips. A the rmocoup le  j u n c t i o n  was  m a d e  a t  the  
m i d p o i n t  of the opposi te  side w i th  0.004 in. wires.  
These  were  welded  to 0.020 in. wires  of the  same 
ma te r i a l s  a f ter  the  P t  s t r ip was we lded  secure ly  to 
the power  leads of the  d e m o u n t a b l e  s tem s t ruc tu re  
wi th  the  coated side fac ing  the  ion gauge. 

The e x p e r i m e n t a l  me thod  had to a p p r o x i m a t e  the 
b r e a k d o w n  speed n o r m a l l y  employed  in  processing 
e x p e r i m e n t a l  or p roduc t ion  tubes  to be  of greates t  
value.  To do this  sys t emat i ca l ly  a se rvo-con t ro l l ed  
l i nea r  t e m p e r a t u r e s  scan ra te  of 13~ was  e m -  
ployed.  M a x i m u m  v a r i a t i o n  in  the  ra te  of t e m p e r a -  
t u r e  rise u n d e r  these condi t ions  was  about  +--2%. 
Other  essent ia l  r e q u i r e m e n t s  i nc luded  r ig id  cont ro l  
of coat ing densi ty ,  a r e l i ab le  th ickness  m e a s u r i n g  
technique ,  and  use of a r e l a t ive ly  smal l  mass,  t h i ck -  
ness  and  a rea  of the  coa t ing  u n d e r  test. 

C o n v e n t i o n a l  mic rome t r i c  methods  were  replaced  
by  microscopic e x a m i n a t i o n  (wi th  a bif i lar  mic ro -  
scopic eye piece)  of the  sp r ayed -coa t i ng  profile and  
pro jec t ion  of the  r e s u l t a n t  image  on a g round -g l a s s  
screen. The  ca l ib ra ted  l ines  and  ad ju s t ab l e  r e fe r -  
ence l ine  were  p ro jec ted  on the  screen s i m u l t a n e -  
ously  w i th  the  coat ing profile. This  me thod  e l imi -  
na tes  u n c e r t a i n t y  tha t  m i g h t  be due to apprec iab le  
sample  compress ion,  u sua l l y  abou t  15%. The  la rges t  
obse rvab l e  error ,  abou t  +-5 %, is an  u n a v o i d a b l e  con-  
sequence  of bo th  res t r ic ted  th ickness  ( abou t  0.001 
in . )  and  the  h igh degree  of sur face  roughness  i n -  
h e r e n t  in  l o w - d e n s i t y  coatings,  i.e., less t h a n  1 g/cc.  

The  m a i n  reason  for emp loy ing  a smal l  coat ing 
th ickness  was  to m i n i m i z e  the  t h e r m a l  g r ad i en t  
t h rough  the  b u l k  of the  sp rayed  coat ing d u r i n g  de-  
composi t ion.  T h i n n e r  coat ings are  m o r e  u n i f o r m  and  
are less l ike ly  to chip a w a y  f rom the  P t  str ip.  

P r e s s u r e - T i m e - T e m p e r a t u r e  Curves 

The usua l  p r e s s u r e - t i m e - t e m p e r a t u r e  r e l a t ion  
observed  w h e n  ca rbona tes  are hea ted  at l i nea r  t e m -  
pe ra tu re s  scan ra tes  is i l l u s t r a t ed  in  Fig. 2. S t a r t i n g  
at room t e m p e r a t u r e  and  at a fixed b a c k g r o u n d  
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Fig. 2. Typical pressure-time-temperature curves 

pressure  of 5 x 10 -~ ram, the  first peak  in  the  p res -  
s u r e - t i m e  curve,  abou t  2 x 10-' mm,  occurs as the  
t e m p e r a t u r e  approaches  200~ due to pa r t i a l  de-  
composi t ion  of the  b inde r .  The p ressure  falls, t hen  
s tar ts  to r ise at  abou t  600~ and  con t inues  u n t i l  a 
m a x i m u m ,  u sua l l y  1-3 x 10 -8 mm,  is reached  at  f rom 
800 ~ to 1000~ F r o m  t h e n  on, the  t e m p e r a t u r e  is 
p e r m i t t e d  to rise to l l 0 0 ~  a nd  is m a i n t a i n e d  at  
tha t  va lue  un t i l  the  final p ressure  of 5 x 10 4 m m  is 
reached.  

The  compar i son  of the b r e a k d o w n  behav io r  of 
va r ious  ca rbona tes  shown  in  T a b l e  I is based on 
severa l  charac ter is t ics  in  the decomposi t ion  curve  
jus t  described.  Of cons iderab le  in te res t  is the  t e m -  
p e r a t u r e  at which  the  m a x i m u m  pressure  occurs. 
These curves  cons t i tu te  a r e l a t ive  m e a s u r e  of the  
ra te  at which  decompos i t ion  proceeds;  they  should  
not,  however ,  be i n t e r p r e t e d  as t r ue  b r e a k d o w n  
t empera tu res .  The  p r e s s u r e - t i m e  curve  w id th  is 
r epor ted  in  t e rms  of the n u m b e r  of seconds r e q u i r e d  
for the  f i lament ,  s t a r t ing  at  a t e m p e r a t u r e  equ iva -  

Table |. Thermal decomposition data obtained for a variety 
of triple carbonates precipitated under different conditions 

F i s h e r  size B E T  size P e a k  press.  Decomp.  
T y p e  (~) (~) t e m p  ~ tzme (sec) 

C-3 3.05 0.97 871 68.6 
C-4 (1829) * 2.76 0.86 867 67.3 
C-4 (1698) * 2.63 0.89 863 66.5 
C-4 (1903) * 2.55 1.06 868 65.9 
C-4 (1904) * 2.40 0.64 869 66.9 
C-3,4 2.5 0.16 872 68.3 
C-3,4 1.92 0.27 873 71.6 
C-3,4 1.41 0.87 860 67.0 
C-3,4 13.5 0.63 945 77.7 
C-3,4 14.0 1.20 960 76.4 
C-10 (1455) * 1.21 0.64 843 66.0 
C-10 (1813) * 0.95 0.73 864 67.7 
C-10 (1948) * 1.20 0.83 859 66.4 
C-3,4 1.9 0.55 864 67.3 
C-3,4 1.4 0.26 858 66.3 
C-3,4 4.2 1.21 884 69.5 
C-3,4 4.0 1.16 883 68.0 
C-3,4 5.5 1.3 916 71.0 
C-3,4 6.3 1.7 900 69.6 

* T h e s e  s am p le s  w e r e  o b t a i n e d  f r o m  p r o d u c t i o n  ba t ches  of  Sy l -  
v a n i a ' s  T o w a n d a  T u n g s t e n  a n d  C h e m i c a l  Div i s ion .  The  r e m a i n i n g  
s p e c i m e n s  w e r e  l a b o r a t o r y  p r e p a r a t i o n s ,  
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lent  to a thermocouple  emf of 1 my, to reach a pres-  
sure of 5 x 10-' mm once m a x i m u m  pressure  has 
been at ta ined.  The es t imated  pumping  speed of the 
system is 3 l i ters /sec .  Condit ions affecting pumping  
speed remain  the same from one test  to another;  
consequent ly  the da ta  are s t r ic t ly  comparat ive.  
Subsequent  exper iments  showed tha t  the  peak  pres -  
sure reflected p r imar i l y  the  differences in sample  
weight ;  the t ime requi red  to reach the peak  re-  
flected p r imar i l y  differences in the  other variables .  

Average Particle Size of Carbonates before and 
after Ball-Milling 

It is known that  bal l  mi l l ing deagglomera tes  car-  
bonates  in suspension; in this connection Fig. 3 is 
of interest .  Microscopic observat ions  indicate  this 
effect to be especial ly evident  for spherical  part icles ,  
but much less appa ren t  when the or iginal  carbonate  
is in the form of needle l ike  part icles .  However ,  
when  deagglomera ted  suspensions were  examined  
af ter  they  had  been sprayed  on Pt  f i laments and 
heated in vacuum to 500~ the ca rbona te  consisted 
once again of essent ia l ly  reagg lomera ted  par t ic les  
as shown in Fig. 3c. Thus, the s imi la r i ty  be tween 
ini t ia l  and final physical  states p rovided  evidence 
that  no pe rmanen t  a l te ra t ion  in the degree of ag-  
gregat ion resul ts  from bal l  mill ing.  

Routine F.S.S. average  par t ic le  size de t e rmina -  
tions revea l  a high degree of un i formi ty  among 
batches of a pa r t i cu la r  species. However ,  surface 
area  measurements  do not show this same consist-  

Fig. 3. (o) A large agglomerate specimen of tr iple car- 
bonate (450 x); (b) same specimen shown af ter  ball milling 
(450 x); (c) some moter iol  shown af ter  being sprayed on o 
p lat inum filamen~ and heated to 500~ in vacuum (450 x). 
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ency for these same c a r b o n a t e s - - a  fact  p re sumab ly  
due to much grea te r  va r ia t ion  in the  micros t ruc-  
ture  of the surface than in the macros t ruc ture  of 
the ca rbona te  aggregates  which the sieve observes. 
The decompos i t ion-par t ic le  size re la t ionship  is more  
genera l ly  observed to be consis tent  wi th  Fisher  
size values than  wi th  par t ic le  size values  es t imated  
from B r u n a u e r - E m m e t t - T e l l e r  (BET) gas adsorp-  
t ion su r face -a rea  measurements .  

Some of the or iginal  l abo ra to ry  prepara t ions  were  
based on cer ta in  desired BET size ranges obta ined  
under  different  condit ions of precipi ta t ion.  How- 
ever, resul ts  on the basis of BET analysis  were  
complete ly  different  f rom those based on F.S.S. 
measurements .  Low power  microscopic examina -  
tion confirmed the presence of large  aggregates  tha t  
were  influencing the sieve measurements .  A series of 
carbonates  p repa red  at  different  prec ip i ta t ion  t em-  
pera tu res  but  under  o therwise  uni form conditions, 
gave be t te r  qual i ta t ive  agreement  be tween  the BET 
and F.S.S. average  par t ic le  size values.  However,  
electron microscopic examina t ion  using carbon r ep -  
licas revealed  ve ry  l i t t le  difference in the micro-  
s t ruc ture  of these specimens. Differences of a m a -  
croscopic na tu re  were  confirmed by low power  
microscopy. F igure  4 i l lus t ra tes  the re la t ion  be tween  
decomposi t ion (peak  pressure)  t empera tu re  da ta  
and the sieve mean  par t ic le  d iameters  of several  
product ion and l abora to ry  t r ip le  carbonates.  On the 
other  hand,  the  absence of corre la t ion be tween these 
decomposi t ion da ta  and mean  par t ic le  d iameters  
based on BET measurements  (Table I) points out 
the lesser impor tance  of the  micros t ruc ture  as a 
factor  in de te rmin ing  the decomposit ion rate.  

Thermal  decomposit ion da ta  and corresponding 
F isher  values obta ined for different  lots of the same 
type of product ion carbonate  were  consis tent ly re -  
producible.  This leads one to suspect tha t  repor ted  
instances of poor cathode processing re l i ab i l i ty  are  
re la ted  to factors other than par t ic le  size var ia t ion.  
Other  possible explanat ions  of observed nonrepro-  
ducible  cathode b reakdown per fo rmance  are  dis-  
cussed later .  

Effects of Differences in Coating Density, Weight, and 
Thickness on Thermal Decomposition of 

Triple Carbonates 
In addi t ion to the fact  tha t  smal l  par t ic les  de-  

compose more  read i ly  than  the la rger  ones, coating 
densi ty  is an influencing factor  under  cer ta in  condi-  
tions. 

A coating densi ty  l imi t  of 1 g/cc+--0.05 was m a i n -  
ta ined throughout  the prev ious ly  descr ibed tests be-  
cause there  were  no da ta  on the effect of densi ty  
var ia t ion  on the rmal  decomposit ion.  For  this  reason 
the s tudy of carbonate  decomposi t ion as a function 
of coating densi ty  was included.  The re la t ion be-  
tween bu lk  densi ty  and the rma l  decomposi t ion was 
s tudied on one ba tch  of smal l -s ize  t r ip le  carbonate  
and one of large size. Table  II i l lus t ra tes  two points 
of considerable  interest .  Firs t ,  var ia t ions  in bu lk  
densi ty  for smal l  average  par t ic les  significantly 
affect all decomposi t ion character is t ics ;  second, the  
decomposi t ion of la rge  average  par t ic les  is unaffected 
by coating densi ty  var ia t ions  of 30%. The carbon 
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Table II. Effect of bulk coating density on experimentally observed 
peak-pressure temperatures for chemically identical carbonates 

composed of large and small average particle diameters 

F i s h e r  S a m p l e  S a m p l e  T e m p e r a t u r e  
a v e r a g e  w e i g h t  t h i c k n e s s  C o a t i n g  (~ a t  peak  

pa r t i c l e  s ize  t~ x l 0  3 g xl0~ in.  d e n s i t y  g / c c  pressure 

1.85 0.33 1.23 0.895 848 
1.85 0.37 1.21 1.02 863 
1.85 0.43 1.23 1.17 889 
1.85 0.33 1.23 1.17 894 
6.3 0.44 1.77 0.83 912 
6.3 0.31 1.25 0.83 913 
6.3 0.37 1.25 0.99 917 
6.3 0.45 1.15 1.30 920 

repl ica  electron micrographs  reveal  no significant 
difference in thei r  micros t ructures ;  the  differences 
are  in the sizes of the aggregates.  

P e a k - p r e s s u r e  t empera tu res  observed for the 1.85t~ 
(F.S.S.) carbonate  were  found to be independent  
of sample  weight.  Severa l  samples were  coated to 
the same weight  and density,  then some of the coat-  
ing was removed  from some of the  samples. Al though 
the pressure  var ia t ions  dur ing decomposit ion re-  
flected the lower sample  weight,  the t e m p e r a t u r e  
at peak  pressures  remained  unchanged.  

The influence of coating thickness var ia t ions  was 
subsequent ly  demons t ra ted  for one small  (Fisher  
mpd  ~ 1.85tL) and one large  par t ic le  size (F isher  
mpd  = 6.3t~) carbonate ;  two groups of the 6.3tt 
carbonate  were  sp rayed  to different coating weights  
of constant  densi ty  (0.83 g /cc) .  The heavier  samples 
were  also th icker  as indica ted  by  the or iginal  
dimensions as shown in Table II. By removing ap-  
p rox ima te ly  one th i rd  of the coated area  it was 
possible to e l iminate  the  weight  difference. No effect 
due to thickness differences was noted, since the 
t empera tu re  for peak  pressure  remained  the same 
as in the or iginal  tests. On the other  hand, when 
two groups of small  par t ic le  size carbonates  were  
sprayed  to the  same density,  bu t  wi th  different  
thicknesses (0.00121 in. and 0.00137 in.) ,  the peak -  
pressure  t empera tu re  was significantly higher  for 
the th icker  samples. The the rmal  decomposit ion 
behavior  of the smal ler  par t ic les  thus appears  to be 
h ighly  sensit ive to both thickness and densi ty  va r i a -  
tions. 

Decomposition of Individual Carbonate Particles 
Reduced par t ic le  size usual ly  resul ts  in increased 

decomposition,  as noted by Bi rcumshaw and Newman 
(11) in their  studies of the the rmal  decomposit ion 
of ammonium perchlorate .  Genera l ly  speaking,  this 
is the resul t  of shor ter  diffusion paths. The special 
p rob lem of decomposi t ion gas flow impedance  due 
to the re la t ive ly  small  pore dimensions found in 
coatings composed of small  sized par t ic les  must  be 
considered. Here  the r a t e  of hea t  t ransfe r  by  "gase-  
ous conduction" becomes dependent  on the d imen-  
sions of the pores which make  up about  75% of the 
total  vo lume of a 1 g/cc  densi ty  coating. For  a 
given sp ray  condition, the packing  factor  depends 
la rge ly  on such proper t ies  as par t ic le  size, degree 
of agglomerat ion,  par t ic le  shape, and par t ic le  dis-  
t r ibut ion.  The random na tu re  of the packing re-  
sul t ing from spray ing  means  that,  for a given bulk  

density,  the smal ler  par t ic les  form a c lose-packed 
ar ray .  Moreover,  this close packing is ex t r eme ly  
sensi t ive to spray  conditions and bulk  densi ty;  con- 
sequent ly  b reakdown speed is re la ted  to both factors. 
When the pore dimensions produced by  la rger  
agglomerates  are  sufficiently large,  the same coating 
densi ty  l imi ta t ions  do not app ly  and diffusion of the 
decomposit ion gases is not so seriously impeded.  

Conclusions 
1. Despite macros t ruc ture  i r regula r i t i es  observed 

in l abora to ry  and product ion carbonates,  the  Fisher  
size de te rmina t ion  method appears  to character ize  
the average  par t ic le  size in a manner  tha t  is re la ted  
to the  the rmal  decomposi t ion characteris t ics .  Car-  
bonates  other than those wi th  needle l ike  and rod-  
l ike forms appear  to be h ighly  aggregated.  Each 
por t ion of any such aggregate  is itself composed of 
stil l  smal ler  s t ructures  which are not yet  the u l t i -  
mate  crystal l i tes .  This complex micros t ruc ture  ap-  
pa ren t ly  accounts for the large surface area  values 
genera l ly  obta ined by  the BET method.  

2. Smal l  aggregates  decompose more read i ly  
than do the la rger  aggregates  under  the exper i -  
men ta l  condit ions descr ibed here. 

3. Sprayed  coatings of normal  bulk  densit ies 
made from carbonates  p rec ip i t a ted  as rod-shaped,  
we l l -o rde red  crystals  exhib i t  a more sluggish re-  
sponse dur ing  the rmal  decomposit ion than do the 
convent ional  carbonates.  The effect is measurable ,  
but, at  the same time, can only be exp la ined  t en ta -  
t ive ly  on the basis of the higher  s tabi l i ty  inheren t  
in we l l -o rde red  crystals .  

4. Ball  mil l ing procedures  deagglomera te  aggre-  
gates of spherical  carbonate  part icles,  but  the shear -  
ing forces involved are insufficient to apprec iab ly  
f rac ture  rods or needles. Subsequent  spray ing  ap-  
pears  to reagg lomera te  those wi th  spher ical  habi ts  
so that  the resul t ing  sprayed  coating essent ia l ly  
resembles  the or iginal  macros t ruc ture .  

5. Under  the conditions of measurement  em-  
ployed, a coating of high densi ty  comprised of small  
size par t ic les  al ters  those decomposit ion charac te r -  
istics which normal ly  dis t inguish the  smal ler  size 
mate r ia l s  from the la rger  ones (Table  I I ) .  Cathodes 
using la rger  par t ic les  b reak  down more s lowly at 
ra tes  which are re la t ive ly  insensi t ive to coating 
densi ty  var ia t ions .  

6. The observed differences in the rmal  decom- 
posit ion be tween par t ic les  of different  sizes persis t  
even when the l inear  t empe ra tu r e  scan rates  a re  
decreased or increased by factors of two. Such con- 
sistent differences can become po ten t ia l ly  crit ical,  
f rom a prac t ica l  point  of view, as a direct  conse- 
quence of the increased tube processing ra tes  and 
accompanying reduct ion in the t ime ava i lab le  for 
breakdown.  
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APPENDIX 
A series of reproducibi l i ty  tests was carried out, 

early in the program, using one of the production triple 
carbonates. The batches of coated filaments were pre- 
pared at different times from individual ly  baH-milled 
suspensions of the same powder. The two coatings 
differed with respect to their  bu lk  densities by 4.3%. 
The sample weights had a 2.2% difference, and the 
coating thickness var iat ion was 2.5%. Examinat ion  of 
the pressure-t ime curves for six samples in each test 
batch revealed that  the average peak pressures were 
1.82 • 10 -~___ 0.05 • 10 -3mm and 1.83 • 10 -8_0.09 • 
10 ~ mm, respectively. The corresponding average 
temperatures  at these pressure peaks were 878 ~ and 
876~ The decomposition times (see text) were 70.6 
and 67.3 sec. While individual  results in each batch 
showed deviations from the average of 1 to 5%, the 
difference between batches was only about 1%. The 
production carbonate used in these tests continued to 
serve as a control mater ia l  with which the rel iabil i ty 
of the over-all  test equipment  and procedure were 
checked periodically. 

Zone Melting and Crystal Pulling Experiments with AISb 
W. P. AIIred, Bernard Paris, and M. Genser 1 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

It has been found that  high-resist ivity AISb ingots result  from the zone 
refining of the compound in  ALO. crucibles. Distr ibut ion coefficients of the 
spectroscopically observed impuri t ies  in A1Sb were found to be 0.1 and smaller. 
Resistivity and Halt coefficients have been determined for some single-crystal 
specimens cut from the zone-melted ingots. Single crystals of A1Sb have been 
grown by pul l ing  from the melt. These crystals exhibited low resistivities. 
The mobil i ty  for holes in the crystals has been found to range between 300 
and 500 cm~/v-sec. 

Of the n i n e  Group  I I I - V  semiconduc t ing  i n t e r -  
meta l l i c  compounds ,  AISb, GaAs, and  I n P  are of 
ma jo r  in te res t  for use in  the f ab r i ca t ion  of sol id-  
s tate  rectifiers and  t ransis tors .  A cons iderab le  
a m o u n t  of work  has been  done  r ecen t ly  on the  
pur i f ica t ion  and  growth  of s ingle  crys ta ls  and  on 
the s tudy  of the e lect r ical  p roper t ies  of the com-  
pounds  (1) .  In  this  paper ,  the p r e p a r a t i o n  of A1Sb 
b y  zone me l t i ng  and  the g rowth  of AISb crysta ls  by  
crys ta l  pu l l i ng  a re  described.  

Zone Melting of AISb 
Zone m e l t i n g  is cons ide rab ly  more  difficult to 

app ly  to A1Sb t h a n  to Ge because  A1Sb tends  to wet  
commerc i a l l y  ava i l ab le  cruc ib le  mater ia l s .  A slow 
reac t ion  b e t w e e n  A1Sb and  g raph i t e  at h igh t e m -  
pe ra tu re s  resul ts  in  the  fo rma t ion  of AhC~ an d  free 
Sb. The  con t i nued  passage of a m o l t e n  zone a long 
the  l eng th  of the me l t  d i s t r ibu tes  these reac t ion  
products  t h r o u g h o u t  the  ingot.  Mater ia l s  o ther  t h a n  
g raph i t e  tha t  have  been  s tudied for use as crucibles  
are  BN, Si3N,, Ta, MgO, and  AI~O~. Except  for dense  

z P re sen t  addres s :  I n t e r n a t i o n a l  B u s i n e s s  Mach ines ,  Inc. ,  P o u g h -  
keeps ie ,  N. Y. 

AI~O,, these crucibles  e i ther  reac ted  w i th  the me l t  
or caused excessive doping  of the  ingot.  

The  A1Sb was zone me l t ed  in  the  a ppa r a t u s  i l lus -  
t r a t ed  in  Fig. 1. This  a r r a n g e m e n t  is s imi la r  to t ha t  
used by  Schell  (2) .  The w i r e - w o u n d  fu rnaces  p ro -  
v ide  an  a m b i e n t  t e m p e r a t u r e  of a p p r o x i m a t e l y  
800~ Hea t ing  of the  s u r r o u n d i n g s  p r even t s  c rack-  
ing  of ALO3 boats  because  of s u d d e n  t e m p e r a t u r e  
changes  d u r i n g  the  course of the zone m e l t i n g  and  
also p r e v e n t s  the  condensa t ion  of Sb vapor  on the 

1 1 I 
wlrm-W~d 

Furnaces D~mc~on of puJl 

Fig. 1. Apporotus for zone melting AISb 
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cold walls  of the enclosing Vycor vessel. Special  
equipment  d rew the tube containing the graphi te  
sleeve, boat, and contents through the induct ion coil, 
r e tu rned  the tube to s ta r t  another  pass, and counted 
the number  of passes. 

The compound was p repa red  by heat ing stoichio- 
met r ic  propor t ions  of A1 and Sb s l ight ly  above the 
mel t ing  point  of A1Sb. At  this t empera tu re ,  the 
react ion proceeds rapidly .  At  the  end of the exper i -  
ment,  the ingot  of A1Sb adheres  s t rongly  to the 
boat;  large lumps of A1Sb could be cut away  from 
the boat  wi th  a SiC wheel.  

The A1 and Sb used for the p repa ra t ion  of the 
compound were  zone mel ted  pr ior  to use. Spect ro-  
graphic  analysis  indica ted  tha t  the concentra t ion of 
such impur i t ies  as Mg, Si, Fe, and Cu var ied  in an 
AI ingot from 1-2 ppm near  the front  of the ingot 
to 10-20 ppm near  the rear.  The Sb contained less 
than 20 ppm impuri t ies .  

The ingots are po lycrys ta l l ine  since the ma te r i a l  
wets the boat,  and crys ta l  growth can be seen to 
s ta r t  at  the  sides of the crucible  and proceed toward  
the center.  However,  if the  last  zone-mel t ing  pass 
is carr ied  out s lowly (1-2 in . /h r )  and if the f reez-  
ing in ter face  is p rope r ly  shaped (convex into the 
mel t )  in the center  of the crucible,  single crysta ls  
can be found which are sui table  for Hall  specimens. 
Unfor tunate ly ,  these large  crys ta l l i tes  seldom occur 
near  the f ront  of the boat  where  the highest  res is-  
t iv i ty  ma te r i a l  is found. 

Resis t iv i ty  profiles were  measured  by  the four -  
probe  method.  Resist ivi t ies  de te rmined  by  this 
method are genera l ly  an order  of magni tude  grea te r  
than those measured  on s ing le -c rys ta l  Hal l  speci-  
mens. This is thought  to be caused by the gra in  
boundary  resis tance of the zone-mel ted  po lyc rys ta l -  
line ingot. 

F igure  2 is the  res is t iv i ty  profile of a typical  zone- 
mel ted  ingot. The res is t iv i ty  decreases f rom over 
l0 s ohm-cm at the front  to 10 -~ ohm-cm at the rear .  
The ent i re  ingot was p - type ,  as shown by the sign 
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Fig. 2. Resistivity profile of an ingot of AISb after twenty 
zone-melting passes. 
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Table I. Electrical properties of some single-crystal specimens 
cut from a zone-refined AISb ingot 

Hal l  Ha l l  
Specimen R e s i s t i v i t y ,  coefficient ,  m o b i l i t y ,  /~/h 

No. o h m - c m  cm~/eoulomb em2/v-sec  holes/cm~ 

H-1 5.5 1650 250 4.3 X 101~ 
H-2 3.0 1100 310 6.5 • 104 
H-3 1.6 530 280 1.3 X 101~ 
H-4 1.0 360 310 2.0 X 10 TM 

H-5 0.15 79 450 9.0 X 101~ 
H-6 0.35 190 460 3.8 X 1016 

of the thermoelect r ic  effect. This ingot was given 
20 passes of zone mel t ing;  the zone width  was about  
5 cm and the ingot length  was 20 cm. 

The res is t iv i ty  profiles of many  zone-mel ted  ingots 
were  shaped as in Fig. 2. However,  the  resis t ivi t ies  
of the  front  por t ion of the ingot  var ied  be tween 
10 ohm-cm and more than  10 ~ ohm-cm.  These va r i a -  
tions in res is t iv i ty  profiles m a y  be a t t r ibu ted  to the 
var ia t ion  in p u r i t y  of the A] used in p repa r ing  the 
ingots. Likewise,  because A1 of h igher  pu r i ty  was 
used in p repa r ing  the compound pr ior  to zone mel t -  
ing, the considerably  higher  resis t ivi t ies  which were  
observed over those repor ted  by  Schell  may  be 
explained.  Spec t rographic  analyses  of specimens of 
the compound cut f rom the front,  center,  and rea r  
regions of a zone-mel ted  ingot revea led  Mg in a 
concentra t ion of 2 ppm in the  rea r  of the ingot. It 
is known tha t  the boats used for the zone mel t ing 
contained a few tenths  of a per  cent of MgO. This 
could be the source of the Mg in the ingot. 

Table  I shows some typica l  res is t ivi t ies  and Hall  
coefficients de te rmined  on s ing le -c rys ta l  specimens 
cut from a zone-ref ined ingot. Samples  were  cut 
f rom the front  (first to crysta l l ize)  half  of the  ingot  
wi th  H-1 being the sample  neares t  the f ront  of the 
Al~O~ boat. The genera l  decrease in Hal l  mobi l i ty  
as the res is t iv i ty  increases suggests tha t  the ex-  
t r emely  h igh- res i s t iv i ty  ma te r i a l  often observed 
near  the  front  of the ingot may  be due to com- 
pensation.  The res is t iv i ty  and Hal l  coefficient of 
Specimens H-2, H-3, and H-4 were  de te rmined  as 
a function of t empera tu re  (Fig. 3 and 4). 

Dist r ibut ion  Coef f i c ien ts  of Some Impur i t ies  in A I S b  

Impur i t ies  no rma l ly  found in the A1 were  s tudied 
to de te rmine  if the h igh- res i s t iv i ty  ma te r i a l  ob- 
served in the  zone-ref ined ingots was the resul t  of 
compensat ion due to an n - t y p e  impur i ty  wi th  a dis-  
t r ibut ion  coefficient g rea te r  than  unity.  Pfann ' s  
equation (3) describes the d is t r ibut ion  of a solute 
along the length  of a zone-mel ted  ingot af ter  one 
pass, when the solute is added to the first zone)  The 
equat ion is 

C = kCoe -~x/L 

where  C is the  concentra t ion of solute in the solid, 
k is the d is t r ibut ion  coefficient, Co is the concentra-  
t ion of solute added to the first zone, L is the zone 
width,  and x is the dis tance along the ingot. In 
cases where  k is small,  the exponent ia l  reduces  to 
uni ty  and k can be de te rmined  s imply as the  rat io  
of the concentra t ion in the solid to the ini t ia l  l iquid 

1 This  process  is r e f e r r ed  to as "zone  l e v e l i n g " .  
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Fig. 3. Variation of resistivity of zone-melted AISb with 
reciprocal temperature. 
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Fig. 4. Variation of Hall coefficient of zone-melted AISb 
with reciprocal temperature. 

concen t r a t ion .  W h e r e  k is a p p r e c i a b l e  ( > 0 . 0 1 ) ,  t h e  
c o n c e n t r a t i o n  of so lu t e  wi l l  be  h i g h e r  in  t he  f irst  
zone and  w i l l  d e c r e a s e  t o w a r d  the  r e a r  of t he  ingot .  
By  p l o t t i n g  in  C as a func t ion  of x/L,  the  n e g a t i v e  
of the  s lope  of the  l ine  is t he  d i s t r i b u t i o n  coefficient.  

In  i m p u r e  A1Sb, the  fo l l owing  i m p u r i t i e s  a r e  
u s u a l l y  o b s e r v e d  s p e c t r o g r a p h i c a l l y :  Mg, Si, Fe ,  Cu, 
B, Ag,  Pb ,  V, Ni, Mn, Ti. The re fo re ,  these  m e t a l s  
w e r e  a d d e d  to t h e  f r o n t  zone in  a z o n e - l e v e l i n g  
e x p e r i m e n t .  S p e c i m e n s  of t h e  d o p e d  ingo t  w e r e  
a n a l y z e d  s p e c t r o g r a p h i c a l l y  and  the  d i s t r i b u t i o n  co-  
efficients w e r e  d e t e r m i n e d  as above .  O r d e r  of m a g -  
n i t u d e  v a l u e s  for  k w e r e  o b t a i n e d  a n d  a re  g iven  in 
T a b l e  II .  

The  d i s t r i b u t i o n  coefficients of Mg, Si, Fe,  a n d  Cu 
w h i c h  a r e  u s u a l l y  p r e s e n t  in a f ew  p p m  a re  s ig -  
n i f i can t ly  less t h a n  one and,  hence,  these  i m p u r i t i e s  

Table I I. Approximate distribution coefficients 
of some impurity elements in AISb 

E l e m e n t  Distr ibut ion coefficient,  k 

Mg 0.1 
Si  0.1 
Cu 0.02-0.1 
Fe  0.01-0.1 
B 0.01-0.02 
Ag  0.1 
P b  ~0.01 
V ~0.01 
Ni ~0.01 
Mn ~0.01 
Ti ~0.01 

s e g r e g a t e  to the  r e a r  of the  ingot .  The  o t h e r  i m -  
p u r i t i e s  l i s t ed  in  t he  t a b l e  a r e  u s u a l l y  p r e s e n t  in  
s m a l l e r  concen t ra t ions .  T h e y  also s e g r e g a t e  to t he  
r e a r  of t he  ingot .  I t  is i m p o r t a n t  t h a t  such  t r a n s i -  
t ion e l e m e n t s  as V and  Ti  h a v e  a s m a l l  d i s t r i b u t i o n  
coefficient  and  s e g r e g a t e  to t he  r e a r  of the  ingot .  I f  
such  e l e m e n t s  s e g r e g a t e d  to t he  f r o n t  of t h e  ingot ,  
t h e y  could  cause  the  h igh  r e s i s t i v i t y  in the  A1Sb, as 
do F e  and  Co in Ge  (4 ) .  

U n f o r t u n a t e l y ,  e l e m e n t s  such  as Se  a n d  Te canno t  
be  s t u d i e d  b y  the  s p e c t r o g r a p h i c  t echn ique .  These  
e l e m e n t s  a r e  d o n o r  e l e m e n t s  in  A1Sb a n d  i f  t h e y  
m o v e d  to t he  f ron t  of the  ingo t  in  zone  me l t i ng ,  
t h e y  could  c o m p e n s a t e  for  t he  accep to r  i m p u r i t i e s  
y i e l d i n g  a h i g h - r e s i s t i v i t y  reg ion .  C r y s t a l  p u l l i n g  
w o r k  w i t h  these  e l e m e n t s  has  shown  q u a l i t a t i v e l y  
t h a t  t h e i r  d i s t r i b u t i o n  coefficients a r e  less  t h a n  
un i ty .  

Effects of Dissociation of AISb at the Melting Point 
on the Resistivity 

The  effects of t he  d i s soc ia t ion  of the  c o m p o u n d  a t  
t he  m e l t i n g  p o i n t  w e r e  i nves t i ga t ed .  I t  cou ld  be  
hypo thes i zed ,  for  e x a m p l e ,  t h a t  some d i s soc ia t ion  
in  t he  l i qu id  w o u l d  occur .  S ince  a t  the  m e l t i n g  p o i n t  
of t he  c o m p o u n d  the  f r ee  Sb w o u l d  h a v e  a h i g h e r  
v a p o r  p r e s s u r e  t h a n  the  A1, t he  m e l t  cou ld  b e c o m e  
r i ch  in  A1 if  t he  Sb c o n t i n u e d  to escape.  I n  a c r y s -  
t a l  p u l l i n g  fu rnace ,  for  e x a m p l e ,  i t  is diff icult  to 
m a i n t a i n  a h igh,  even  t e m p e r a t u r e  in  a n  enc losed  
sys tem.  In  fact ,  in  c r y s t a l  p u l l i n g  w o r k  t r ace s  of  
f r ee  me ta l ,  p r e s u m a b l y  A1, h a v e  b e e n  o b s e r v e d  in  
t h e  c r u c i b l e  a f t e r  a c r y s t a l  is w i t h d r a w n .  

A n  e x p e r i m e n t  was  c a r r i e d  out  in w h i c h  the  m e l t  
was  d o p e d  i n d i r e c t l y  w i t h  an  excess  of A1. The  ingo t  
of a l u m i n u m  a n t i m o n i d e  was  zone m e l t e d  in  an  
AI.~O~ boa t  i nc losed  in  a V y c o r  tube .  The  t e m p e r a -  
t u r e  of the  e n t i r e  s y s t e m  was  the  u s u a l  800~ P r i o r  
to the  f inal  pass,  t he  t e m p e r a t u r e  was  l o w e r e d  to 
450~ a cond i t i on  t ha t  p e r m i t t e d  t h e  c o n d e n s a t i o n  
of Sb.  The  ne t  r e s u l t  was  the  e n r i c h m e n t  of t he  
m e l t  w i t h  A1. F i g u r e  5 shows  the  r e s i s t i v i t y  prof i le  
of th is  ingot .  Some  d e c r e a s e  in  r e s i s t i v i t y  is a p -  
pa r e n t .  H o w e v e r ,  the  d e c r e a s e  is no t  so l a r g e  as 
m i g h t  be  expec t ed .  Ingo t s  w i t h  no h i g h e r  r e s i s t i v i -  
t ies  a f t e r  a s i m i l a r  n u m b e r  of passes  of zone m e l t i n g  
a t  800~ a m b i e n t  t e m p e r a t u r e  h a v e  b e e n  p r e p a r e d .  
The  e x p e r i m e n t  sugges t s  t h a t  A1 is qu i t e  i n so lub l e  
in  t h e  sol id  compound .  
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Fig. 5. Resistivity profi le of a zone-refined AISb ingot doped 
with AI. 

F~g. 6. Crystals of AISb grown from the melt 

Growth of Crystals of AISb 
Sing l e  c r y s t a l s  of A1Sb w e r e  g r o w n  in a t yp i ca l  

c r y s t a l  p u l l i n g  a p p a r a t u s  b y  the  Czoch ra l sk i  t e c h -  
n ique.  Because  ox ide  on the  su r f ace  of m o l t e n  A1Sb 
could  n u c l e a t e  the  d e v e l o p m e n t  of n e w  c rys ta l s ,  t he  
m e l t  was  s k i m m e d  w i t h  an  AI.,O~ p r o b e  to c l ea r  the  
su r f ace  for  c r y s t a l  g rowth .  F i g u r e  6 shows  a p h o t o -  
g r a p h  of  t y p i c a l  A1Sb c r y s t a l s  g r o w n  f rom the  me l t .  
W h e n  c r y s t a l s  w e r e  p u l l e d  f rom the  me l t ,  on ly  l o w -  
r e s i s t i v i t y  p - t y p e  c r y s t a l s  r e su l t ed .  In  some of the  
e x p e r i m e n t s ,  t h e  A1Sb was  m e l t e d  in  p u r e  g r a p h i t e  
c ruc ib les .  A l t h o u g h  g r a p h i t e  boa t s  w i l l  no t  suffice 
for  zone me l t i ng ,  g r a p h i t e  c ruc ib l e s  a r e  s a t i s f a c t o r y  
for  c r y s t a l  pu l l ing ,  p r o v i d e d  the  t e m p e r a t u r e  of t h e  
m e l t  does  no t  g r e a t l y  exceed  the  m e l t i n g  p o i n t  of 
the  c o m p o u n d  for  long  pe r i ods  of t ime.  

C r y s t a l s  p u l l e d  f rom z o n e - r e f i n e d  A I S b  e x h i b i t e d  
s l i gh t ly  h i g h e r  mob i l i t i e s  t h a n  d id  c r y s t a l s  p u l l e d  
f rom me l t s  p r e p a r e d  d i r e c t l y  f r o m  the  e lements .  

F e b r u a r y  1958 

Likewise ,  t h e  p u l l e d  c r y s t a l s  e x h i b i t e d  h i g h e r  m o -  
b i l i t i e s  t h a n  d id  c rys t a l s  p r e p a r e d  b y  zone me l t ing ,  
even  t h o u g h  the  zone - r e f i ned  c rys t a l s  w e r e  of 
h i g h e r  r e s i s t i v i ty .  

F a i l u r e  to pu l l  h i g h e r  r e s i s t i v i t y  c rys t a l s  f rom 
zone - r e f i ned  A1Sb was  su rp r i s ing ,  in  v i e w  of  t he  
z o n e - m e l t i n g  w o r k  w h e r e  i t  was  o b s e r v e d  t h a t  e x -  
cess A1 is not  g r e a t l y  so lub le  in  sol id  A1Sb. S p e c t r o -  
g r a p h i c  ana lys i s  of a p o r t i o n  of the  c r y s t a l  p u l l e d  
f rom an  A120~ c ruc ib l e  s h o w e d  the  p r e s e n c e  of Mg 
and  Si. Thus,  i t  is l i k e l y  t ha t  i m p u r i t i e s  a r e  b e i n g  
i n t r o d u c e d  b y  the  c ruc ib le .  The  g r a p h i t e  c ruc ib l e  
l i k e w i s e  p r o b a b l y  i n t roduces  i m p u r i t i e s  in to  t he  
mel t .  F o r  e x a m p l e  i t  has  been  f o u n d  t h a t  a sol id  
so lu t ion  b e t w e e n  A1Sb a n d  AI~C~ fo rms  on the  su r -  
face  of the  g r a p h i t e  in  con tac t  w i t h  the  mel t .  

A n  e x p e r i m e n t  was  c a r r i e d  out  in w h i c h  a c r y s -  
t a l  was  d r a w n  f r o m  a m e l t  of a l u m i n u m  a n t i m o n i d e  
con t a in ing  an  excess  of Sb. The  excess  of Sb  was  
such  tha t ,  as i t  was  r e m o v e d  f r o m  the  m e l t  b y  v o -  
l a t i l i za t ion ,  t he  m e l t  compos i t i on  pa s sed  t h r o u g h  
the  r eg ions  of excess  Sb, s t o i ch iome t ry ,  and  f ina l ly  
excess  A1, as t he  c r y s t a l  was  w i t h d r a w n .  H o w e v e r ,  
the  r e s u l t i n g  c r y s t a l  e x h i b i t e d  no r e s i s t i v i t y  m a x i -  
m u m ,  w h i c h  w o u l d  h a v e  been  e x p e c t e d  if s to ich i -  
o m e t r y  effects w e r e  c o n t r o l l i n g  the  c r y s t a l  r e s i s -  
t i v i ty .  

Conclusions 
F r o m  the  w o r k  r e p o r t e d  here ,  i t  can b e  seen t h a t  

mos t  i m p u r i t i e s  f o u n d  in A1Sb s e g r e g a t e  r e a d i l y  
to t he  r e a r  d u r i n g  zone ref ining.  S ing le  c r y s t a l s  can  
be  g r o w n  by  t h e  Czoch ra l sk i  t echn ique .  H o w e v e r ,  
the  g r o w t h  of h igh  p u r i t y  c rys t a l s  seems  to be  l i m -  
i t ed  b y  the  p u r i t y  of the  a l u m i n a  c ruc ib l e  a n d  to the  
p u r i t y  of t he  A1 r a t h e r  t h a n  b y  the  effect of d e v i a -  
t ions  f rom s to i ch iome t ry ,  s ince  bo th  excess  A1 and  
Sb a re  a p p a r e n t l y  i n so lub l e  in A1Sb. 
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ABSTRACT 

The application of the authors '  moving bubble  cell to the measurement  of 
t ranspor t  numbers  in four pure fused salts is described. From the exper imental  
results it is shown that  the anion carries approximately three-fourths of the 
current  in lead chloride, and one-fourth in silver nitrate.  Except for lead 
bromide, in which this figure increases by about 3% when the tempera ture  is 
raised 100~ little, if any, tempera ture  dependence is observed. 

A radiotracer  exper iment  in fused lead chloride is shown to indicate that 
long-lived complex anions do not carry any appreciable fraction of the current  
in this salt. The l imitat ions of the method used are discussed. 

The au thors '  me thod  for m e a s u r i n g  the  t r a n s f e r -  
ence n u m b e r s  of the ions in  p u r e  m o l t e n  salts has 
a l r eady  been  descr ibed (1, 2). The p re sen t  paper  
deals wi th  the  app l i ca t ion  of this  procedure ,  or 
s l ight  modif icat ions  of it, to four  di f ferent  salts. 

A recen t  paper  by  Bloom and  Doul l  descr ibed a 
cell for m e a s u r i n g  t r an spo r t  n u m b e r s  in  fused salts 
in  which  the  poss ib i l i ty  of the  resul t s  be ing  inf lu-  
enced by  flow of the  l iqu id  u n d e r  g rav i ty  is m i n i -  
mized  by  m a k i n g  the  whole  sys tem hor izon ta l  (3) .  
The t r an spo r t  n u m b e r s  for PbCl~ repor ted  by  Bloom 
and  Doull,  however ,  cor respond to on ly  a smal l  
f rac t ion  as m u c h  PbCL be ing  t r a n s f e r r e d  f rom ca th-  
olyte  to ano ly te  per  f a r a d a y  as was  observed  in  the  
au tho r ' s  m o v i n g  b u b b l e  cell. Lorenz  and  Janz  (4) 
have  shown tha t  l eakage  t h rough  the m e m b r a n e  
was  ve ry  l ike ly  in  the  e x p e r i m e n t  of Bloom and  
Doull,  and  at the  same t ime  po in t  out  some l i m i t a -  
t ions of the m o v i n g  b u b b l e  cell; chiefly these  l imi -  
ta t ions  cen te r  a r o u n d  the  fact  tha t  ce r ta in  salts in  
some types  of capi l la r ies  form "s t icky"  bubb l e s  
which  do not  move  u n d e r  smal l  p re s su re  d i f feren-  
tials. They  showed, however ,  tha t  PbCL was not  one 
of these salts. 

S u n d h e i m  (5) has po in ted  out  tha t  the sal t  can 
gain  no ne t  m o m e n t u m  f rom the  e lect rode processes, 
and  he f u r t h e r  s tates correc t ly  that ,  regard less  of 
the n a t u r e  of complex  ions which  migh t  be  present ,  
t § = M_/ (M § + M_) p rov id ing  no m o m e n t u m  is 
t r an s f e r r ed  to the cell. His v iew tha t  no m o m e n t u m  
is t r a n s f e r r e d  to the  cell appears  to be  an  ex t r e me  
one, since, wi th  no n e t  p r e f e r e n t i a l  adsorp t ion  of 
one ion, t he re  could  sti l l  be  f r i c t iona l  i n t e r ac t i on  
b e t w e e n  an  an ion  t e n d i n g  to move  and  an  an ion  
held  to the  surface;  the same sort  of i n t e rac t ion  be -  
t w e e n  cat ions migh t  be  expected.  

I t  was  po in ted  out  p rev ious ly  tha t  in  order  to 
ca lcula te  t r an spo r t  n u m b e r s  f rom the da ta  ob ta ined  
in  m e a s u r e m e n t s  of this  type  it  is necessa ry  to as-  
sume  fo rmulas  for the  c u r r e n t - c a r r y i n g  ions. In  the  

1 P r e s e n t  add re s s :  D e p a r t m e n t  of  C h e m i s t r y ,  P r i n c e t o n  U n i v e r s i t y ,  
P r i n c e t o n ,  N e w  Je r sey .  

l ight  of no ev idence  to the  cont ra ry ,  the s imples t  
formulas ,  e.g., Pb  ++ and  CI-, were  assumed.  

Experimental 
Materials.--Fisher certified r e a ge n t  PbCI~ was  

used. In  addi t ion,  PbCI~ con ta in ing  l abe led  cat ion 
was p r epa red  by  dissolving t h o r i u m  B (Pb  ~ )  in  
n i t r i c  acid, add ing  P b N  car r i e r  a nd  p rec ip i t a t ing  
wi th  HC1. The salt  was  recrys ta l l i zed  f rom 0.01N 
HC1, filtered, a nd  dr ied  at  l l 0 ~  

F i sher  pur i f ied PbBr~ was  rec rys ta l l i zed  twice 
f rom 0.1N HBr. The dr ied  p roduc t  me l t ed  sha rp ly  
at  370~ 

F i sher  pur i f ied t h a l l i u m  (ous) chlor ide was  re -  
crys ta l l ized f rom 0.01 HC1. Spec t rographic  ana lys i s  
r evea led  no apprec iab le  a m o u n t s  of me ta l  i m p u r i -  
ties. 

"Bakers  A na l yz e d"  AgNO~ was recrys ta l l ized  
f rom water .  

The lead me t a l  used for electrodes was  "Bakers  
A na l yz e d"  r eagen t  grade.  T h a l l i u m  electrodes were  
of S a r ge n t  CP T1 metal .  S i lver  e lectrodes  were  
p la ted  onto the  t u n g s t e n  wires  in  the  cell f rom an  
aqueous  cyan ide  bath ,  us ing  F i sher  certified r eagen t  
s i lver  me ta l  as anodes  in  the e lec t ropla t ing .  

Apparatus . - -The m o v i n g  b u b b l e  cell a nd  accom- 
p a n y i n g  a ppa r a t u s  have  a l r eady  been  descr ibed  (1, 
2). These w e r e  used in  unmodi f i ed  fo rm in  the 
e xpe r i me n t s  on PbCL, PbBr~, a nd  T1C1. In  the  
t racer  e x p e r i m e n t  on PbCL a m u c h  smal l e r  ve rs ion  
was used. The  e lect rode c o m p a r t m e n t s  were  aga in  
jo ined  by  a 1 0 - m m  t u b e  c o n t a i n i n g  an  "u l t r a f ine"  
poros i ty  f r i t t ed  P y r e x  disk, b u t  no cap i l l a ry  t ube  
was  used in  the  sma l l e r  cell. The  m o v i n g  b u b b l e  
cell was modified on ly  s l ight ly  for the  work  on 
AgNO~. In  these e x p e r i m e n t s  one ve r t i ca l  a r m  of 
the  cell was  fitted wi th  a glass s topper  at  the top 
so t ha t  the e lec t ro ly te  could be sealed t igh t ly  into 
tha t  compar tmen t .  

Procedure.- -The procedure  a l r eady  descr ibed  for 
PbCL was used for PbBr~ and  for T1C1 (1, 2).  In  
the case of PbBr._, an  u n f a v o r a b l e  c o m b i n a t i o n  of 
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su r f ace  p r o p e r t i e s  a n d  v i scos i ty  p r e v e n t e d  r a p i d  
e q u i l i b r a t i o n  of the  l i qu id  leve ls  b e l o w  a b o u t  480~ 
A t  h i g h e r  t e m p e r a t u r e s ,  h o w e v e r ,  good r e p r o d u c i -  
b i l i t y  was  ob ta ined .  T h a l l i u m  ch lo r ide  was  f o u n d  to 
u n d e r g o  a s low h y d r o l y s i s  or  e x c h a n g e  r e a c t i o n  
w i t h  o x y g e n  on s t a n d i n g  m o l t e n  in  the  cell .  The  
p r o g r e s s  of th is  conve r s ion  to TI~O could  be  f o l l o w e d  
b y  n o t i n g  t h e  c h a n g e  w i t h  t i m e  of t he  r a t e  and,  
e v e n t u a l l y ,  t he  d i r ec t i on  of b u b b l e  m o v e m e n t  for  
a g iven  cu r r en t .  A c o r r e s p o n d i n g  inc rea se  in  the  
a c t i v a t i o n  e n e r g y  of c o n d u c t i v i t y  f r o m  a b o u t  3.4 to 
10.1 k c a l  w a s  o b s e r v e d  d u r i n g  a 4 8 - h r  per iod .  F o r  
th is  r eason  the  sa l t  was  f r e s h l y  pu r i f i ed  b e f o r e  f i l l -  
ing  each  cell ,  and  on ly  t he  i n i t i a l  r u n s  w e r e  con-  
s i de r ed  va l id .  E x c e l l e n t  r e p r o d u c i b i l i t y  was  o b -  
t a i n e d  in th is  w a y  f r o m  one  cel l  to t he  nex t .  

R a t h e r  t h a n  tes t  each  sa l t  w i t h  a v a r i e t y  of m e m -  
b ranes ,  as h a d  been  done  for  PbCL,  t he  " a c t i v a t i o n  
e n e r g y  of c o n d u c t i v i t y "  c r i t e r i on  p r o p o s e d  e a r l i e r  
(2)  was  a p p l i e d  to d e t e r m i n e  w h e t h e r  the  m e m -  
b r a n e  m i g h t  be  af fec t ing  t h e  m e c h a n i s m  of t he  con-  
d u c t i v i t y  process  in  each  case. This  was  done  b y  
a l l o w i n g  the  f u r n a c e  to cool s l o w l y  w h i l e  m e a s u r -  
ing  the  r e s i s t ance  of  t he  t r a n s p o r t  cel l  c o n t a i n i n g  
t h e  sa l t  w i t h  a 1000-cyc le  c o n d u c t i v i t y  b r idge .  T h e  
s lope  of log 1/R vs. 1/T was  t h e n  c o m p a r e d  w i t h  
l i t e r a t u r e  va lue s  for  cel ls  w i t h o u t  m e m b r a n e s .  

S i l ve r  n i t r a t e  was  t he  first  sa l t  for  w h i c h  the  use  
of sol id  e l ec t rodes  was  r equ i r ed .  This  i n t r o d u c e d  
t h e  p r o b l e m  of k e e p i n g  the  s i l ve r  " t r ees , "  w h i c h  
r a p i d l y  g r e w  ou t  f r o m  the  ca thode  d u r i n g  e l e c t r o l -  
ysis,  f r o m  g r o w i n g  r i g h t  in to  t he  a n o d e  c o m p a r t -  
m e n t  be fo re  suff icient  c u r r e n t  to m a k e  a m e a s u r e -  
m e n t  has  been  passed .  T h e  p r o b l e m  w a s  so lved  
w h e n  it  was  f o u n d  t h a t  s u p e r i m p o s i n g  a 60-cyc le  
a l t e r n a t i n g  c u r r e n t  of a b o u t  350 m a  on the  25 m a  
d i r ec t  c u r r e n t  u sed  for  t he  e l ec t ro lys i s  c h a n g e d  the  
n a t u r e  of t he  g r o w t h  to a b u s h y  depos i t  w h i c h  g r e w  
ou t  m u c h  m o r e  s lowly .  A f u r t h e r  modi f i ca t ion  in  
these  m e a s u r e m e n t s  was  t he  s t o p p e r i n g  of one  c o m -  
p a r t m e n t  of t he  cell .  The  p u r p o s e  of th is  was  to 
i nc rease  t h e  s e n s i t i v i t y  of t he  m e a s u r e m e n t s  b y  
m a g n i f y i n g  the  effect  of a n y  v o l u m e  change  d e -  
v e l o p i n g  d u r i n g  e lec t ro lys i s ,  t he  b u b b l e  m o v e m e n t  
b e i n g  fo rced  in th is  case  b y  a p r e s s u r e  d i f f e rence  
r a t h e r  t h a n  b y  g r a v i t y  flow. This  p r o c e d u r e  was  
n e c e s s i t a t e d  b y  t h e  fac t  t h a t  no  a p p r e c i a b l e  b u b b l e  
m o v e m e n t  could  be  o b s e r v e d  for  AgNO~ in an  u n -  
s t o p p e r e d  cell .  In  t he  s t o p p e r e d  cell ,  h o w e v e r ,  i t  
was  f o u n d  t h a t  the  pas sage  of  c u r r e n t  c aused  a 
s l igh t  i n i t i a l  d i s p l a c e m e n t  of t he  b u b b l e  a w a y  f r o m  
the  s t o p p e r e d  c o m p a r t m e n t ,  a f t e r  w h i c h  the  b u b b l e  
came  to r e s t  and  showed  no f u r t h e r  t e n d e n c y  to 
move .  The  in i t i a l  d i s p l a c e m e n t  was,  of course ,  due  
to the  e x p a n s i o n  of l i qu id  in  t h e  s t o p p e r e d  side 
caused  b y  t h e  e l e c t r i c a l  h e a t i n g  as cou ld  be  shown  
b y  pas s ing  a - c  c u r r e n t  only .  This  o b s e r v a t i o n  e s t a b -  
l i shed  t h e  f ac t  t ha t  t he  b u b b l e  was  i n d e e d  sens i t ive  
to  s m a l l  v o l u m e  changes ,  so t ha t  t h e  a c c u m u l a t i n g  
l i q u i d  was  no t  e scap ing  b a c k  t h r o u g h  the  m e m b r a n e ,  
as  h a d  b e e n  suspec t ed  at  first. T h e  s u b s e q u e n t  s top -  
p ing  of t he  b u b b l e  w h e n  t h e  h e a t i n g  effect r e a c h e d  
a s t e a d y  s t a t e  thus  p r o v e d  t h a t  in  AgNO~ t h e  t r a n s -  
p o r t  n u m b e r s  h a p p e n e d  to h a v e  j u s t  those  v a l u e s  
for  w h i c h  the  v o l u m e  of sa l t  a c c u m u l a t i n g  in  t he  

a n o d e  c o m p a r t m e n t  is e q u a l  to the  v o l u m e  of A g  
be ing  t r a n s f e r r e d  f rom anode  to c a thode  in  t he  
t e m p e r a t u r e  r a n g e  s tud ied .  The  a c c u r a c y  of t h e  
m e a s u r e m e n t s  was,  h o w e v e r ,  c o n s i d e r a b l y  r e d u c e d  
b y  the  modi f ica t ions  imposed .  T h e  s m a l l  d - c  c u r -  
r e n t s  u sed  m e a n t  less e l ec t ro ly s i s  p e r  un i t  t ime ,  
w h i l e  t h e  s ea l ed  c o m p a r t m e n t  g r e a t l y  i n c r e a s e d  the  
s e n s i t i v i t y  of t he  b u b b l e  to s m a l l  t h e r m a l  f luc tua-  
t ions  in  t h e  fu rnace .  

In  the  t r a c e r  e x p e r i m e n t  on PbCL,  two  iden t i ca l  
cel ls  of t he  s m a l l  t y p e  d e s c r i b e d  a b o v e  w e r e  p l a c e d  
c lose  t o g e t h e r  in  a s and  b a t h  i n s ide  t he  fu rnace .  
Each  cel l  c o n t a i n e d  l e ad  e l ec t rodes  a n d  m o l t e n  l e ad  
c h l o r i d e  in t he  u s u a l  way .  T h e  s y s t e m  was  a l l o w e d  
to s t a n d  s e v e r a l  hou r s  a t  cons t an t  t e m p e r a t u r e ,  so 
t h a t  t h e r m a l  a n d  g r a v i t a t i o n a l  e q u i l i b r i u m  of t he  
e l e c t r o l y t e  in each  c o m p a r t m e n t  was  assured .  A 
few h u n d r e d  m i l l i g r a m s  of t h e  l a b e l e d  PbCI~ w e r e  
n o w  i n t r o d u c e d  in to  one c o m p a r t m e n t  of each  cell .  
The  s y s t e m  was  a g a i n  l e f t  s t a n d i n g  for  a b o u t  ha l f  
an  hour ,  a p e r i o d  w h i c h  was  f o u n d  a d e q u a t e  to 
p e r m i t  t h e  l a b e l e d  sa l t  to b e c o m e  u n i f o r m l y  d i s -  
t r i b u t e d  t h r o u g h o u t  t he  c o m p a r t m e n t s  c o n t a i n i n g  
it. A d i r ec t  c u r r e n t  of a b o u t  0.3 a m p  w a s  n o w  
p a s s e d  t h r o u g h  one  cell ,  w h i l e  a n  e q u a l  a l t e r n a t i n g  
c u r r e n t  was  p a s s e d  t h r o u g h  t h e  o ther ,  t h e  e l e c t r o d e  
in con tac t  w i t h  the  l a b e l e d  sa l t  b e i n g  the  c a thode  
in  the  d - c  cell .  A f t e r  a b o u t  an  hou r  of e l ec t ro lys i s  
the  cel ls  w e r e  r e m o v e d  f rom the  fu rnace ,  ch i l led ,  
and  b r o k e n  open  at  t he  m e m b r a n e .  The  sa l t  in each  
c o m p a r t m e n t  was  d i s so lved  in  a so lu t ion  of s o d i u m  
a c e t a t e  and  ace t ic  acid.  A l i q u o t s  of each  so lu t ion  
w e r e  t r e a t e d  w i t h  excess  HC1 and  the  r e s u l t i n g  p r e -  
c ip i t a t e s  of P b C L  co l l ec ted  on  f i l te r  p a p e r ,  w e i g h e d ,  
and  c o u n t e d  w i t h  a G e i g e r  c oun t e r  b y  s t a n d a r d  
me thods .  

Results and Discussion 
T h e  r e su l t s  of t r a n s p o r t  n u m b e r  d e t e r m i n a t i o n s  

on the  fou r  sa l t s  a r e  s u m m a r i z e d  in  T a b l e  I. The  
f igures  for  PbCI~ r e p r e s e n t  no n e w  m e a s u r e m e n t s ,  
b u t  a r e  i n c l u d e d  h e r e  fo r  p u r p o s e s  of compar i son .  
The  second  c o l u m n  in t he  t ab le ,  h e a d e d  E~, g ives  
t he  a c t i va t i on  e n e r g y  of c o n d u c t i v i t y  f o u n d  for  t he se  
m e m b r a n e - c o n t a i n i n g  cel ls  ove r  a t  l eas t  a 70 ~ t e m -  
p e r a t u r e  r a n g e  e n c o m p a s s i n g  the  t e m p e r a t u r e s  of 
the  t r a n s p o r t  m e a s u r e m e n t s ,  w h i c h  a r e  l i s t ed  in  t h e  

Table h Results of transport number determinations 

E ~  En Tt  No.  o f  
Sa l t  k c a l  k c a l  ~ exp t s ,  t_ ( avg . )  t+ 

PbCI~ 3.9 

PbBr~ 4.1 

T1C1 3.4 

3.5 ~ 565 22 0.758 • 0.014 0.242 
635 7 0.757 ___ 0.009 0.243 

4.P 500 11 0.653___ 0.013 0.347 
600 5 0 .674_ 0.003 0.326 

3.0 ~ 475 3 0.496 +__ 0.004 0.504 
505 2 0.492 • 0.001 0.508 
525 2 0.493 • 0.000 0.507 
225 2 0.24 _ 0.05 0.76 
275 2 0.24 • 0.05 0.76 

a H.  B l o o m  a n d  E. H e y m a n n ,  Proc. Roy.  Soe. (London),  A188,  392 
(1947).  

b " I n t e r n a t i o n a l  C r i t i c a l  T a b l e s , "  Vo].  VI ,  p. 148, M c G r a w - H i l l  
B o o k  Co.,  Inc . ,  N e w  Y o r k ,  (1926).  

c p .  n r o s s b a c h ,  " E l e c t r o c h e m i e  g e s c h m o l z e n e r  Sa l z e , "  p. 73, J u l i u s  
S p r i n g e r ,  Be r l i n ,  (1938).  

$.  B y r n e ,  H.  F l e m i n g ,  a n d  F.  E.  W.  W e t m o r e ,  Can. J. Chem.,  
30, 922 {1952). 
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f o u r t h  c o l u m n  u n d e r  T ,  Va lues  of E~ a r e  p r o b a b l y  
a c c u r a t e  to b e t t e r  t h a n  • 0.5 kcal .  In  co lumn  th ree ,  
h e a d e d  E,, a r e  l i s t ed  the  a c t i v a t i o n  ene rg ie s  f o u n d  
for  t he  s a m e  sa l t s  in  c o n d u c t i v i t y  cel ls  w i t h  no 
m e m b r a n e s ,  as c a l c u l a t e d  f r o m  d a t a  in  t he  r e f e r -  
ences  c i ted.  The  t r a n s p o r t  n u m b e r s  f o u n d  for  t he  
n e g a t i v e  ions, t_, a r e  l i s t ed  in  t he  s ix th  c o l u m n  a long  
w i t h  t h e  a v e r a g e  d e v i a t i o n  for  t he  n u m b e r  of e x -  
p e r i m e n t s  s h o w n  in  c o l u m n  five. The  ca t ion ic  t r a n s -  
p o r t  n u m b e r  t+ ( =  1 -  t_) is also t a b u l a t e d  in  t he  
l as t  c o l u m n  for  d i scuss ion  purposes .  

In  t h e  t r a c e r  e x p e r i m e n t  less t h a n  2% of the  
l a b e l e d  ca t ions  w e r e  f o u n d  to h a v e  d i f fused  into  t h e  
oppos i t e  c o m p a r t m e n t  in  t he  b l a n k  ( a - c )  cell ,  s h o w -  
ing  the  d i f fus ion  co r r ec t i on  to be  s m a l l  for  th is  
m e thod .  The  a c t i v i t y  f o u n d  in t h e  a n o d e  c o m p a r t -  
m e n t  of the  d - c  cell ,  h o w e v e r ,  r e p r e s e n t e d  an  even  
s m a l l e r  f r a c t i o n  of t he  t o t a l  ac t iv i ty .  Th is  is e x a c t l y  
t h e  r e s u l t  to be  e x p e c t e d  for  a sa l t  in w h i c h  a 
neg l ig ib l e  f r a c t i o n  of t he  c u r r e n t  is c a r r i e d  b y  c o m -  
p l e x  an ion ic  species,  s ince  t h e  e l e c t r o l y t i c  m i g r a t i o n  
of ca t ions  ca r r i e s  some  of the  d i f fus ing  a c t i v i t y  b a c k  
in to  t he  c a t h o d e  c o m p a r t m e n t .  If, on the  o t h e r  hand ,  
an  a p p r e c i a b l e  f r a c t i o n  of the  ions  pa s s ing  t h r o u g h  
the  m e m b r a n e  f r o m  c a t h o l y t e  to a n o l y t e  cons i s t ed  
of l e a d  ions  b o n d e d  to ch lor ide ,  t hen  the  a m o u n t  of 
a c t i v i t y  ~ound in t h e  a n o d e  c o m p a r t m e n t  shou ld  
have  e x c e e d e d  t h a t  f o u n d  for  t h e  b l a n k  run .  T h e  
r e su l t s  of th i s  e x p e r i m e n t  w e r e  suff ic ient ly  a c c u r a t e  
to w a r r a n t  t h e  conc lus ion  t h a t  such  l e a d - c o n t a i n i n g  
an ions  c a r r i e d  less  t h a n  1% of t he  t o t a l  c u r r e n t  in 
th is  e x p e r i m e n t  on p u r e  PbCI~ a t  550~ 

I t  shou ld  first  be  p o i n t e d  ou t  t h a t  t r a c e r  e x p e r i -  
m e n t s  on PbCI~ v e r y  s im i l a r  to t he  t y p e  d e s c r i b e d  
h e r e  h a d  a l r e a d y  b e e n  c a r r i e d  out  b y  W i r t h s  (7 ) .  
His  r e su l t s  also i n d i c a t e d  the  l a c k  of n o n d i s s o c i a t i n g  
c u r r e n t - c a r r y i n g  c o m p l e x  anions ,  b u t  the  e x p e r i -  
m e n t a l  e r r o r  was  too l a r g e  to p e r m i t  the  def in i te  
conclus ion.  W i r t h ' s  p a p e r  also i nc ludes  d a t a  on 
PbCI~-KC1 m i x t u r e s  w h i c h  seem to b e a r  out  the  
o b s e r v a t i o n  of c o m p l e x  an ions  in t he  m o r e  d i l u t e  
( in  PbCI~) m i x t u r e s .  Aga in ,  h o w e v e r ,  the  d e v i a t i o n s  
seem e x t r a o r d i n a r i l y  l a r g e  for  th is  t y p e  of m e a s u r e -  
men t .  S ince  i t  is h i g h l y  p r o b a b l e  t h a t  e q u i l i b r a t i o n  
a m o n g  t h e  poss ib l e  an ion ic  a n d  ca t ion ic  r a d i o a c t i v e  
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spec ies  is v e r y  r a p i d  u n d e r  t h e  cond i t ions  of t h e  
e x p e r i m e n t ,  a n d  s ince  t he  a v e r a g e  r e s idence  t i m e  
in t he  m e m b r a n e  is of t he  o r d e r  of 10 sec or  longer ,  
the  p r o b a b i l i t y  of a c o m p l e x  anion,  even  t h o u g h  it  
exis ts ,  ge t t i ng  t h r o u g h  t h e  m e m b r a n e  is e x c e e d i n g l y  
s m a l l  un less  t he  e q u i l i b r i u m  c o n c e n t r a t i o n  of such 
c o m p l e x  ions  is such  as to cause  t he  gross  m i g r a t i o n  
of  t h e  l e ad  ions  t o w a r d  the  anode .  Thus,  t h e  r a d i o -  
t r a c e r  m e t h o d  a t  such  h igh  t e m p e r a t u r e s  w o u l d  be  
e x p e c t e d  to m e a s u r e  t he  n e t  m o t i o n  of l e a d  ions 
t o w a r d  the  ca thode ,  un less  t he  m e l t  con ta ins  an ion ic  
c o m p l e x e s  of u n e x p e c t e d l y  long  life.  The  r e su l t s  of 
t he  a u t h o r s '  e x p e r i m e n t s ,  as w e l l  as those  of Wi r th ,  
t he re fo re ,  s t i l l  l e a v e  open  to a c o n s i d e r a b l e  e x t e n t  
the  ques t ion  of  t h e  ex i s t ence  of c o m p l e x e s  in  t h e  
p u r e  sal t .  

The  t r a n s p o r t  n u m b e r s  o b t a i n e d  i n d i c a t e  r o u g h l y  
t h a t  t he  l a r g e r  t h e  ion, t h e  less  m o b i l e  i t  is;  the  
b r o m i d e  ion, for  e x a m p l e ,  c a r r i e s  less  c u r r e n t  r e l a -  
t ive  to l e ad  ion  t h a n  does  ch lor ide .  More  s t r i k i n g  
is t he  effect of the  cha rge  on the  ion, t he  r e l a t i v e l y  
s m a l l  P b  +§ c a r r y i n g  less  c u r r e n t  t h a n  even  the  v e r y  
l a r g e  b r o m i d e  ion;  in  t he  cases  of t he  u n i v a l e n t  
sal ts ,  h o w e v e r ,  t he  ca t ions  c o m p e t e  w e l l  w i t h  the  
anions .  A s i d e  f rom p o i n t i n g  ou t  t he se  obv ious  i n d i -  
cat ions,  t he  a u t h o r s  fee l  t h a t  m u c h  m o r e  d a t a  a r e  
n e e d e d  b e f o r e  a t t e m p t i n g  to a r r i v e  a t  a t h e o r y  for  
e l e c t r i c a l  c o n d u c t i v i t y  in fu sed  sal ts .  

Manuscr ip t  rece ived  Feb.  11, 1957. Cont r ibu t ion  No. 
593; w o r k  was pe r fo rmed  in the  Ames  Labora to ry  of 
the  U. S. Atomic  Energy  Commission. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1958 
JOURNAL. 

REFERENCES 
1. F. R. Duke and  R. W. Laity,  J. Am. Chem. Soc., 76, 

4046 (1954). 
2. F. R. Duke and R. W. Lai ty ,  J. Phys.  Chem., 59, 549 

(1955). 
3. H. Bloom and N. J. Doull, ibid., 60, 620 (1956). 
4. M. R. Lorenz and G. Janz,  A r m e d  Services  Techni-  

cal In format ion  Agency  Technical  Note 57-240, 
A S T I A  Document  Service  Center,  Dayton  2, Ohio, 
1957. 

5. B. R. Sundheim,  J. Phys. Chem., 60, 1381 (1956). 
6. R. Lorenz and W. Ruckstuhl ,  Z. Anorg. Chem., 58, 

41 (1907). 
7. G. Wirths,  Z. Elektrochem., 43, 466 (1937). 



Lead Dioxide Anode for Commercial Use 
J. C. Grigger, H. C. Miller, and F. D. Loomis 

Research and Development Department, Whitemarsh Research Laboratories, 

Pennsalt Chemicals Corporation, Wyndmoor, Pennsylvania 

ABSTRACT 

Results are presented on one phase of a research carried out under  an 
Office of Naval Research contract for the development  of an electrode to 
replace p la t inum in the perchlorate cell. Electrodeposition of massive lead 
dioxide is preferably carried out from a lead ni t ra te  bath. Uniquely,  anodic 
deposition on t an ta lum is possible without  polarization or erosion of the base. 
In the subsequent  anodic process use, this t an ta lum acts as a polarized, iner t  
filler. Sprayed silver permits the formation of an operable, low resistance 
current  contact to the lead dioxide. Operation of a 100 amp perchlorate cell with 
a lead dioxide anode is described. Current  efficiency of the lead dioxide anode 
is compared to plat inum, and the effect of K~S_~O8 addition is shown. 

The  chemica l  and  e lect r ical  p roper t ies  of PbO., 
suggest  tha t  it  should  be an  ideal  m a t e r i a l  for 
anodes  in  e lec t rolyt ic  processes. Wi th  a res i s t iv i ty  
as low as 40 to 50 x 10 -~ ohm-cm,  it is a be t t e r  elec-  
t r ica l  conduc tor  t h a n  m a n y  metals ,  and  a m u c h  
be t t e r  conduc tor  t h a n  ca rbon  or graphi te .  C h e m i -  
cally, PbO~ is i ne r t  to most  oxidiz ing agents  and  
s t rong  acids. A l though  it has been  suggested as an  
anode m a t e r i a l  for severa l  e lect rolyt ic  processes 
(1-7) ,  up to the  p resen t  t ime  no commerc i a l l y  p rac -  
t ical  anode has been  advanced.  Elect rodes  repor ted  
to date  have  been  weak ;  they  have  been  fo rmed  in  
odd shapes difficult to adapt  to commerc ia l  cells, 
and  me thods  of m a k i n g  the e lectr ical  contact  have  
no t  been  sat isfactory.  

The purpose  of this  i nves t iga t ion  was to develop 
a prac t ica l  PbO~ anode  tha t  could be used in  i n d u s -  
t r ia l  e lect rolyt ic  processes. I t  was  hoped tha t  a 
su i t ab le  e lec t rode  would  be deve loped  tha t  would  
replace  P t  in  the perch lora te  cell. 

Experimental 

Electrodeposition of Massive PbO~ 

Severa l  ba ths  (3, 8, 9) are k n o w n  for the  e lec t ro-  
deposi t ion  of PbO.~ on common  metals .  The composi-  
t ions of t h ree  ba th  types  modif ied to give i m p r o v e d  
PbO~ deposits  are shown  in  Tab le  I. In  this work,  
the  Pb(NO~)~ ba th  was  p re fe r red  because  i t  gives 
the h ighes t  qua l i ty  of deposit .  The add i t ion  of cop- 
per  n i t r a t e  to this  ba th  serves to suppress  Pb  deposi-  
t ion  on the  cathode, which  is p r e f e r a b l y  ca rbon  or 
graphi te .  In  o rder  to deposi t  PbO~ of high s t rength ,  
densi ty ,  and  surface  smoothness ,  an  add i t ion  agen t  
is necessa ry  such as Igepal  CO-8801 which is a n o n -  
ionic su r f ace -ac t ive  agen t  of the  class of "a lky l  
p h e n o x y  p o l y o x y e t h y l e n e  e thanol . "  Add i t i on  to the  
ba th  of a n a t u r a l  hydroph i l i c  colloid such as ge la t in  
r e su l t ed  in  the fo rma t ion  of a PbO_~ deposit  w i th  a 
h igh sur face  smoothness ,  bu t  which  was  ve ry  weak  

1 T r a d e  N a m e  of A n t a r a  C h e m i c a l  D i v l m o n  of G e n e r a l  D y e s t u f f  
Corp .  
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Table I. Lead dioxide plating baths 

1. Alkal ine  lead tar t ra te  
100 g potassium sodium tartrate,  KNaC,H,O~-4H~O 
50 g sodium hydroxide, NaOH 
96 g lead oxide, PbO 
Dissolve in the order listed in distilled water  to 
make 2 liters of solution. Heat to 60~ to complete 
solution of lead oxide. Cool and filter through 
sintered glass. Bath pH is about 13. 

2. Lead perchlorate 
108 ml  of 60% perchloric acid (100 g HC10,) 
167 ml distilled water  
111.0 g lead oxide, PbO 
Dissolve the lead oxide in  the diluted perchloric 
acid. Make up to 2 liters with distilled water. Heat 
to boiling for 2-3 rain to dissolve any white precipi- 
tate. Cool and use. Bath pH is about 5. 

3. Lead ni t ra te  
269 ml  of 69.9% nitr ic acid (266.5 g HNO3) 
1000 ml distilled water  
472 g lead oxide, PbO 
Add the lead oxide slowly to the diluted nitr ic 
acid with stirring. Dilute to 2 liters and heat to 
75~ with stirring. Cool and filter through sin- 
tered glass. To this bath add: 

Cu (NO~) ~. 3H.~O--0.75 g/1 
Igepal CO-880"--0.75 g/1 

Bath pH is about 3.5. 

* T r a d e  N a m e  of A n t a r a  C h e m i c a l  D i v i s i o n  of  G e n e r a l  D y e s t u f f  
Corp .  

and  was laced t h roughou t  its cross section wi th  
m a n y  fine fissures. 

Us ing  the  acid ba ths  m e n t i o n e d  above,  it  is d i f -  
ficult to form good deposi ts  on t h in  a t t a ckab l e  base 
sheets because  of the  serious anodic  d isso lu t ion  of 
the  me t a l  base. This  p r o b l e m  was overcome by  
us ing  Ta as the base  metal .  Sound,  a d h e r e n t  de-  
posits of PbO~ 2 cm or more  in  th ickness  could be 
formed wi thou t  a ny  signs of erosion of the  base Ta. 
This p l a t i ng  on Ta was unexpec ted ,  since Ta  po la r -  
izes in  most  e lec t rolytes  w h e n  opera ted  as the anode.  

Elect rodeposi ts  of PbO~ were  m a d e  read i ly  on Ta 
wire,  rod, and  sheet  w i t hou t  a ny  n o d u l a r  growth,  
u s ing  the Pb  (NO~)2 ba th  at an  anode c u r r e n t  dens i ty  
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of 0.016-0.032 a m p / c m  ~ (15-30 a m p / f t  ~) and  a t e m -  
p e r a t u r e  of 70~ F igu re  1 shows a rod of mass ive  
PbO~ fo rmed  on a s ingle  wire.  The  wi re  core was  
w i t h d r a w n  by  a sharp  pu l l  w i th  pliers.  In  p la t ing  
flat ba se - f r ee  deposits  by  b l a n k i n g  off one side of 
the  s t a r t ing  sheet  and  s t r ipp ing  a w a y  this  base af ter  
a th ick  deposi t  had  formed,  it  was difficult to secure 
u n b r o k e n  specimens.  Therefore ,  this  approach  was  
d i scon t inued  in  favor  of p l a t i ng  on p e r m a n e n t  base 
sheets. 

Fla t ,  mass ive  PbO~ deposits  of su rp r i s ing  s t r eng th  
were  m a d e  by  p l a t i ng  on both  sides of r e c t a n g u l a r  
sections of Ta  screen in  the mesh  r a n g e  of 10-50. 
The  use of baffles a r o u n d  the  edges of fiat, rec t -  
a n g u l a r  anodes  p e r m i t t e d  the  fo rma t ion  of n o d u l a r  
free deposits  to w i t h i n  r a t h e r  close tolerances ,  as 
shown in  Fig. 2. Us ing  a 14 mesh  (0.064 cm wi re )  
Ta screen,  a PbO~ elect rode m e a s u r i n g  36.8 x 8.9 x 
1.6 cm and  we igh ing  4500 g was p la ted  in  1421,/2 hr  
f rom the  Pb(NO~)~ bath.  C u r r e n t  was  m a i n t a i n e d  
at  0.016 a m p / c m  ~ on the  anode and  the  b a t h  t e m -  
p e r a t u r e  at 70~ t h r o u g h o u t  the  electrolysis .  

If the pH of the n i t r a t e  p l a t i ng  ba th  is no t  care-  
fu l ly  control led,  the  b a t h  dr i f ts  s t rong ly  acid d u r i n g  
electrolysis  and  is ve ry  corrosive to all  of the com-  
m o n  metals .  However ,  by  ve ry  carefu l  m a i n t e n a n c e  
of the  pH in  the  r ange  of abou t  2-4 d u r i n g  e lec t ro l -  
ysis by  the f r e q u e n t  add i t ion  of lead oxide, and  by  
p ro tec t ing  the  base me ta l  a t  the  su r face  of the  elec-  
t rolyte,  it  is possible  to p la te  PbO~ on such meta l s  
as Ni and  Fe. E v e n  wi th  these p recau t ions ,  the  base 
is s lowly  eroded a w a y  and  by  the  t ime  a th ick  p la te  
has fo rmed  most  of the  base  me ta l  ( in  con t ras t  to 
Ta)  wi l l  have  been  eroded away,  l eav ing  voids 
(which  are  not  a lways  object ionable}  in  the cen te r  
of the  PbO~ deposit .  

Current  Contacts to PbO... Anode 

W h e n e v e r  PbO2 wi th  a c o n v e n t i o n a l  Cu c u r r e n t  
contact  is used as anode  in  e lect rolyt ic  cells, severe  

Fig. 1. Lead dioxide rod formed on a wire (~20  B&S); wire 
core withdrawn. 

Fig. 2. Massive Pb02 plated on a Ta screen base, and hav- 
ing a sprayed Cu over Ag current contact. 
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Table II. Contact resistance of electrodeposited Pb02 
to various metals sprayed thereon 

C o n t a c t  p o t e n t i a l  
a t  1 a m p  

M e t a l  V o l t s  

Tin 0.65 
Lead 0.52 
Copper 0.04 
18-8 Stainless steel 0.69 
Zinc 0.5 
A l u m i n u m  0.19 
Silver 0.0002 
Copper over silver 0.0002 
Tin over silver 0.0002 
A l u m i n u m  over silver 0.0002 

hea t ing  is observed  in  the  contac t  area.  If Ag cur -  
r en t  contacts  are used, no hea t ing  occurs. The  con-  
tact  res i s tance  b e t w e e n  a n u m b e r  of the  c o m m o n  
meta l s  and  lead dioxide was  m e a s u r e d  ~ and  it  was  
found  tha t  all  me ta l s  tes ted w i th  the  except ion  of 
Ag show high contac t  res i s tance  to PbO~ as seen in 
Tab le  II. I t  is suggested  tha t  the  res i s tance  is caused 
by an  oxide l ayer  f o r mi ng  b e t w e e n  the  contact  
me t a l  a nd  the  PbO~. Most me t a l  oxides be ing  poor 
e lect r ical  conductors  show high resis tance.  Silver,  
on the other  hand ,  forms a conduc t ing  oxide and  
therefore  has a low contact  res is tance.  

A coat ing of Ag only  0.002 cm or less in  th ickness  
appl ied  by  a me t a l  spray  t echn ique  was sufficient 
to produce  low res is tance  a nd  to overcome com-  
p le te ly  the hea t ing  p rev ious ly  observed  in  these  
e lect rode connect ions .  In  order  to protect  the  Ag 
and  to provide  a rugged  electr ical  contac t  to the  
PbO._,, the  Ag-coa t ed  a rea  is sp rayed  wi th  a heavy  
layer  of Cu, 0.16 cm or more  in  thickness .  P r e f e r -  
ably,  the Ag and  Cu are sp rayed  to form a jacke t  
over  the  top end  of the  PbO~ electrode,  as in  Fig. 2. 
The  c o m b i n a t i o n  is sufficiently a d h e r e n t  to the base 
oxide so tha t  it  can be m a c h i n e d  to fit in  a m e c h a n i -  
cal c u r r e n t  contac t  or it can be soldered d i rec t ly  to 
the  power  bus  w i thou t  i n j u r y  to the  PbO~. 

Testing the PbO~ Anodes 

Electrodes  fo rmed  by  p l a t i ng  a t h i n  coat  of PbO~, 
0.04 cm or less, on a base  m e t a l  p roved  unsa t i s f ac -  
tory  w h e n  used as anode  in  a pe rch lo ra te  cell. Wi th  
such a t h in  coa t ing  on Ta the re  was  poor e lectr ical  
contact  and  poor adhesion.  The  PbO2 coat ing on Ni 
and  o ther  base  meta l s  p roved  to be e x t r e m e l y  
porous  and  did no t  protect  the base  me t a l  f rom 
rap id  anodic  erosion w h e n  used in  the pe rch lo ra t e  
cell. 

Thick  PbO~ deposits,  0.16 cm or more,  on Ta  
p roved  to be efficient anodes in  the  pe rch lo ra te  cells. 
The Ta base polar izes r ap id ly  and  t h e n  acts as an  
ine r t  filler. Thick  deposits  on Fe  and  Ni also p roved  
sa t is factory  af ter  they  had opera ted  sufficiently long 
to leach out  all  t races  of the  base  me t a l  tha t  were  lef t  
a f ter  the  or ig ina l  p l a t i ng  operat ion.  I t  is, therefore ,  
des i rab le  w h e n  e lec t rodepos i t ing  PbO~ on meta l s  
such as Fe and  Ni, to keep the weight  of the  base to 
a m i n i m u m .  

2 T e s t  s p e c i m e n s  w e r e  p r e p a r e d  by  s p r a y  c o a t i n g  2.5 cm of e a c h  
e n d  of e l e c t r o d e p o s i t e d  PbO2 r o d s  a b o u t  1 c m  in  d i a m e t e r  a n d  10 
c m  l o n g  w i t h  t h e  g i v e n  me ta l .  T h e  r o d s  w e r e  c l a m p e d  a t  t h e  m e t a l  
c o a t e d  e n d s  a n d  1 a m p  w a s  p a s s e d  f r o m  a d i r e c t  c u r r e n t  s o u r c e .  T h e  
p o t e n t i a l s  a c r o s s  t h e  m e t a l - P b O ~  c o n t a c t  w e r e  m e a s u r e d  on  a p o t e n -  
t i o m e t e r  u s i n g  m a n u a l  p r e s s u r e  t e s t  p robes .  
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Table Ill. Current efficiencies in electrolysis of NaCIO.~ 
with Pb02 and Pt anodes (no additives) 

NaC103  conc.  r a n g e  o v e r  
w h i c h  eft .  is c a l c u l a t e d  

T e s t  I n i t i a l  F i n a l  C u r r e n t  
A n o d e  No. g / 1  g/1 e f f ic iency ,  % 

Pt  1 602 100 85.2 
293 39.8 82.4 

2 602 100 87.4 
197.6 3.9 65.4 

PbO~ 1 606 100 75.0 
198 1.8 27.1 

2 612 100 61.2 
186 49.1 33.9 

A n o d e  c u r r e n t  d e n s i t y  = 0.3 amp/cm-~; ce l l  t e m p e r a t u r e  = 25 ~ 
35~ ce l l  p o t e n t i a l  = 5-6 .5  v .  

Table IV. Effect of K~S20~ additive on current efficiency 
in electrolysis of NaCIO~ with PbO~ anode 

NaClOa  conc.  r a n g e  o v e r  
g K2S.2Os w h m h  eft. is c a l c u l a t e d  
p e r  l i t e r  T e s t  I n i t i a l  F i n a l  C u r r e n t  

o f  e l e c t r o l y t e  No.  g/1 g/1 e f f ic iency ,  % 

2.08 1 606 7.1 73.3 
204 7.1 52.0 

2.08 2 606 30.3 68.2 
200 44.9 49.2 

None 1 606 28.9 46.5 
200 28.9 27.1 
126 28.9 20.3 

None 2 606 31.0 43.4 
200 31.0 30.5 

128.4 31.0 22.9 

A n o d e  c u r r e n t  d e n s i t y  = 0.3 a m p / c m 2 ;  ce l l  t e m p e r a t u r e  = 25 ~ 
35~ ce l l  p o t e n t i a l  = 5-6.5 v .  

The  la rge  PbO~ elect rode fo rmed  on the  Ta screen, 
and  descr ibed  above,  was  used  w i th  a sp rayed  Cu 
over  Ag contact  in  a 100 amp perch lo ra te  cell at a 
c u r r e n t  dens i ty  of 0.28 a m p / c m  ~ and  a t e m p e r a t u r e  
of 30~176 The cathodes  were  type  430 s ta inless  
steel and  the  e lec t ro ly te  was  5 l i ters  of NaC10, so lu-  
t ion  h a v i n g  an  in i t i a l  concen t r a t i on  of 600 g/1. This  
cell was  opera ted  for 24 ba tches  for a total  r u n n i n g  
t ime of 860 hr  w i thou t  no t i ceab le  erosion of the  
anode,  and  wi th  less t h a n  0.25 p p m  of P b  in  the  
recovered  NaC10~. 

The  c u r r e n t  efficiency of PbO_~ anodes  in  the  con-  
ve rs ion  of chlora te  to perchlora te ,  a l though  less 
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t h a n  tha t  of Pt,  is r e a sonab ly  h igh w h e n  the  con-  
cen t r a t i on  of NaC103 in  the e lec t ro ly te  is above  100 
g/1. Below this  concen t r a t i on  of chlorate,  the  cu r -  
r e n t  efficiency drops sharply .  In  Tab le  III, the  cu r -  
r e n t  efficiencies of PbO~ a nd  P t  anodes  are compared  
for va r ious  chlora te  c onc e n t r a t i on  ranges  w h e n  
opera ted  in  10-amp cells. 

In  order  to ob ta in  h igher  c u r r e n t  efficiencies wi th  
the PbO~ anode,  especia l ly  in  the  lower  chlora te  
concen t r a t i on  range,  the  use of addi t ives  becomes 
necessary.  Sug ino  (10) has r epor ted  us ing  NaF  
add i t ive  at  a c onc e n t r a t i on  of 2 g/1. I n  the  p resen t  
work,  K,S,O8 was  found  (11) to be even  more  effec- 
tive, and  the  increase  in  c u r r e n t  efficiency due to 
this add i t ive  is shown  in  Tab le  IV. 
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Technical Notes @ 
Enhanced Surface Reactions 

II. Oxygen Adsorption on Several Metals 

Manfred J. D. Low 

Nicho.ls Labovatory, New York University, New York, New York 

Recent ly ,  i n t e r e s t i ng  e x p e r i m e n t s  have  b e e n  r e -  
ported (i, 2) on the influence of high-frequency 
induced gaseous discharges on rates of chemisorp- 
tion. In a previous paper (3) the enhancement of 
the rate and extent of adsorption in four adsorbate- 
adsorbent systems were reported, and a general 
mechanism was proposed. That investigation was 
extended to the adsorption of oxygen on seven 
metals and is here reported. 

Experimental 
A Tesla coil was  appl ied  in  a m a n n e r  p rev ious ly  

descr ibed (3) to a s t a n d a r d  cons tan t  v o l u m e  adsorp-  
t ion  system. Over  des i red  per iods  of t ime  a con-  
t i nuous  d ischarge  ba re ly  v i s ib le  in  a d a r k e n e d  room 
could be caused to persist .  I t  was  found  that ,  u n d e r  
the  condi t ions  p r eva i l i ng  in  ac tua l  runs ,  b u t  in  the  
absence  of the  adsorbent ,  the d ischarge  had  no 
no t i ceab le  effect on the  p ressure  of the  system. 

The adsorp t ion  of t a n k  oxygen  on the  fo l lowing  
adsorben t s  is descr ibed:  (a) 3.07 g gold foil "co- 
hesive cy l inde r s" ;  (b) 14.23 g C.P. a l u m i n u m  foil; 
(c) 136 g N.F. 20 mesh  i ron  fil ings; (d) 28 g 200 
mesh  99.8% Mo powder ;  (e)  28 g 200 mesh  Ni - f r ee  
C.P. Co powder ;  ( i )  42 g "Baker  Ana l i zed"  Cu foil; 
(g) 18 g "Baker  Pur i f ied"  30 mesh  Mg powder .  In  
order  to p r ec lude  any  effects due  to adsorbed  h y d r o -  
gen, the  me ta l s  were  no t  c leaned b y  the  cus tomary  
h y d r o g e n  r educ t ion  and  evacua t ion  procedure ,  bu t  
we re  m e r e l y  degassed. I t  was found  tha t  a p ressure  
of 10 -~ m m  Hg, or less, could be ob ta ined  and  m a i n -  
t a ined  by  p u m p i n g  at  400~176 for 16 hr  for all  
me ta l s  except  gold, which  r equ i r ed  170 h r  u n t i l  
re lease of gas ceased. The  adsorp t ion  of oxygen  was 
thus  m e a s u r e d  on surfaces  covered pa r t i a l l y  or 
who l ly  w i th  oxide films. 

Results and Discussion 
Gold.--Slight, i n s t a n t a n e o u s  u p - t a k e s  of oxygen  

were  de tec ted  at  0 ~ 100 ~ 147 ~ and  257~ at oxy -  
gen pressures  of 39-46 m m  Hg. A n  es t imate  of the  
a m o u n t  adsorbed  was  ob t a ined  by  p u m p i n g ,  at  the  
adsorp t ion  t e m p e r a t u r e ,  in  4 m i n  to 10 -~ m m  Hg 
af te r  the  A u  had  been  in  contac t  w i th  oxygen  for  
per iods up  to 5 hr, and  t h e n  hea t i ng  the  adso r be n t  
to 400~ Desorp t ion  of gas was  detec ted  at ap-  
p r o x i m a t e l y  350 ~ d u r i n g  the  hea t ing .  P r e s s u r e  i n -  
creases of up  to 0.94 m m  Hg w i t h i n  the  sys tem i nd i -  
cated tha t  abou t  0.02 m l  NTP  of gas had  been  

evolved.  I t  was  conc luded  tha t  a smal l  a m o u n t  of 
oxygen  was  s t rong ly  adsorbed  b y  the  A u  u n d e r  the  
condi t ions  of the  expe r imen t s ,  a nd  tha t  a t  least  a 
pa r t  of it r e m a i n e d  on the  solid whi le  the  p ressure  
was  decreased a nd  was  caused to desorb u n d e r  the  
inf luence  of inc reas ing  t empe ra tu r e .  Caus ing  a dis-  
charge in  the oxygen  for per iods  up to 4 hr  af ter  
the adsorp t ion  process had  t a k e n  place had  no effect 
on the  oxygen  t ake -up .  

Molybdenum, copper, magnesium, a l u m i n u m . -  
Figu re  1 is a plot  of the  da ta  of e x p e r i m e n t s  on the  
adsorp t ion  of oxygen  by  Mo a nd  by  Co. The  en -  
h a n c e m e n t  in  the  r a t e  of adsorp t ion  on caus ing  the  
d ischarge  ( "ON")  is qu i te  de tec tab le  a nd  r e m a r k -  
ab ly  la rge  in  v iew of the  smal l  energ iz ing  act ion of 
the  Tesla  coil. On s topping  the  d ischarge  ( " O F F " ) ,  
the adsorp t ion  is seen to a p p r o x i m a t e  its p rev ious  
rate.  

A m u c h  la rger  e n h a n c e m e n t  is depic ted  by  curve  
I of Fig. 2, showing  the  adsorp t ion  of oxygen  on 
Mg. At  P the adso rben t  was  hea ted  to 400~ and  
evacua ted  for 16 hr  to a f inal  p re s su re  of 104 m m  
Hg. The  e x p e r i m e n t  descr ibed by  curve  II was  t hen  
made.  It  is seen tha t  the  rate,  extent ,  a nd  e n h a n c e -  
m e n t  of adsorp t ion  are sma l l e r  t h a n  those shown  by  
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curve  I. At  the end  of the expe r imen t s  the  me t a l  
had t a k e n  on a deep b lue  sheen confined to the  
surface  of the  adsorbent ,  and  a t r a n s p a r e n t  deep 
b lue  coat ing had  appeared  on the wal ls  of the ad-  
so rben t  chamber .  

In  Fig. 3 the  enhanced  adsorp t ion  of oxygen  on A1 
is shown.  The  data  of four  consecut ive  e x p e r i m e n t s  
made  at 257 ~ 100 ~ 0 ~ and  200~ in  tha t  o rder  are 
shown,  the  me t a l  h a v i n g  been  p u m p e d  at 400 ~ for 
16 hr  to 10 -~ m m  Hg af ter  each expe r imen t .  I t  is 
seen tha t  the  adsorp t ion  ra te  falls off in  a r e l a t i ve ly  
short  t ime, and  tha t  adsorp t ion  m a y  be caused to 
occur on a lmost  " sa tu ra t ed"  surfaces.  

Iron and copper.--Figure 4 shows two plots of ad-  
sorpt ion of oxygen  on Fe  at  257~ Curve  I is an  
e x p e r i m e n t  wi th  a f resh sur face  and  curve  II a f ter  
this same adso rben t  had  been  p u m p e d  on at  400 ~ 
for 16 hr  to 104 m m  Hg. Desorpt ion,  man i f e s t ed  by  
an  increase  in  sys tem pressure ,  was  found  w h e n  the  
d i scharge  was  caused,  shown  by  cu rve  I. A s l ight  
e n h a n c e m e n t  effect, however ,  was detected d u r i n g  
the second run ,  shown  by  curve  II. 

A more  p r o n o u n c e d  desorp t ion  effect was  found  
to occur w i th  Cu, Fig. 5. The  m a g n i t u d e  of the  
m e a s u r e d  effect is shown  by  the  sys tem p re s su re -  
t ime  plot  II  of tha t  figure. 

General theory.--A genera l  theory  capable  of ac-  
coun t ing  for e n h a n c e m e n t  of chemisorpt ion ,  ox ida-  
t ion, and  other  p h e n o m e n a ,  by  ac t iva t ion  of he te ro-  
geneous  sys tems was p re sen t ed  p rev ious ly  (3) .  I t  
was  suggested tha t  the  r e l a t i ve ly  l a rge  effects i n -  
s t igated by  a m i n u t e  ac t iva t ing  d i s t u r ba nc e  in  the  
gas phase  occur v ia  a b r a n c h i n g  cha in  mechan i sm.  
If an  act ive par t ic le ,  G, s t r ikes  a sur face  atom, S, 
a "dissociat ion" of the la t te r  m a y  occur wi th  for-  
m a t i o n  of adsorp t ion  sites, V, the  ove r - a l l  process 
be ing  wr i t t en ,  

G -~ nS->  GV -~ (2n --  1)V (I)  

The r e m a i n i n g  ( 2 n - - 1 )  sites m a y  be act ive  for 
f u r t h e r  adsorpt ion,  caus ing  e n h a n c e m e n t ,  or m a y  
suffer b imo lecu l a r  decay (4) .  I t  is suggested tha t  
this m e c h a n i s m  is opera t ive  in  all  cases described,  
wi th  the except ion  of Au. The  e n h a n c e m e n t s  of ad-  
sorpt ion  which  were  detected,  especia l ly  in  the case 
of the a lmost  " s a tu ra t ed"  A1 surfaces,  toge ther  wi th  
p rev ious ly  discussed e n h a n c e m e n t  effects (3),  t end  
to suppor t  this  theory,  wh ich  is also capable  of ex-  
p l a i n i n g  the i n t e r e s t i ng  desorp t ion  p h e n o m e n a  de-  
scr ibed above. 

The ox ida t ion  of Cu in  ac t iva ted  oxygen  has been  
s tud ied  by  D r a vn i e ks  (5,6) in  the p ressure  r ange  
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0.5-2.0 m m  Hg and  at t e m p e r a t u r e s  r a n g i n g  f rom 
500 ~ to 690~ E n h a n c e m e n t s  of oxygen  u p - t a k e  
were  found  to occur at 0.5, 1.0, and  2.0 m m  Hg at 
500~ and  at  0.5 m m  at 600 ~ and  690~ At  h igher  
pressures  at the last  two t empera tu res ,  however ,  the  
e n h a n c e m e n t  d isappeared ,  and  at  2.0 m m  and  600~ 
a r e t a r d a t i o n  in  oxygen  u p - t a k e  was found.  At  
500~ the  ox ida t ion  curves,  p lo t ted  according to the  
parabol ic  ra te  law, appeared  as two s t ra igh t  l ines  
wi th  an  i n t e r m e d i a t e  reg ion  of r ap id ly  chang ing  
slope. The first pa rabo l ic  ra te  was  ident if ied w i th  
ox ida t ion  to Cu.,O, the region  of r ap id ly  chang ing  
slope wi th  b e g i n n i n g  of p rec ip i t a t ion  of CuO on the 
surface  of the Cu,O, and  the  second parabol ic  reg ion  
wi th  ox ida t ion  occur r ing  in  the presence  of bo th  ox-  
ides. At  h igher  t e m p e r a t u r e s  the ox ida t ion  curves  
could no t  be  resolved into two d is t inc t  parabolas .  The  
obse rva t ions  tha t  ac t iva t ion  m a y  accelera te  or r e t a rd  
the ox ida t ion  and  m a y  change  the  composi t ion  of the 
oxide scale w e r e  exp la ined  in  t e rms  of lower  p e r m e -  
abi] i ty  of CuO t h a n  Cu~O to reac tants ,  and  of ra te  
of p rec ip i t a t ion  of CuO. 

Tylecote  (7) found  tha t  the CuO con ten t  of scales 
fo rmed  on high p u r i t y  Cu in  d ry  air  increased  wi th  
r educ t ion  in  t e m p e r a t u r e  f rom 7% at  850~ to abou t  
100% at 420~ and  tha t  for the m a j o r i t y  of t e m -  
pera tures ,  the CuO con ten t  decreased to a cons tan t  
t e m p e r a t u r e  d e p e n d e n t  va lue  as the film increased 
in  thickness.  U n d e r  the  condi t ions  of the exper i -  
men t s  r epor ted  here,  it  m a y  be expected,  then ,  tha t  
a film of CuO formed  on the Cu surface.  S imi la r ly ,  
the r e t a rda t ions  no ted  by  Dravn i eks  occurred  u n d e r  
condi t ions  at which  CuO wou ld  p redomina te ,  
whereas  e n h a n c e m e n t  was found  w h e n  Cu~O wou ld  
p redomina te .  

It  is suggested the  evo lu t ion  of gas observed  d u r -  
ing ac t iva t ion  was caused by  the t r ans i t ion ,  

2CuO-> Cu20 -]- 1/2 O5 (II)  

Because the  observed effect was large  in  compar i son  
to the m a g n i t u d e  of the s t imulus ,  it  m a y  be pos tu -  
la ted  tha t  a cha in  d i s t u rbance  was  in i t i a t ed  on the 
surface,  caus ing  u n s t a b l e  CuO to give up oxygen.  
The in i t i a l  step of the  m e c h a n i s m  m a y  be the  coll i-  
sion of an  act ive oxygen  part icle ,  pe rhaps  a m e t a -  
s table  oxygen  molecu le  (8) ,  w i th  a surface  CuO, 
caus ing  reac t ion  ( I I )  to occur. The  local  d i s t u r b -  
ance t hen  spreads t h rough  the film, p e r m i t t i n g  the  
gas evo lu t ion  to occur. The  cha in  p ropaga to r  m a y  be 
ac t iva ted  C u O - o x y g e n  complexes,  Cu atoms, or the 
oxygen  atoms p roduced  by  the  process. 
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The act ion of act ive  oxygen  on i ron  m a y  be ex-  
p l a ined  s imi l a r ly  by  an  e n h a n c e d  t r a n s i t i o n  of a 
sur face  film (9) of ~,-Fe~O~ to cubic Fe~O~ wi th  a t -  
t e n d a n t  release of oxygen  w h e n  ~,-Fe.~O~ p r e d o m i -  
nates.  At  h igher  Fe~O~ concent ra t ions ,  the n o r m a l  
e n h a n c e m e n t  effect occurs (Fig. 4). 

The inf luence  of act ive oxygen  on Cu and  Fe, at 
least, is thus twofold  if more  t h a n  one oxide can be 
formed.  (A)  If a change  in  ox ida t ion  s ta te  can oc- 
cur, tha t  change  m a y  be e n h a n c e d  by  caus ing  an  i n -  
crease in  the act ive par t ic le  concen t ra t ion .  The ef-  
fect appears  as an  ac tua l  gas evolut ion ,  as descr ibed 
above,  or as a r e t a r d a t i o n  of ox ida t ion  ra te  r e su l t -  
ing, in  e i ther  case, in  a change  in  the  oxide composi-  
t ion. (B) If no change  in  ox ida t ion  s ta te  is possible, 
or if such a change  has occurred,  t h e n  an  e n h a n c e -  
m e n t  of oxygen  adsorp t ion  m a y  occur, p r o b a b l y  v ia  
the s i t e -c rea t ing  m e c h a n i s m  (I ) .  I t  seems p l aus ib l e  
tha t  an  e n h a n c e m e n t  of adsorp t ion  occurs s imu l -  
t aneous ly  w i th  the e n h a n c e d  change  of ox ida t ion  
state, bu t  m a y  be  ove r shadowed  by  the  la t ter .  

The r e l a t ive ly  large e n h a n c e m e n t s  detec ted  (1-3)  
and  the gene ra l i ty  of the effect l end  credence  to the 
proposed theory.  A s imi la r  h igh  degree  of p l aus i -  
b i l i ty  is in fe r red  for the appl ica t ion  of tha t  t heo ry  
to the  r e t a r d a t i o n  effect. The  proposed gene ra t ion  
of sites for the e n h a n c e m e n t  of chemisorp t ion  as 
wel l  as the r e t a r d a t i o n  or e n h a n c e d  t r a n s i t i o n  of 
ox ida t ion  states m u s t  be  cons idered  to be opera t ive  
t h rough  a s e l f - p e r p e t u a t i n g  surface  d i s tu rbance ,  of 
e lec t ronic  or pa r t i cu l a t e  na tu re ,  of cons iderab le  
c h a i n - l e n g t h  in  order  to exp la in  the  r e l a t i ve ly  large 
effects ins t iga ted  by  a smal l  s t imulus .  

Manuscript  received May 29, 1957. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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Photodeposition of Luminescent Screens 
M. Sadowsky and P. D. Payne, Jr. 

Lansdale Tube Division, Philco Corporation, Lansdale, Pennsylvania 

In  the  Phi lco color tube,  the phosphor  is deposi ted 
(1) as a l ine  a r r ay  on the  ins ide  surface of the 
cathode ray  t ube  b u l b  panel .  The a r r ay  consists of 
red- ,  b lue - ,  and  g r e e n - e m i t t i n g  phosphor  stripes,  

b e t w e e n  each l ine  of which  the re  is a black,  n o n -  
l u m i n e s c e n t  l ine  (2,3). The  screen is backed  by  a 
reflective film of a l u m i n u m ,  on the back  of which  is 
a set of m a g n e s i u m  oxide powder  s tr ipes appl ied  in  
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str ict  re ference  to the phosphor  l ines on the face. 
These phosphor  lines va ry  in w id th  in a contro l led  
manner  be tween the center  and the edge for elec- 
t r ica l  reasons. The to ta l  t r ip le t  of red, blue, and 
green lines plus the three  da rk  guard  lines averages  
61 mils.  

The exact  procedure  for deposi t ing a color screen 
is as follows: The bulb is p icked up au tomat ica l ly  
f rom an indexing conveyor.  200 ml  of a clear  photo-  
resist  solution, containing 25g PVA grade  52-22, and 
2.75 g ammonium b ichromate  dissolved in 600 ml 
wa te r  wi th  290 ml  dena tu red  ethanol,  is in t roduced  
by  a dispenser.  The bulb face is f low-coated by  
t i l t ing and rotat ing.  The excess solution is d ra ined  
off, and the  bulb r e tu rned  to the  conveyor.  There  
it is dr ied  for 35 min  using filtered, dr ied  air. I t  is 
then placed face down in the pro jec tor  for a 3u 
min exposure  th rough  the appropr i a t e  l ine master .  
I t  is then r e tu rned  to the conveyor for automat ic  
f low-coat ing and d ry ing  of the  phosphor  s lurry.  100 
ml of a mix tu re  of 80 ml dena tu red  alcohol, 60 ml  
water ,  and 50 g phosphor  is no rma l ly  used. Drying  
takes 13 min. The final step of washing off the un-  
exposed photoresis t  and phosphor  is done on a t u rn -  
table  wi th  wa te r  d i rec ted  against  the  inside funnel  
wal l  and flowing up and across the screen for 1 min. 
The same procedure  is used for guard  lines, color 
lines, and index lines. The screen is t r ea ted  wi th  
0.5% aqueous l i th ium hydrox ide  af ter  the first and 
second color lines are  applied.  This prevents  sub-  
sequent ly  appl ied  phosphors  f rom contamina t ing  
the prev ious ly  appl ied  lines. The suggested mech-  
anism for photofixat ion is shown in Fig. 1. 

When the phosphor  s lu r ry  is super imposed on the 
film with  its l a ten t  image  of ha rdened  lines, the 
wate r  in the phosphor  s lu r ry  goes into the cross- 
l inked film, softening i t  for penetra t ion.  The alcohol 
on the other  hand tends to remove the water ,  m a k -  
ing it possible to control  pene t ra t ion  by proper  con- 
t rol  of the  wa te r - t o - a l coho l  ratio. A compromise is 
effected be tween m a x i m u m  phosphor  occlusion 
( th icker  screens) and pene t ra t ion  of the phosphor  
to the glass which migh t  resul t  in adhesion in the  
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Fig. 2. Mechanism for phosphor imbedment 

nonexposed areas. The mechanism for phosphor im- 
bedment is shown in Fig. 2. 

The problems encountered in photodeposition of 
multicomponent screens are: adhesion, control of 
screen weight, cross contamination and fogging. 

To be practical, the process should be a water 
system, and must also be reasonably fast (short ex- 
posure times), must not affect deleteriously the 
phosphors, MgO, or Al used; agents used must bake 
off so as not to leave a significant residue in the 
completed tube, which might damage the cathode. 

Addition of H3PO, to the sensitized PVA solution 
promotes adhesion to the glass, but is difficult to 
control and deteriorates rapidly with age. Urea 
formaldehyde gives similar results with slower de- 
terioration. PVA of lower per cent hydrolysis has 
better adhesion to glass, but is not sufficiently photo- 
sensitive. Consistently good adhesion is best ob- 
tained by drying the PVA film to equilibrium with 
air of I% RH. 

Parameters in Control of Screen Weight 
Thickness of sensitized PVA film on glass.--As the 

coating thickness is increased,  the to ta l  dep th  of the 
phosphor  l aye r  increases. If exposure  takes place 
f rom the surface to be coated, through to the glass, 
too th ick a film wil l  resu l t  in insufficient l ight  
reaching the glass-f i lm in ter face  to provide  ade-  
quate  fixing to the glass. If  the exposure  t ime is 
then increased,  the surface to be coated wil l  be in-  
solubil ized to such an extent  that  the phosphor  p a r -  
ticles wi l l  not  pene t r a t e  it, and a th in  screen wil l  
result .  This effect can be overcome by leaching a 
por t ion  of the sensit izer  out of the  surface of the  
film wi th  a solvent,  such as e thyl  alcohol, which wil l  
dissolve the  sensitizer,  but  not  the  film. 

Phosphor slurry ~ormulation.--A suspension of 
phosphor  in wa te r  provides  m a x i m u m  softening of 
the exposed film, al lowing m a x i m u m  phosphor  
pene t ra t ion  and screen weight.  However ,  such a 
s lu r ry  is difficult to app ly  un i fo rmly  because it dis-  
solves and carr ies  along much of the unexposed 
wa te r - so lub le  por t ion of the film and dries too 
slowly. Also, this al lows phosphor  to reach the glass 
be tween the image  lines and adhere  there.  Addi t ion  
of e thyl  alcohol to the s lu r ry  reduces its effect on 
the wa te r - so lub le  film, and  promotes  more  rap id  
drying,  resul t ing  in a more un i form screen. Add i -  
t ion of the alcohol, however ,  reduces the pene t r a -  
t ion of the image lines by  the phosphor,  causing a 
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Fig. 3. The screen weight vs. per cent of water in slurry. 
The three curves show fog level (triangle), f i lm leached with 
alcohol (square) and fi lm nat leached (circle). 

drop in screen weight,  so these  factors are ba lanced  
to provide  the best  combinat ion of screen weight,  
uniformity ,  and f reedom from fogging be tween the 
lines. A typ ica l  s lu r ry  wi l l  contain 80 par ts  alcohol 
and 60 par t s  wa te r  by  volume, wi th  f rom 40 to 90 g 
of phosphor,  depending  on the pa r t i cu la r  phosphor  
used. The weight  of phosphor  used is set a t  tha t  
va lue  which produces  the best  flowing charac te r -  
istics. The compromise  is shown on the graph in 
Fig. 3. 

Cross Contamination 

Cross contaminat ion  is the presence of phosphor  
of one color in screen l ines of another  color. 
Causes . - - (a)Trapping  of par t ic les  by the PVA line 
of a previous  color which was not thoroughly  covered 
with  phosphor;  (b)  t r app ing  of par t ic les  in the 
rough phosphor  surface of a previous  line. 
Cures.--First ,  pos t -ha rden  the PVA to p reven t  any 
fu r the r  phosphor  being t rapped.  Mater ia ls  used in-  
clude: t i t an ium lactate,  Quilon (chrome organic 
complex) ,  DMU, gIyoxal,  diazocyanates,  h y d r o x -  
yad ipa ldehyde ,  aqueous ammonium dichromate  
(exposed to l igh t ) ,  hea t  a t  l l 0 ~  for 15 min. Al l  of 
these aid in reducing cross-contaminat ion,  but  none 
is sufficient. 

Ret rea t  the phosphor  lines wi th  the same color 
s lu r ry  pr ior  to appl icat ion of the next  color. This 
works,  but  is too costly. 

Second, coat  the screen wi th  an impervious  layer  
(a) lacquer  film; this protects  completely,  but  

causes wr ink l ing  of subsequent  lines; (b)  aqueous 
potass ium sil icate;  this reduces contaminat ion  but  
produces fog. 

Trea t  the screen wi th  aqueous l i th ium hydrox ide  
to repe l  subsequent  phosphor.  This t r ea tmen t  has 
produced good resul ts  most consis tent ly and is cur -  
r en t ly  in use. 

Fog 

Fog is the t e rm used to describe phosphor  pa r t i -  
cles which deposi t  on the glass be tween  the lines 
and fai l  to wash off. 
Causes . - - (a)  Electrosta t ic  a t t rac t ion  of par t ic les  to 
the glass; (b) t r app ing  of par t ic les  in pa r t i a l l y  fixed 
PVA which has dr ied be tween  the l ines af ter  
washing.  
Cures . - - (a )  Use of phosphor  wi th  few superfines; 
par t ic les  which tend to adhere  to bare  glass are  
those of low densi ty  and par t ic le  size below 1~; (b) 
p reven t  pene t ra t ion  of par t ic les  through unexposed 
port ion of film to the glass by  keeping the wate r  
content  of the s lu r ry  low enough; (c) wash  the ex-  
posed and coated screen before  dry ing  is completed,  
where  very  fine par t ic les  must  be used, and wa te r  
content  must  be kep t  high. 

The process descr ibed above has been used to 
make  thousands of tubes. The precision is bui l t  into 
the equipment ,  r a the r  than  into h a r d w a r e  incorpo-  
ra ted  in the tube. The chemical  processes a re  con- 
t ro l lab le  and pract ical ,  giving high reproduc ib i l i ty  
wi th  l i t t le  more  care  than  is exercised in the  p rep -  
a ra t ion  of screens for monochrome cathode ray  
tubes. 

Manuscript received June 27, 1957. This paper was 
prepared for delivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will appear  in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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Copper Anodes in Hydrochloric Acid 
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ABSTRACT 

In the Cu/HC1 system, when na tura l  convection occurs, there are two 
steady-state current  plateaus. On the first of these ( - -0 .28~V~--0.05) ,  copper 
dissolves only in the cuprous form, and the value of the current  agrees with 
that  predicted by the Tobias theory of na tura l  convection. On the second 
plateau, up to 30% of the copper is dissolved as cupric ions. When the circuit 
is interrupted,  the resistance of the CuC1 layer  decays pr imar i ly  due to open- 
ing of its pores, the pore area increasing l inear ly  with time. Oscillations are 
found at the anode voltage region below which there is no layer  and above 
which the layer  can remain  on the electrode indefinitely. A kinetic explana- 
tion of oscillations is proposed, and is in accord with the observations. 

In  the  s tudy  of the anodic  behav io r  of Cu in  HC1, 
it has b e e n  shown  (1) that  the  p h e n o m e n a  of over -  
shoot and  oscil lat ion,  as wel l  as the  exis tence  of a 
nonzero  s t e a d y - s t a t e  cur ren t ,  are  possible  on ly  if 
convec t ion  is a l lowed to take  place. 

The process of convec t ion  is a compl ica ted  one, 
and  at first s ight  one migh t  suppose  tha t  q u a n t i t a -  
t ive  conclus ions  would  be difficult to obta in .  Neve r -  
theless,  progress  has been  m a d e  in  the  theory  (2),  
at least  as regards  the s t eady- s t a t e  behavior .  If the  
composi t ion  of the convec t ion  l ayer  is k n o w n ,  pe r -  
haps by  deduc t ion  f rom sch l ie ren  and  o ther  i n fo r -  
mat ion ,  t h e n  the  ra t e  at which  the reac t ion  products  
are r e m o v e d  by  diffusion and  convec t ion  m a y  be 
calculated,  and  thus  the  va lue  of the s t eady- s t a t e  
current .  In  the  present  paper ,  it is shown  tha t  
theory  and  e x p e r i m e n t  agree  well .  

The  m a n n e r  of approach  to the  s teady state  is 
more  difficult to expla in ,  bu t  even  here  one can  at  
least  c la r i fy  some aspects of it. I n i t i a l l y  the  m a i n  
process is the  depos i t ion  of C1- f rom solu t ion  to form 
a cuprous  chlor ide layer ,  and  this  has p recedence  
u n t i l  the  l aye r  is complete.  A n y  m a t e r i a l  which  has 
been  convected  d o w n w a r d  d u r i n g  this  s tage ( t ime  
less t h a n  3 sec) is not  sufficient to fo rm a s t ream 
f rom the  bo t tom of the  anode.  However ,  once the  
l ayer  is complete,  or a lmost  so, the  current  is r e -  
duced by  the  l aye r  resis tance,  and  the  b u l k  r e mova l  
process becomes p r e d o m i n a n t .  The  in i t i a l  th ickness  
of the  CuC1 l aye r  is a f unc t i on  of the  p l a t eau  cur -  
r en t  it. If this  th ickness  is g rea te r  t h a n  the  s teady-  
state va lue ,  one m a y  expect  an  a d j u s t m e n t  to occur 
such that  the  th ickness  decreases,  w i th  pore  area  
constant ,  and  the  c u r r e n t  wi l l  r ise f rom a m i n i m u m  
value.  On the  a s s u m p t i o n  tha t  the  th ickness  de-  
creases at a ra te  p ropor t iona l  to the excess of r e -  
mova l  c u r r e n t  over  ac tua l  cur ren t ,  it is possible, 
as wi l l  be  shown,  to account  for the  shape  of the  
cu r r en t  vs. t ime  curve  af ter  the  m i n i m u m .  

It had  p rev ious ly  been  a puzzle  as to w h a t  is 
respons ib le  for the  h ighe r  c u r r e n t  on the  second 
s t eady- s t a t e  p la teau .  Accordingly ,  we igh t - loss  de-  
t e r m i n a t i o n s  were  made,  a nd  showed tha t  a n e w  
reac t ion  i nvo l v i ng  cupr ic  ions comes in. On the  basis  
of a s imple  model ,  it  now  seems possible  to account  
for the va lue  of the  a b o v e - m e n t i o n e d  cur ren t .  

Also, p rev ious  m e a s u r e m e n t s  (3) of the  decay of 
l aye r  res i s tance  had  no t  b e e n  m a d e  for  t imes  suffi- 
c ien t ly  short  so tha t  one could d r a w  good conc lu-  
sions abou t  the  mechan i sm.  This  has now  been  
remedied ,  and  it seems ce r t a in  that  the  process 
which  is most  i m p o r t a n t  e lec t r ica l ly  is the  open ing  
of the pores. 

The  m e c h a n i s m  u n d e r l y i n g  osci l la t ions  has been  
unce r t a in .  Bonhoeffer  a nd  Ger i scher  (4) t r i ed  to 
cons t ruc t  a theory  in  which  a Cu~O layer  was  i n -  
volved.  In  the  p rev ious  w o r k  (1) ,  the  second cur -  
r e n t - t i m e  p l a t e a u  was f ound  to be m u c h  more  
p r o m i n e n t  at  lower  concent ra t ions ,  a nd  i t  seemed 
therefore  that  the  OH- ion is involved .  S u b s e q u e n t  
obse rva t ions  r evea l  tha t  CuC1 is also deposi ted d u r -  
ing  this p la teau ,  and  the re  st i l l  is no di rect  ev idence  
for Cu.~O format ion ,  even  though  e lec t ron  diffrac-  
t ion  t echn iques  a l low the de tec t ion  of ve ry  smal l  
quant i t ies .  The  above theory  remains ,  therefore ,  
ve ry  m u c h  in  doubt ,  especia l ly  since our  obse rva -  
t ions show the  osci l la t ions to be confined to the  
b o u n d a r y  reg ion  b e t w e e n  where  a l ayer  exists  and  
where  it  does not.  Hence  the  p resen t  ar t ic le  con-  
ta ins  a discussion of how one  can expect  osci l la t ions 
even  in  the absence  of a Cu~O layer .  

Experimental arrangement--The e x p e r i m e n t a l  
appa ra tu s  and  methods,  as wel l  as the  associated 
nome nc l a t u r e ,  are  the  same as descr ibed  in  p rev ious  
s tudies  (1,3,5). These consis ted of a s imple  cell w i th  
an  0.1N ca lomel  re fe rence  e lect rode a nd  the  neces -  
sa ry  e q u i p m e n t  for a p p l y i n g  and  m e a s u r i n g  vo l t -  
ages and  cur ren ts .  C i rcu la r  anodes  (0.02 cm 2) w e r e  
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second plateau (in,Vn), and for the steady state (i=,V~). 

used  for  t h e  mos t  pa r t ,  t h e  e l e c t r o l y t e  b e i n g  2N HC1. 

Resul ts  

The Steady State 
As m a y  be  seen f r o m  Fig.  1, t he  s t e a d y - s t a t e  c u r -  

r e n t - v o l t a g e  c u r v e  is s i m i l a r  in shape  to a p o l a r o -  
g ram,  h a v i n g  two  p l a t eaus ,  1 i.e., r eg ions  w h e r e  t he  
c u r r e n t  is a p p r o x i m a t e l y  i n d e p e n d e n t  of vo l tage .  
The  s t e a d y  s t a t e  ( i n d i c a t e d  b y  the  s u b s c r i p t  oo) is 
u s u a l l y  r e a c h e d  in f rom 1 to 5 min ,  e x c e p t  a t  h igh  
vo l t ages  w h e r e  t he  t i m e  m a y  be  longer .  The  c u r v e  
for  i| vs. V~ does  no t  d e p e n d  on the  choice  of e x -  
t e r n a l  p a r a m e t e r s  (E and  R ) ,  n o r ' o n  the  va lue s  of 
t h e  i n i t i a l  c u r r e n t  or  i n i t i a l  l a y e r  th i ckness .  

The l o w - v o l t a g e  region.-- The r eg ion  b e l o w  
--0.24 v is g o v e r n e d  b y  a p o l a r i z a t i o n  e q u a t i o n  of 
t he  fo rm 

V = a + b l o g i  ( I )  

This  is t he  f o r m  e x p e c t e d  acco rd ing  to t h e  r e a c t i o n  
r a t e  t h e o r y  of Glass tone ,  L a i d l e r ,  a n d  E y r i n g  (6 ) ,  
a p p l i e d  to anod ic  d i s so lu t ion  of a m e t a l ;  w i t h  

1 T h e s e  are  no t  to be con fused  w i t h  the  c u r r e n t - t i m e  p l a t e a u s  of 
ref.  (1). 
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Fig. 2. Current vs. voltage in the steady state, at low volt- 
ages for a Cu anode (0.02 cm 2) in 2N HCI. 
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Za 

where Z is the charge transferred and ,a is a con- 
stant lying between 0 and 1. Alpha is sometimes 
found to be greater than one, and this has been in- 
terpreted as due  to m e c h a n i s m s  i n v o l v i n g  m o r e  
t h a n  one ion (7) .  The  r e su l t s  (F ig .  2) show a b r e a k  
in t h e  c u r v e  a t  --0.28 v, c o r r e s p o n d i n g  to t he  p o t e n -  
t i a l  of Cu in C u C l - s a t u r a t e d  2N HC1 (1) .  Be low 
--0.28 v, b----0.038, and  a b o v e  t h a t  v o l t a g e  b a b -  
r u p t l y  doubles ,  b e c o m i n g  0.075. The  v a l u e  for  b b e -  
l ow  --0.28 v y i e l d s  a v a l u e  for  ~ (---- 1.55) g r e a t e r  
t h a n  1, w h i c h  i nd i ca t e s  a m e c h a n i s m  i n v o l v i n g  a t  
l eas t  two  ions, and  thus  f avo r s  t he  r e a c t i o n  

Cu + 2C1-~  CuCI-~ + e- ( I I I )  

as a m e c h a n i s m  r a t h e r  t h a n  d i r ec t  f o r m a t i o n  of Cu § 
ion, f o l l owed  b y  c o m p l e x  ion f o r m a t i o n  in  solu t ion .  
The  fac t  t h a t  b e x a c t l y  doub l e s  m a y  m e a n  t h a t  t he  
ef fec t ive  a is t he  s a m e  in b o t h  cases, and  t h a t  t h e  
l a r g e r  v a l u e  of b ( c o r r e s p o n d i n g  to a = 0.785) is 
a s soc i a t ed  w i t h  a r e a c t i o n  i n v o l v i n g  on ly  one  ion. 
The  r e a c t i o n  

Cu + C1--> CuC1 + e- ( IV)  

is such a reac t ion ,  and  a l l  our  a v a i l a b l e  e v i d e n c e  
ind i ca t e s  t ha t  it  is t he  one w h i c h  occurs .  

The first steady-state plateau.--For V ~--0.28 v, 
an  anod ic  film, w h i c h  was  iden t i f i ed  as  CuC1 b y  
m e a n s  of e l ec t ron  d i f f rac t ion ,  was  o b s e r v e d  on the  
e lec t rode .  On t h e  first  p l a t e a u ,  i.e., for  t he  r a n g e  
--0.28 _--< V~--<_ --0.05, no Cu ++ en t e r s  the  so lu t ion  
( s h o w n  b y  w e i g h t - l o s s  d e t e r m i n a t i o n s ) .  In  t h e  
s t e a d y  s ta te ,  t he  c u r r e n t  is t hus  a c c o u n t e d  for  w h o l l y  
b y  the  e n t r a n c e  of c up rous  ions  in to  so lu t ion  in the  
fo rm of the  c o m p l e x  CuCI% w h i c h  is r e m o v e d  f rom 
the  a n o d e  r eg ion  b y  convec t ion  and  diffusion.  I f  one  
a s sumes  r e a s o n a b l e  va lue s  for  v i scos i ty  a n d  d e n s i t y  
of t he  convec t ion  l aye r ,  then ,  as is shown  be low,  i t  
is poss ib le  to ca l cu l a t e  f rom t h e o r y  a v a l u e  for  t h e  
s t e a d y - s t a t e  cu r ren t ,  as we l l  as a v a l u e  for  t he  
m a x i m u m  th i ckness  of t he  convec t ion  l aye r ,  w h i c h  
is in  good a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  va lue .  

Application of convection theory.--Tobias a n d  co-  
w o r k e r s  (2)  and  W a g n e r  (8)  2 h a v e  r e c e n t l y  d e v e l -  
oped  a t h e o r y  of n a t u r a l  convec t ion  con t ro l  a t  e lec -  
t r odes  and  so lub le  s labs,  t r e a t i n g  the  mass  t r a n s f e r  
p r o b l e m  in t h e  s a m e  f a sh ion  as  the  w e l l - s t u d i e d  
p r o b l e m  of h e a t  t r ans f e r .  A r e l a t i o n  is d e v e l o p e d  in 
t e r m s  of t h r e e  d ime ns ion l e s s  groups ,  w h i c h  w r i t t e n  
out  in f a m i l i a r  t e r m s  is 

w h e r e  S is t h e  a n o d e  a rea ,  ~ is t h e  a v e r a g e  v i scos i ty  
of t he  so lu t ion  in  t he  convec t ion  l aye r ,  a n d  is a p -  
p r o x i m a t e l y  t h a t  of 2N HC1 (---- 10 -~ p o i s e ) ;  g is t he  
a c c e l e r a t i o n  of g r a v i t y ;  and  p is t he  a v e r a g e  dens i ty ,  
1.045 g /cc .  Ac a n d  Ap a r e  t h e  d i f fe rences  b e t w e e n  
the  b u l k  a n d  i n t e r p h a s e  c o n c e n t r a t i o n s  and  d e n -  
si t ies,  r e spe c t i ve ly .  (These  two  q u a n t i t i e s  s e r v e  as 

~ I n  t he  a u t h o r ' s  case t he  c o n d i t i o n  of W a g n e r  t h a t  ] A e l < < c o  is 
no t  met .  I n s t ead ,  [AC[ is' a b o u t  ACmax a n d  t h i s  l eads  to  x-z~ ~ d e p e n d -  
ence, w h e r e  x is the  d i s t ance  f r o m  the  l e a d i n g  edge  of t he  e lect rode.  
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the  d r i v ing  force of the  mass t r ans f e r  process) .  F is 
the Fa raday ,  and  z the va lence  ( =  1 he re ) .  The con-  
c e n t r a t i o n  re fe r red  to is tha t  of the  CuC1,- complex  
ion. I t  is zero in  the b u l k  phase  and  0.24N at  the 
CuC1 layer  surface,  if t he re  is s a t u r a t i o n  in  the  ap -  
p r o x i m a t e l y  2N C1- solut ion.  [Tha t  the  C1- concen-  
t r a t i on  is close to the  b u l k  va lue  can be seen f rom 
the sch l ie ren  photos of the  s teady s ta te  (11),  and  
f rom a ca lcu la t ion  ( A p p e n d i x  I)  wh ich  shows t h a t  
even  u n d e r  p u r e  diffusion a smal l  C1- g rad ien t  
( abou t  0.2N across the l ayer )  is sufficient to supp ly  
the s t eady- s t a t e  C1- demand . ]  F r o m  so lubi l i ty  da ta  
(9) ,  and  us ing  the  densi t ies  as d e t e r m i n e d  by  Engle  
(10),  Ap = 0.026 g /cm.  y is the  he ight  of the  elec- 
trode, and  m u s t  be su i t ab ly  ave raged  for one w i th  a 
c i rcular  cross section. The  precise  eva lua t i on  is 
made  in  A p p e n d i x  II  and  the resu l t  is y = 0.121 cm 
for the  case cons idered  here.  t_ is the  t r a n spo r t  
n u m b e r  of the  CuCI~- ion, and  m a y  be t a k e n  as zero, 
s ince the CuCl.~- ion m u s t  move  agains t  the  cu r ren t ,  
and  is at most  o n e - t e n t h  as n u m e r o u s  as the C1- and  
H § ions. D, the  diffusion coefficient of CuC12-, is es t i -  
ma t ed  to be 1 x 10 -~ cm2/sec, f rom the  v a l u e  for s im-  
i lar  ions. P u t t i n g  these  va lues  in  Eq. (V) one obta ins  
32.7 m a / c m  2 as the l im i t i ng  c u r r e n t  densi ty ,  which  
falls i n  the  observed  r ange  of 30-35 m a / c m t  This  is 
s t rong ev idence  tha t  the c u r r e n t  on the  first p l a t eau  
is cont ro l led  by  n a t u r a l  convec t ion  of the  CuCI.~- 
away  f rom the  electrode.  It  is to be no ted  tha t  this  
process is a lmost  en t i r e ly  i n d e p e n d e n t  of e lec t ro-  
chemical  influences,  be ing  m a i n l y  mass t r ans fe r  
f rom a solid slab of a soluble  mate r ia l .  W h e n  the  
c i rcui t  is opened,  this process con t inues  u n c h a n g e d  
as long as there  is a CuC1 layer  on the anode  su r -  
face, as is p r o v e n  by  sch l ie ren  observat ions .  This  
fact, t ha t  the  r e m o v a l  process is r e l a t i ve ly  inde -  
p e n d e n t  of c u r r e n t  f luctuat ions,  wi l l  p rove  to be i m -  
p o r t a n t  for s u b s e q u e n t  discussions of osci l la t ions 
and  overshoot .  

The th ickness  of the  convec t ion  layer  var ies  a long 
the he ight  of the electrode,  be ing  zero at  the  top and  
a m a x i m u m  at the bot tom.  The m a x i m u m  th ickness  
was found  to be i n d e p e n d e n t  of c u r r e n t  dens i ty  
once convec t ion  had  become stabil ized,  and  was  of 
the order  of 0.02 m m  as m e a s u r e d  f rom sch l ie ren  
photographs  (11).  This  agrees w i th  the  recen t  theo-  
re t ica l  resu l t  of K e u l e g e n  (12) for the  m a x i m u m  
convec t ion  l ayer  th ickness :  

( t~DY )1i~ (VI)  ~o ~ 3.33 ', gap / 

which  yie lds  a va lue  for ~ of 0.185 mm,  for an  elec-  
t rode  2.5 m m  high in  2N HC1. 

The Second Steady-State  Plateau.--Electrochem- 
ical  e x p e r i m e n t s  show tha t  the  increase  in  c u r r e n t  
above --0.05 v is at  least  pa r t i a l l y  due  to the  f o r m a -  
t ion  of Cu §247 ions, wh ich  go d i rec t ly  in to  so lu t ion  
t h rough  the pores in  the CuC1 layer .  Weigh t  loss 
d e t e r m i n a t i o n s  were  car r ied  out  at --0.02, 0.4, 0.5, 
and  0.96 v, and  the  f rac t ions  of cupr ic  ion fo rmed  
were  found  to be 13%, 29%, 32%, and  28%, respec-  
t ively.  The  first r e su l t  cor responds  to a po in t  abou t  
h a l f - w a y  up  on the r i se  b e t w e e n  --0.05 and  +0.1 v 
(Fig. 1), a n d  the  fo l lowing  th ree  to po in ts  on the  
second p la teau .  Thus  the  r e l a t ive  Cu ++ fo rma t i on  
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reaches a l im i t i ng  va lue  of a p p r o x i m a t e l y  30% of 
the Cu lost ( e qu i va l e n t  to 46% of the c u r r e n t ) .  

Since Cu ++ is h igh ly  favored  in  concen t r a t ed  solu-  
t ions of copper ion, one migh t  expect  Cu ++ f o r ma t ion  
exclus ively ,  ins tead  of its be ing  l imi t ed  to 30%. 
However ,  a closer ana lys i s  shows how this  l im i t i ng  
c u r r e n t  m a y  come about.  A s s u m e  tha t  in  the  s teady  
s ta te  there  exists a porous  CuC1 l aye r  w i th  pore  
a rea  S~, t ha t  the  p roduc t i on  of m o r e  CuC1 occurs 
according to Eq. (IV) at  the  Cu surface,  t he  C1- 
pass ing  in  t h rough  the  pores, and  tha t  the CuC1 layer  
dissolves by  a p u r e l y  chemical  act ion at  the  i n t e r -  
face of the layer  and  the  solut ion.  U n d e r  these  con-  
di t ions  the C1- flux th rough  the  pores wi l l  be  equa l  
to the c u r r e n t  due  to Eq. ( IV) .  Because the re  is a 
source of Cu § at the anode surface  the H + ions (be -  
ing 8 t imes as mobi le  as the Cu +§ wi l l  t end  to m i -  
g ra te  out  of the pores, which  wi l l  t hen  be  filled w i th  
a so lu t ion  cons is t ing  m a i n l y  of CuCI~. If the  concen-  
t r a t i on  of the CuCI~ in  the  pores is u n i f o r m  (mo-  
l a r i ty  = c) which  is r ea sonab le  on the  g rounds  tha t  
there  are app rop r i a t e  sources a n d  s inks  at  the  e n d  of 
the pores and  tha t  the mobi l i t ies ,  t~, are  comparab le ,  
t hen  the cu r ren t s  car r ied  by  the  respec t ive  ions are 
due on ly  to m i g r a t i o n  a nd  are:  

ic~ = ic~- = eS,F - ~  ~- = eS,F~ e~-E 2c (VII)  

ic . . . .  2eS,F ~ .... = 2eS,F~ c,++Ee (VII I )  

w h e r e  dN/d t  is the ion flux and  E is the  electr ic  
field. Thus  the ra t io  of the  cu r r en t s  due to Cu ++ and  
Cu" f o r ma t i on  is equa l  to the  rat io of the  Cu ++ and  
C1- ion mobi l i t ies  (or ionic eonduc tanees ) .  Us ing  
va lues  a t  inf ini te  d i lu t ion  f rom C o n w a y  (13), 

iou++ Xcu~+ 
- -  - -  = 41.5% 

i ~c.++ + ;%l- 

[Cu ++] 
: 26% 

[Cu ++] + [Cu +] 

compared  to 46% a nd  30% e xpe r i me n t a l l y ,  which  
is ve ry  good a g r e e m e n t  cons ider ing  the  c rude  as-  
sumpt ions  and  a p p r o x i m a t i o n s  involved .  

I t  m a y  be possible  to account  for the  m a g n i t u d e  
of the  c u r r e n t  increase  f rom the  first p l a t e a u  to the  
second. A d d i n g  the pe rcen tage  of c u r r e n t  due  to 
Cu +§ wou ld  inc rease  the  0.65 m a  to on ly  1.2 ma. If 
Eq. (V) is used uncr i t i ca l ly ,  the  added  Cu § (es-  
t i m a t e d  to be at least  0.2 mo l a r  f rom sch l ie ren  da ta  
f rom preced ing  papers )  a p p r o x i m a t e l y  doubles  the  
dens i ty  difference (• and  consequen t ly  increases  
the convec t ion  c u r r e n t  to abou t  1.4 ma,  as agains t  
the observed  va lue  of 1.8 ma.  However ,  Eq. (V) 
on ly  holds for one c u r r e n t - c a r r y i n g  ionic species, so 
tha t  the  a g r e e m e n t  is r e a s o n a b l y  good. 

Resistance and potent iaL--By  b r e a k i n g  the  c i rcui t  
and  obse rv ing  the vol tage  change  one can de te r -  
m i n e  the  open -c i r cu i t  e lect rode po t en t i a l  a nd  the  
electrode res i s tance  associated w i th  the  s teady  state. 
At  vol tages  be low --0.05 v, i t  was  found  (3) tha t  
the e lec t rode  res i s tance  is smal l  compared  to the  
so lu t ion  res i s tance  of abou t  14 ohms, a nd  tha t  the  
e lec t rode  po t en t i a l  varies,  a d j u s t i ng  to the  appl ied  
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voltage. The anode film is so thin or porous as to 
have a res is tance  negl ig ible  as compared  to tha t  of 
the solution. The va r ia t ion  in e lectrode poten t ia l  is 
due to concentra t ion polar iza t ion  of the C1- ions in 
the pores of the  layer ,  as was shown for the  first 
t empora l  p la teau  (1).  For  appl ied  voltages above 
--0.05 v the res is tance increases wi th  V=, whi le  the 
electrode potent ia l  remains  constant,  being in the  
range of --0.05 to ~0.03 v. The resis tance increase is 
associated pa r t l y  wi th  the observed (3) increase in 
the s t eady-s t a t e  l aye r  thickness ($~). That  the elec- 
t rode potent ia l  remains  near  the s tandard  potent ia l  
of the CulCu ++ ha l f -ce l l  (--0.05 v) indicates  tha t  the  
Cu ++ is the  poten t ia l  de te rmin ing  ion. A twofold  in-  
crease of Cu § concentra t ion is equiva lent  to a po-  
lar iza t ion of only 0.01 v, and the m a x i m u m  solu- 
b i l i ty  of CuC12 (7M) l imi ts  the  to ta l  polar iza t ion  to 
0.03 v above the s t andard  potential .  Thus, unt i l  the 
in i t ia t ion of a new react ion wi th  a higher  e lectrode 
potent ial ,  the  e lectrode po ten t ia l  mus t  r ema in  below 
--0.02 v. 

B r e a k  t rans ien t s . - - -The  decay of l aye r  res is tance 
has been s tudied prev ious ly  (3),  bu t  most  of the  
da ta  were  for t imes grea ter  than  30 msec, when the 
resis tance has a l r eady  dropped  to less than  one- 
ten th  of its s t e ady - s t a t e  value.  To obtain the  miss-  
ing information,  it  was found convenient  to use the 
r ap id -ac t ing  in te r rup t ion  switch (1) to obta in  da ta  
for short  off-times. This switch, which was motor  
driven,  would opera te  from 2 to 6 t imes/sec,  open-  
ing the c i rcui t  for periods of f rom 0.4 to 10 msec. 
Since the per iod be tween  in te r rupt ions  was suffi- 
c ient ly  long for the electrode to recover  completely,  
a complete resis tance decay curve could be obta ined 
dur ing  one run. The resul t  for V = 2.5 v (Fig. 3) 
shows ~, the conductance of solution plus layer ,  to 
be a l inear  funct ion of t ime in the ea r ly  stages of 
the decay, namely,  

= 0.36 • 10 -~ + 0.24t ( IX)  

Ext rapo la t ing  this to the end of the --0.05 v po ten-  
t ial  p l a t eau  (0.29 sac) gives 14 ohms, which is the 
va lue  of the solution resis tance alone. Thus the 
l inear  re la t ion for ~ holds throughout  the resis tance 
decay. 

I t  is to be noted that ,  whi le  the  da ta  cover only 
2% of the t ime of the decay, this corresponds to 
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Fig. 3. Resistance and conductance vs. time for a break 
from the steady state (V -~ 2.5v). Copper anode (0.02 cm 2) 
in 2N HCI. 

75% of the res is tance drop, af ter  which the pe r -  
centage uncer t a in ty  in ~ becomes high. The fact 
tha t  the l aye r  res is tance becomes of the order  of ro 
(14 ohms) or smal ler  does not  mean tha t  the l ayer  
has dissolved to any grea t  extent,  but  r a the r  tha t  
the pores have  widened.  Assuming the layer  in 
question to be 10 -~ cm thick, then the resis tance 
would be 14 ft if the pore  area  were  as much as 
only 1% of the surface. F u r t h e r m o r e  the ra te  of 
solution is not  sufficient to dissolve an apprec iable  
por t ion  of the  l aye r  in the  shor t  t imes associated 
with  the  resis tance decay. The film resis tance (rl) 
is given by:  

r~ (X) 
K,~p 

Since 8 cannot  change so r ap id ly  and K cannot  be 
expected to va ry  much (in going from tha t  for a 
CuCL solution to tha t  for HC1) then the ma jo r  
change in rl must  be due to var ia t ion  in S~, the  pore 
area. Compar ing  ( IX)  and (X) one sees tha t  S~ in-  
creases l inear ly  wi th  time. Therefore  

S~(t )  = (S~,)~ + k t  (XI)  

where  k is a constant.  

Overshoo t  

Overshoot is defined to be the s i tuat ion where  the 
current  or vol tage passes beyond its s t eady-s t a t e  
va lue  before  finally a r r iv ing  there. For  definiteness, 
the fol lowing discussion wil l  be confined to the case 
where  the cur ren t  goes through a min imum af ter  
the complet ion of a plateau.  

Shie lded electrodes wi th  no convection d isp lay  
no minimum,  but  r a the r  a monotonica l ly  decreasing 
current .  Also, unshie lded  ver t i ca l  e lectrodes in low 
acid concentrat ions  (smal l  r emova l  currents)  do not 
show apprec iab le  overshoot.  F ina l ly ,  such cur ren t  
min ima never  occur before 3 sec have passed, r e -  
gardless of the  dura t ion  of the  plateau.  Since this  
is app rox ima te ly  the t ime requ i red  for the ini t ia t ion 
of convective fluid flow, this type  of overshoot ap-  
pears  to be associated wi th  the convection process, 
which removes ma te r i a l  f rom the layer.  

Severa l  examples,  t aken  wi th  an unshie lded elec- 
t rode in 2N HC1, are reproduced  in Fig. 4. The t r a n -  
sient in Fig. 4a is typica l  of those wi th  low appl ied  
voltages such tha t  the s teady state lies on the first 
plateau,  be tween  --0.27 and - -0 .05  v. As the  appl ied 
vol tage is increased the overshoot,  ( i=-- im, , ) ,  be-  
comes at  first greater ,  and then smaller ,  f inally dis-  
appear ing  a l together  (Fig. 4d).  

The thickness  (8,) of the  l ayer  or ig ina l ly  formed 
dur ing  the first cur ren t  p la teau  depends  on ly  on the  
va lue  aS the  c ur re n t  on the  p la teau  (i i) ,  and may  be 
la rger  ~ than  the s t eady- s t a t e  l ayer  thickness ( ~ )  
which depends only on V~. If there  were  no convec- 
tion, the thickness would increase  indefini tely once 
the pore  area  had reached its lowest  value.  Ob-  
viously,  if 3, > 8~, the s teady s tate  wi l l  be ap-  
proached only if the thickness  decreases due to dis-  
solution of the layer .  

3 T h e  v a l u e  of  8i is  a f u n c t i o n  of ~1, a n d  r a n g e s  f r o m  10 -~ c m  a t  
l o w  c u r r e n t  d e n s i t i e s  to  10 -~ c m  o r  less  a t  h i g h  c u r r e n t  dens i t i e s .  

v a r i e s  w i t h  V| a n d  h a s  b e e n  e s t i m a t e d  (3) to  be  of  t h e  o r d e r  of  

2 %  10 ~ cm in  t h e  s t e a d y  s ta te .  
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EXAMPLES OF OVERSHOOT 

E 

, I -, I 
0 30 60  90  120 t (sec. )  

E v 

I I 

V I 5 0 a  

o ~o '  t (see) 

~ 5  

2 

c) 1.05 v. 
150a 

. d) 1,70 v. 
150~1 

30 t(sec)O 50 t(sec) 

2 ~  e) imi  n- Vmi n for various values of R 

IL 
~ , - f  , 

- 0 . 4  0 0 .5  1.0 1.5 2.0 
V (volts) 

Fig. 4. (a) - -  (d) Current  vs. t ime curves for  a Cu anode 
(0.02 cm ~) in 2N  HCI. R = 150~ and E is indicated on each 
graph. (e) Curves showing i . ,~  vs. V ~  for  various values of  
R. The steady-state curve i .  vs. V| is also shown, and an un- 
shielded Cu anode (0.02 cm ~) is used, in 2N HCI. 

To ob ta in  a q u a n t i t a t i v e  r e l a t ion  for the c u r r e n t  
rise af ter  the  m i n i m u m ,  assume tha t  the  t r a n s i e n t  
has reached  the  c u r r e n t  m i n i m u m  th rough  the proc-  
ess of l ayer  format ion ,  and  tha t  sufficient t ime  has 
passed for the so lu t ion  and  r e m o v a l  of the l ayer  by 
convec t ion  to reach  its s t e ady - s t a t e  va lue  of i~ 
( =  L) .  The  l aye r  wi l l  be  r e m o v e d  by  so lu t ion  at a 
ne t  r a t e  p ropo r t i ona l  to ( i , -  i ) ,  the  difference be -  
t w e e n  fo rma t ion  and  remova l ,  a s suming  no compl i -  
ca t ion  due  to v a r y i n g  ra te  of fo rma t ion  of Cu *§ If 
any  Cu ++ is formed,  its ra te  of fo rma t ion  m a y  va ry  
d u r i n g  the overshoot,  and  its appea rance  in  so lu t ion  
wi l l  a l te r  the  r e m o v a l  r a t e  of the  CuC1. Thus  the 
fo l lowing ana lys i s  is s t r ic t ly  va l id  on ly  for V < 
--0.05 v, where  CuCI~- and  CuC1 are  the  on ly  reac-  
t ion  products .  The  ra te  of so lu t ion  of the  layer  is 
g iven  by  

d~ --M (i~ - -  i) 
- -  - -  ( X I )  

d t  p S F  

The l ayer  th ickness  m a y  be a p p r o x i m a t e d  by:  

M ( i ~ - - i )  ( t - -  t . . . .  ) 
~ ( t )  - -  ~ ...... - -  ( t > = t ~ . )  ( X l I )  

p S F  

The symbols  ~ . . . . .  r ....... im,.,  and  t , , .  re fer  to those 
quan t i t i e s  at  the c u r r e n t  m i n i m u m .  The  c u r r e n t  at 
any  t ime  is g iven  by:  

E - - e  
i -- (X l I I )  

R + r o + r ,  
~( t )  

where  r~ = KS~' the  l ayer  resis tance,  and  ~ is the 

open -c i r cu i t  po tent ia l .  C o m b i n i n g  Eqs. (XI I )  and  
(XI I I )  we have  the  behav io r  of the  c u r r e n t  af ter  
the  m i n i m u m :  

1.0 

o .e  
r 

o.6 

o.4 

i 0.2 

0 i I i I 
oa ,o.z 03 0.4 

, ( m e )  

Fig. 5 .  P lot  o f  i (i~ - -  i) (t  - -  t=~. )  vs. i to test  Eq. ( X V ) .  
Cu anode, 0 .02  cm ~, 2N  HC1, E = - -0 .1  v, R = 150f~, and 
t - -  t ~ .  ranges f rom 6 sec to 40 sec. Data f rom curve 4(a). 

E - - E  
i - - -  (XIV)  

3 m a x  M ( L  - -  i )  ( t  - -  t~,~) 
R + r o + - -  

~S~ Sp Kp S F  

Accord ing  to Eq. (XIV)  i wi l l  increase  w i th  t ime,  
a sympto t i ca l ly  app roach ing  if. To compare  Eq. 
(XIV)  w i th  e x p e r i m e n t  it is mos t  c o n v e n i e n t  to r e -  
a r r a nge  it  to 

i(i~ - -  i) ( t  --  t .... ) = 
FpKSSp 

[ ( E - - E )  -1- ( R - I - T  .... ) i ]  (XV) 
M 

This is of the  fo rm f ( i ,  t )  = a + bi ,  a nd  thus  a plot  
of i ( i r  - -  i )  ( t  - -  tm, . )  VS. i m u s t  be  a s t ra igh t  l ine  if 
Eq. (XIV)  is correct,  a nd  e, K, and  S~ are  cons t an t  
d u r i n g  the  overshoot.  In  the  example  of Fig. 4a no 
cupr ic  ion is fo rmed  and  it  m a y  be used  as a test  of 
Eq. (XIV) .  The  resu l t  (Fig. 5) was  a l ine  w i t h  a 
slope of 4.2 x 10 -~ a mp- se c  a nd  an  i n t e r cep t  of --0.6 
x 10 -6 amp ~ sec. a and  b can  be e s t ima ted  on ly  to an  
order  of m a g n i t u d e  because  of the  lack  of precise  
knowledge  of (E - -  E), K, a n d  S~. A s s u m i n g  va lues  of 
10-1v, 10 -3 ( o h m - c m )  -1, a nd  10 ~ cm ~, respect ively ,  
for these  quan t i t i e s  gives a = - - 0 . 7  x 10 -8 amp"-sec 
and  b = 5.4 x 10 -8 amp-sec ,  in  good a g r e e m e n t  wi th  
expe r imen t .  Thus  the  model ,  wh ich  p ic tures  over -  
shoot as due to the  r educ t ion  of the  in i t i a l  l aye r  
th ickness  (8~) to a v a l u e  d e t e r m i n e d  by  s t eady - s t a t e  
condi t ion,  appears  to be  app l icab le  in  ce r ta in  cases. 

A l t h o u g h  the  mode l  used above based  on the 
re l a t ive  va lues  of ~ a nd  8~ is not  q u a n t i t a t i v e l y  ac- 
cu ra t e  in  the  cases i n v o l v i n g  C u "  ion, it  is con-  
s is tent  wi th  the  observed  behav io r  of overshoot.  On 
this  model  one wou ld  expect  tha t  the  va lue  of the  
m i n i m u m  c u r r e n t  wou ld  increase  w i th  decreas ing  8i, 
for at  the  c u r r e n t  m i n i m u m  the  pore  a rea  has 
reached  its m i n i m u m  value ,  and  the  res i s tance  of 
the  l ayer  is p ropor t iona l  to its th ickness .  The  ex-  
pected r e su l t  is observed  to be the  case for R con-  
s t an t  and  i~ > 2 m a  (Fig. 6), as can  be seen f rom the 
fact tha t  8~ var ies  i nve r se ly  w i th  i ,  Tha t  the  t r end  
is r eve r sed  for i, < 2 m a  m a y  be due  to the  pa r t i a l  
so lu t ion  of the  l a ye r  wh ich  takes  place (1) d u r i n g  
the  long  p l a t eaus  associated wi th  the  low va lues  of 
i~. The  dependence  of i~,, u p o n  R at cons t an t  i~ m a y  
be re la ted  in  pa r t  to the  va r i a t i ons  in  a m o u n t  of 
c u r r e n t  car r ied  by  Cu+§ e.g., at  i, = 4 m a  (Fig. 6) 
the  lowest  va lue  of i~,. is for a t r a n s i e n t  wi th  no 
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Fig. 6. M i n i m u m  current  vs. current  on f i rs t  p lateau, for  
various values of  the externa l  resistance R (shown on curve). 
Cu anode, 0.02 cm =, 2N HCI. 

Cu ++ formed, and the higher  values  of im,n are  as-  
sociated wi th  vol tage in the  range  of increasing pe r -  
centage of Cu ++. Next  consider the l imi t ing cases of 
overshoot (Fig. 4d) whe re  the cur ren t  assumes its 
s t eady- s t a t e  value  immed ia t e ly  af ter  the current  
drop. This implies tha t  8, plus the growth  in depth  
(1) is equal  to 8=, the  s t eady - s t a t e  l ayer  thickness.  
The l imi t ing cases of overshoot associated with  
la rger  values of 3, correspond to la rger  values of ~ ,  
as would be expected if the  growth  in depth  is re la -  
t ive ly  independent  of 8,. F inal ly ,  wi th  very  high 
ini t ia l  currents ,  and consequent ly  ex t r eme ly  thin 
ini t ia l  layers,  no overshoot is observed.  

Oscillations 

Under cer ta in  conditions, wi th  a fixed d-c  vol tage 
applied,  the cell cur ren t  and electrode poten t ia l  
undergo periodic  fluctuations af ter  approaching  a 
quas i - s t a t iona ry  state, which is called here  the 
s teady state. Such oscillations have been observed 
and s tudied by Hedges (14) and Bonhoeffer (4) 
using la rge  appl ied  voltages (6 to 200 v) .  In this 
work, oscil lations have been observed for low ap-  

pl ied voltages, (Fig. 7) in the region below Cu ++ or 
O~ format ion  and appa ren t ly  below tha t  for  oxide 
production.  These oscil lat ions have a per iod which 
var ies  in the Cu]HC1 sys tem from 10 sec to 1 min or 
more, and may  continue indefinitely,  damp out 
slowly, or cease ab rup t ly  af ter  a number  of cycles. 
Usual ly  they have the form of r e laxa t ion  oscillations, 
wi th  periods of r e l a t ive ly  constant  cur ren t  i n t e r -  
rup ted  by  sudden changes. Af te r  the cur ren t  rises 
f rom the ini t ia l  m in imum and approaches  the 
s t eady-s t a t e  value,  it  may  suddenly  rise to i,, the 
current  on the  first plateau,  r ema in  there  for a t ime 
shorter  than  the dura t ion  of the  first plateau,  and 
fal l  to a min imum in a manner  s imi lar  to the  drop 
af ter  the plateau.  Af te r  passing through this min i -  
mum the cur ren t  rises at a ra te  more  rap id  than  
tha t  f rom the first overshoot, unt i l  it  again becomes 
app rox ima te ly  equal  to the s t eady- s t a t e  value.  The 
in te rva l  when i < i~ is denoted by  Bonhoeffer as the  
passive phase (Fig. 7), a l though considerable  cur-  
rent  is flowing. Fol lowing the passive per iod the 
cur ren t  rises r ap id ly  to i~ (act ive  phase)  and the 
cycle repeats.  In cer ta in  cases each phase is dis-  
t inct ly  separate,  while  in others the oscil lat ions ap-  
pear  almost  sinusoidal.  Per iodic  phenomena  do not 
appear  if the e lectrode is shie lded to p reven t  convec- 
tion, but  a re  found in systems w i th  na t u r a l  convec- 
t ion or s t i rr ing.  The majo r  condit ion necessary  for 
the occurrence of oscil lat ions in this geomet ry  and 
concentra t ion is tha t  the  s t eady-s t a t e  vol tage  lies in 
the range  of --0.27 to --0.25 v, which is at  the begin-  
ning of the first cu r ren t -vo l t age  p la teau  (Fig. 1). 
This is the vol tage at which a solid l ayer  of CuC1 first 
appears.  Subject  to this ve ry  res t r ic t ive  condition, 
oscil lations have  been found wi th  any va lue  of ap-  
pl ied vol tage E > - - 0 . 2 6  and ex te rna l  res is tance 
R ~ 20. The cur ren t  fluctuates above and below the 
s t eady-s t a t e  current ,  and when the potent ia l  is too 
low for the  product ion of Cu ++ ions, the  average  cur-  
rent  is exac t ly  i~ (V~ = - - 0 . 2 6 ) .  In  any one per iod  
the amount  of CuC1 removed  dur ing  the passive 
per iod wil l  be equal  to the amount  deposi ted dur ing 
the active period. When no Cu § is produced,  this 
means area  'a '  (Fig. 7) wi l l  be equal  to a rea  'b', as 
is found expe r imen ta l l y  for E < 0 v. 

In te r rup t ion  exper iments  were  pe r fo rmed  to ob-  
serve the var ia t ion  of e lectrode resis tance and po-  
tent ia l  dur ing  the oscillations. The resul ts  (Fig. 8) 
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t , , 
R=I50~,,E=-O.18v, i z - 0 . 6 2  me 30 sec. 

t 
R:lOOa, E:-O.?~Ov, i I = 0.72 ma 

j I 1 t passive active 
R=5Oa, E=-O.22v, iz = 1.20 mo 

Fig. 7. Current  vs. t ime osci l lat ions for  o Cu anode 0.02 
cm 2 in 2N HCI. 
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Fig. 8. Open-ci rcui t  potent ia l ,  layer resistance, and current  
vs. t ime for o Cu anode 0 .02  cm 2 in 3N  HCI. 
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i n d i c a t e  t ha t  the  m a j o r  p o r t i o n  of t he  c u r r e n t  
change  is due  to v a r i a t i o n s  in  e l e c t r o d e  res i s t ance ,  
w h i l e  the  p o t e n t i a l  a l t e r s  b y  a s m a l l  amoun t .  

Discussion 
T h e  ro le  of n a t u r a l  convec t ion  in  d e t e r m i n i n g  the  

s t e a d y - s t a t e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  has  been  
d e m o n s t r a t e d  for  a case  i n v o l v i n g  a sol id  a n o d e  
film. This  p rocess  is a p p a r e n t l y  ef fec t ive  in  c o n t r o l -  
l ing  the  c u r r e n t  even  in  t h e  p r e s e n c e  of an  a d d i -  
t ional ,  so luble ,  r e a c t i o n  p roduc t .  C o n v e c t i v e  r e -  
m o v a l  of t he  CuC1 l a y e r  also a l t e r s  t h e  d u r a t i o n  of 
c u r r e n t - t i m e  p l a t eaus ,  w h i c h  has  been  d i scussed  
e l s e w h e r e  (1 ) .  

Ove r shoo t  has  been  e x p l a i n e d  on the  bas i s  of a 
m o d e l  w h i c h  a s sumes  the  c o m p l e t i o n  of a r e l a t i v e l y  
t h i c k  i n i t i a l  l a y e r  a n d  the  s u b s e q u e n t  r e d u c t i o n  of 
th is  l a y e r  to one w i t h  t h i cknes s  d e t e r m i n e d  b y  t h e  
s t e a d y - s t a t e  condi t ions .  This  m o d e l  is in  g e n e r a l  
q u a l i t a t i v e  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  r e -  
sul ts ,  and  q u a n t i t a t i v e l y  p r e d i c t s  t he  f o r m  of t he  
c u r r e n t  r i se  a f t e r  t he  m i n i m u m .  [ I t s  g e n e r a l  q u a n -  
t i t a t i v e  a p p l i c a b i l i t y  is l i m i t e d  b y  the  a p p e a r a n c e  of 
Cu +§ w h i c h  no t  on ly  adds  to t he  c u r r e n t  d i r e c t l y  
bu t  also inc reases  t he  r a t e  of so lu t ion  of t he  CuC1 
l a y e r  ( b y  a l t e r i n g  the  d e n s i t y  in  t h e  conve c t i on  
l a y e r ) .  I t  shou ld  be  poss ib l e  to i n v e s t i g a t e  ove r shoo t  
w i t h o u t  th is  c o m p l i c a t i o n  b y  choos ing  a s u i t a b l e  
s i n g l y - v a l e n t  s y s t e m  ( i n v o l v i n g  a m o d e r a t e l y  so lu -  
b le  s a l t ) ,  such as AglH2SO4. ] The  d i f f icul ty  in  d e -  
ve lop ing  a s ing le  e q u a t i o n  w h i c h  g ives  t he  c u r r e n t  
b o t h  b e f o r e  a n d  a f t e r  t he  m i n i m u m  is t h a t  t h e r e  a p -  
p a r e n t l y  a r e  a t  l eas t  two  d i s t i nc t  p rocesses  o c c u r -  
r ing.  The  f irst  p rocess  is t h a t  of  l a y e r  f o rma t ion ,  
w h i c h  u s u a l l y  i nvo lves  b o t h  s i d e w a y s  g r o w t h  a n d  
g r o w t h  in  dep th ,  even  w h e n  t h e r e  is on ly  one  r e -  
ac t ion  p roduc t .  The  p rocess  t e n d i n g  to i n c r e a s e  t he  
c u r r e n t  is t he  so lu t i on  of t he  l aye r ,  w h i c h  is s t r o n g l y  
d e p e n d e n t  on the  r e m o v a l  of t h e  d i s so lved  sa l t  b y  
n a t u r a l  convec t ion .  The  c a l c u l a t i o n  of t he  s t e a d y -  
s ta te  conf igu ra t ion  of a n a t u r a l  convec t ion  l a y e r  
is a v e r y  c o m p l i c a t e d  m a t h e m a t i c a l  p r o b l e m ,  a n d  
t h a t  of i t s  d e v e l o p m e n t  in  t i m e  is e v e n  m o r e  c o m -  
p lex ,  a n d  so ana lys i s  f r o m  first  p r i n c i p l e s  w i l l  h a v e  
to a w a i t  f u r t h e r  work .  

A n  e x a m i n a t i o n  of t h e  shape  of the  osc i l l a t ions  
can  y i e l d  i m p o r t a n t  c lues  as to  t he  p rocesses  w h i c h  
a r e  t a k i n g  place .  A t  first,  t h e r e  is a c u r r e n t  p l a t e a u  
f o l l o w e d  b y  a d rop ,  w h i c h  has  been  iden t i f i ed  as  due  
to t h e  f o r m a t i o n  of a CuC1 l aye r .  T h e  c u r r e n t  r i ses  
f r o m  the  m i n i m u m  a n d  l eve l s  off. D u r i n g  th i s  in -  
t e r v a l  t he  r e s i s t ance  decreases ,  w h i c h  is to be  e x -  
p e c t e d  w h e n  the  l a y e r  is b e i n g  r e m o v e d .  A t  t h e  
s a m e  t ime ,  t he  o p e n - c i r c u i t  p o t e n t i a l  dec reases ,  as 
w o u l d  be  t he  case  if  t h e  C1- c o n c e n t r a t i o n  shou ld  
increase .  This  con t inues  r a t h e r  s l o w l y  for  a t ime ,  
a n d  t h e n  t h e r e  is a s m a l l  b u t  r a p i d  c h a n g e  in  t h e  
po ten t i a l ,  w h i c h  occurs  because  t he  Cu su r f a c e  is 
s u d d e n l y  e x p o s e d  to C1- w i t h  c o n c e n t r a t i o n  r o u g h l y  
the  b u l k  va lue .  The  s i m u l t a n e o u s  r a p i d  d e c r e a s e  in  
r e s i s t ance  is p r o b a b l y  due  to w i d e n i n g  of t he  pores .  
S ince  the  d u r a t i o n  of  t h e  ac t ive  p h a s e  is no t  as 
g r e a t  as  t h a t  of t h e  f irst  p l a t e a u ,  i t  is p r o b a b l e  t h a t  
no t  a l l  of t h e  sol id  l a y e r  is r e m o v e d .  ( A  s i m i l a r  
b r e a k d o w n  of t he  l a y e r  occurs  for  F e  in  H2SO,, a t  

the  l o w e r  l i m i t  for  s t a b i l i t y  of t he  pa s s ive  l ayer .  
A f t e r  the  m i n i m u m ,  t h e  c u r r e n t  r i ses  s l o w l y  for  a 
long  t ime,  a n d  t h e n  the  p o t e n t i a l  d rops  sudden ly ,  
as does  the  r e s i s t ance .  C u r r e n t  f lows a t  a h igh  ra te ,  
a n d  i t  is some t i m e  be fo re  t he  p a s s i v e  l a y e r  is r e -  
s to red . )  

I t  is now in o r d e r  to cons ide r  the  v a r i a t i o n  in 
c o n c e n t r a t i o n  of CI-, t he  p o t e n t i a l - d e t e r m i n i n g  ion. 
As  the  CuC1 su r f ace  l a y e r  is fo rmed ,  th is  c o n c e n t r a -  
t ion  decreases ,  as is e v i d e n c e d  b y  s ch l i e r en  o b s e r v a -  
t ions.  Upon  c o m p l e t i o n  of t he  l aye r ,  e i nc reases  
s u d d e n l y  a n d  b y  a l a r g e  a moun t ,  i n d i c a t i n g  t h a t  t he  
c o n c e n t r a t i o n  at  t he  base  of t he  pores  has  d e c r e a s e d  
s t i l l  more .  S ince  t h e  t o t a l  c u r r e n t  is  n o w  m u c h  less,  
the  g r a d i e n t  of t he  a n o l y t e  c o n c e n t r a t i o n  m u s t  d e -  
crease ,  a n d  the  c o n c e n t r a t i o n  at  t h e  l a y e r - s o l u t i o n  
i n t e r f a c e  m u s t  i n c r e a s e  ( to  a v a l u e  a b o u t  t h a t  in  
b u l k ) .  The  c u r r e n t  dens i ty ,  h o w e v e r ,  is p r e s u m a b l y  
ju s t  a func t ion  of e and  s t ays  r e l a t i v e l y  cons tan t ,  
as  does the  g r a d i e n t  in t h e  pores .  C o n s e q u e n t l y ,  t h e  
c o n c e n t r a t i o n  a t  the  ba se  of the  pores  r i ses  to k e e p  
pace  w i t h  t h a t  outs ide ,  a n d  the  v a l u e  of e goes 
down.  W h e n  i t  becomes  les t h a n  ei, l a y e r  can  no 
l o n g e r  be  fo rmed .  H o w e v e r ,  the  r e m o v a l  con t inues  
un t i l  the  l a y e r  has  been  e a t e n  away ,  a n d  the  cycle  
r e p e a t s  i t se l f .  

Osc i l l a t ions  occur  w h e n  the  s y s t e m  can  ex i s t  in  
two  poss ib l e  s t a tes  n e i t h e r  one of w h i c h  is p e r m a -  
n e n t l y  s tab le .  The  c u r r e n t  c anno t  r e m a i n  a t  i t s  
m i n i m u m  v a l u e  be c a use  t he  i n i t i a l  t h i cknes s  of t he  
l a y e r  is m o r e  t h a n  n e e d e d  to m a i n t a i n  a b a l a n c e  b e -  
t w e e n  t h e  p rocesses  of  f o r m a t i o n  a n d  r e m o v a l ,  
w h e n  the  C1- c o n c e n t r a t i o n  has  r e a c h e d  i ts  s t e a d y -  
s t a t e  va lue .  A f t e r  the  overshoo t ,  t he  c u r r e n t  can  
m a i n t a i n  a s t e a d y - s t a t e  v a l u e  on ly  if  enough  n e w  
l a y e r  is b e i n g  f o r m e d  to offset  t he  a m o u n t  r e m o v e d  
b y  d i sso lu t ion .  No n e w  l a y e r  can  be  f o r m e d  b e l o w  
V = - - 0 . 2 8 v ,  a n d  i t  can  be  p r e s u m e d  tha t ,  in  a 
l i m i t e d  r a n g e  a b o v e  th is  po t en t i a l ,  t he  r a t e  of f o r -  
m a t i o n  is no t  suff icient  to k e e p  pace  w i t h  t he  r e -  
mova l .  U n d e r  these  c i r cums tances ,  t he  l a y e r  canno t  
s t ay  on the  e l e c t r o d e  and  no s t e a d y  s t a t e  is poss ib le .  
Hence,  s u s t a i n e d  osc i l l a t ions  w i l l  t a k e  place .  

T h e  a b o v e  osc i l l a t ions  r e p r e s e n t  on ly  one  e x t r e m e  
case of n o n l i n e a r  osc i l la t ions ,  n a m e l y ,  w h e r e  t h e r e  
a r e  p r a c t i c a l l y  d i s con t inuous  j u m p s  b e t w e e n  two  
p o s s i b l e  s ta tes .  The  o t h e r  e x t r e m e  is c h a r a c t e r i z e d  
b y  osc i l l a t ions  w h i c h  a r e  s i n u s o i d a l  a n d  of s m a l l  
a m p l i t u d e  (15) ,  a n d  has  b e e n  f o u n d  w i t h  t he  sys -  
t ems  CulKC1 a n d  Fe[H~SO4. I t  w o u l d  s eem t h a t  i t  
r e p r e s e n t s  a s i t ua t i on  w h e r e  t h e r e  is a m o r e  d e l i c a t e  
b a l a n c e  b e t w e e n  the  two  s ta tes ,  b u t  f u r t h e r  w o r k  is 
n e c e s s a r y  in  o r d e r  to e l u c i d a t e  t he  de ta i l s .  

Summary 
N a t u r a l  convec t ion ,  w h i c h  a ids  in  t h e  so lu t ion  of 

the  l aye r ,  causes  t he  a p p e a r a n c e  of a nonze ro  
s t e a d y - s t a t e  cu r r en t ,  overshoo t ,  a n d  osc i l la t ions .  

The  s t e a d y  s t a t e  is c h a r a c t e r i z e d  b y  two  reg ions  
w h e r e  the  c u r r e n t  is i n d e p e n d e n t  of  vo l tage .  In  t he  
f i rs t  of these  (--0.28 < V < --0.05)  CuC1 a n d  CuCI-~ 
h a v e  b e e n  f o u n d  to be  t he  o n l y  r e a c t i o n  p roduc t s ,  
a n d  the  c u r r e n t  is in  a g r e e m e n t  w i t h  t h a t  p r e d i c t e d  
by  Tob ias '  t h e o r y  of mass  t r a n s f e r  b y  n a t u r a l  con-  
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vection. The removal process is that of a solution of 
a soluble slab, the CuCI being chemically dissolved 
by fo rma t ion  of the  CuCl-~ complex  ion, which  is 
convected  away  due  to the  increased  dens i ty  of the 
solut ion.  The dependence  of i| on anode  a rea  a nd  
on b u l k  acid concen t ra t ion ,  as wel l  as the  diffusion 
layer  thickness ,  is g iven  correc t ly  by  the  convec t ion  
theory.  

For  V ~ - - 0 . 0 5 ,  the c u r r e n t  increases,  w i th  V~ 
cor respond ing  to i nc reas ing  p ropor t ions  of Cu ++ ion 
formed,  up  to a l imi t  of 30% at V =  + 0 . 1 v .  A t  
h igher  vol tages  the  c u r r e n t  is a p p r o x i m a t e l y  i nde -  
p e n d e n t  of voltage.  The  l im i t i ng  c u r r e n t  and  p ro -  
por t ion  of cupr ic  ion has been  exp la ined  on the 
basis  of the  mass  t r ans f e r  ra te  of CuC1 and  the  re la -  
t ive mobi l i t ies  of the Cu ++ and  Cu- ions. 

The  s t eady-s t a t e  e lect rode po ten t i a l  was found  to 
be g iven  by  the  same condi t ions  ho ld ing  for t r a n -  
s ients  (1) ,  i.e., for E is g iven  by  the CuICuCI-~ po-  
t en t i a l ;  for --0.28 _<--V ~ - - 0 . 0 5 ,  ~ is d e t e r m i n e d  by  
the  chlor ide  ion polar iza t ion.  For  V| > - - 0 . 0 5 ,  Cu ++ 
is observed  as a p roduc t  and  e is w i t h i n  0.03 v of 
the C u - C u  ++ s t a n d a r d  potent ia l .  The  decay of the  
l ayer  res i s tance  has been  found  to be due to the 
open ing  of the  pores, a process d i f ferent  f rom the  
b u l k  r e m o v a l  of the  layer .  Overshoot  has been  ex-  
p la ined  by  no t ing  tha t  the in i t i a l  l aye r  th ickness  
m a y  be g rea te r  t h a n  tha t  in  the s teady  state, and  
thus  t ha t  the  c u r r e n t  f lowing on comple t ion  of the  
in i t i a l  l ayer  wi l l  t h e n  be less t h a n  i~. Convec t ion  
acts to reduce  the l ayer  th ickness  and  thus  increase  
the cur ren t .  Us ing  this  mode l  i t  has been  possible 
to account  q u a n t i t a t i v e l y  for the  c u r r e n t  r ise af ter  
the m i n i m u m  in ce r ta in  cases, and  to u n d e r s t a n d  
qua l i t a t i ve ly  o ther  fea tu res  of overshoot.  

The osci l la t ions wh ich  are f ound  in  the Cu]HC1 
sys tem have  been  inves t iga ted  and  most  phases  of 
the  osci l la t ions are  unde r s tood  in  t e rms  of even t s  
occur r ing  d u r i n g  the o r d i n a r y  t rans ien t s .  Af te r  the 
layer  is complete,  t he  decrease  of to ta l  c u r r e n t  
causes an  increase  in  ano ly te  concen t ra t ion .  This 
drags  up the concen t r a t i on  at the  base of the  pores 
and  lowers  the electrode po ten t i a l  there.  Below the 
cr i t ical  value ,  l aye r  f o rma t ion  wi l l  cease and  the 
exis t ing  l ayer  wi l l  con t inue  to dissolve un t i l  the 
surface  is bare  enough  for the  cycle to beg in  again.  
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APPENDIX I 
The upper  l imit  for the chloride ion concentrat ion 

difference across the convection layer may be esti- 
mated by applying Fick's law to a s tagnant  diffusion 
layer  of the same thickness. This gives 

lo 
A C - -  - -  

SFDZ 

where l is the convection layer thickness which is ap- 
proximately  0.02 cm from schlieren observations (3) 
or a current  density of 30 ma / c m ~, as found in the 
steady state, this gives 5c ~ 0.2N, which is small  com- 
pared to the bu lk  acid concentrat ion (2N). In  the 
presence of convective flow the actual value of ~c will  
be even less. 

APPENDIX II 
In order to compute the average current  density for 

a circular electrode using Eq. (XIV),  it is only neces- 
sary to average the dependence of the current  density 
on the anode height (y) over a circle. Since i varies 
a s  ~-1/~ w e  w a n t  

y-~/~ = -~- ,, (2~/R ~ --  x~) -l/~ dx 

~j~ r (7/8) 
_ _  (fR) 1/' 1.08 (2R) -l/4 

2 F (11/8) 

For the anodes used in this study this results in 
y : 0.121 cm. 
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ABSTRACT 

Zirconium dissolves readily in HF solutions leaving a smooth unpi t ted  sur- 
face. The rate of dissolution of Zr in aqueous HF solutions has been studied 
over a tempera ture  range of 7~176 using a radioactive tracer Zr% The rate 
was found to be directly proport ional  to the un-ionized HF concentrat ion.  In  
order to control the equi l ibr ium concentrat ions of un-ionized HF, HF-2, H § and 
F- ions, most of the solutions contained another  component  such as HC1, HNO,, 
KF, or HC104. For a given un-ionized HF concentration, the rate was inde- 
pendent  of the HF-2, H *, F-, CI-, NO-a, K +, or C10-4 concentrat ions over a wide 
range. 

A discussion of the Zr complex ions in solution is given. The gaseous 
product  of the reaction between Zr and aqueous HF with HC1 is H2. When 
HNO, is used in place of HC1 the gaseous products are H~ and N20. The diffu- 
sion of un-ionized HF from the bulk  solution through a diffusion film to the 
solid surface is postulated as the slow step, the energy of activation being 3.3 
kcal/mole.  At 25~ the rate constant  for the case of rapid s t i r r ing is 5.19 • 
104 g cm -~ min -~ (moles HF) -~ liter. 

The wide  in te res t  in  research  and  d e v e l o p m e n t  of 
Zr is a resu l t  of its f avorab le  p roper t i es  as a con-  
s t ruc t ion  m a t e r i a l  in  nuc l ea r  reactors.  Some of these  
proper t ies  are:  low n e u t r o n  absorp t ion  cross sect ion 
of 0.18 b a r n ;  corrosion res i s tance  to acids, bases, 
and  wa te r ;  duc t i l i ty  and  ab i l i ty  to be fabr ica ted.  

The l i t e r a tu r e  consists  of repor t s  concerned  p r i -  
m a r i l y  wi th  corrosion ra tes  usefu l  as e n g i n e e r i n g  
data.  This  w o r k  was  u n d e r t a k e n  to s tudy  the  cor-  
rosion of Zr  f rom a f u n d a m e n t a l  po in t  of view, i.e., 
to d e t e r m i n e  the m e c h a n i s m  of the  corrosion of Zr  
in  acid solutions.  Two systems have  been  s tudied;  
Zr  in  HF  solut ions,  wh ich  is r epor t ed  in  this  paper ,  
a n d  Zr  in  H~SO4 solut ions  which  wi l l  be  r epor ted  in  
a la te r  paper .  

B a u m r u c h e r  (1) s tud ied  the  poss ib i l i ty  of u s ing  
d issolu t ion  of Zr  by  HF for ana lys i s  of diffusion 
spec imens  r e q u i r i n g  h a n d l i n g  by  r emote  control .  A 
rough  es t imate  of the ac t iva t ion  e n e r g y  f rom r u n s  
made  at two t e m p e r a t u r e s  by  B a u m r u c h e r  is 4 kc a l /  
mole,  as compared  to 3.3 k c a l / m o l e  r epor ted  here.  
He found  a l i nea r  r e l a t ion  b e t w e e n  the weigh t  of 
Zr  dissolved and  t ime,  also as r epor t ed  here.  S ince  
he m a d e  al l  of his r u n s  at  one concen t r a t i on  a nd  did 
not  r epor t  ra tes  of s t i r r i ng  of the solut ion,  no f u r -  
ther  cor re la t ion  could be made.  

Experimental 
The Zr  samples  suppl ied  by  the  Atomic  E n e r g y  

Commiss ion  were  5 cm x 5 cm x 0.32 cm. F o u r  s a m -  
ples were  i r r ad i a t ed  to a n  ac t iv i ty  of 10 mi l l i cu r ies  
each. The  i r r ad i a t i on  was  accompl ished  by  n e u t r o n  
b o m b a r d m e n t  at the Oak Ridge Na t iona l  L a b o r a -  

tory. 

i P r e s e n t  address:  Atomics  International ,  Canoga Park ,  Cal i f .  

The isotope Zr  ~ w i th  a hal f  life of 65 days, emits  
a fl par t ic le  to become Nb ~5, the  Nb ~ emits  a 0.73 
me v  ~ and  then  a fl par t ic le  to become s table  Mo. The 
decay scheme is more  compl ica ted  t h a n  this, bu t  the  
fa i r ly  s t rong  ~, rays  can be detec ted  easi ly w i th  a sc in-  
t i l lometer .  Spec imens  were  tes ted for u n i f o r m i t y  of 
ac t iv i ty  by  t a k i n g  samples  a t  va r ious  depths  t h rough  
the spec imen  th ickness  a nd  m e a s u r i n g  the  ac t iv i ty  
of each sample  w i th  the  coun t ing  e q u i p m e n t .  T h e  
ac t iv i ty  p roved  cons t an t  w i t h i n  e x p e r i m e n t a l  e r ror  
th rough  t h r e e - e i gh t h s  of the  spec imen  th ickness  
f rom e i ther  side, t hen  rose to a m a x i m u m  at  the  
center .  The  ac t iv i ty  at the  cen te r  was  abou t  twice 
tha t  at  the surface.  Only  the  ou te r  pa r t  of the  spec- 
i m e n  was  used in  these runs .  

I n  order  to detect  a ny  change  in  the  t rue  sur face  
area, cont ro l  r u n s  were  m a d e  per iod ica l ly  as the  
spec imens  were  used. S ince  the  r a t e  of r eac t ion  r e -  
m a i n e d  cons tan t  w i t h i n  e x p e r i m e n t a l  error ,  u n d e r  
the same e x p e r i m e n t a l  condi t ions  each t ime,  i t  was  
conc luded  tha t  the  ra t io  of the t rue  to the a p p a r e n t  
surface  a rea  r e m a i n e d  constant .  

The AEC suppl ied  the  ana lys i s  (Tab le  I) and  the  
fo l lowing  h i s to ry  w i th  the  samples.  The  Zr  was 

Table I. Analysis of zirconium samples 

C o n c e n t r a t i o n  of  c o n t a m i n a n t s  i n  p a r t s  pe r  m i l l i o n  

Hf 80-100 Fe 300 Si 50 
B 0.5 Mn 20 Sn 20 
Cd 1.0 Al 30 Ti 50 
Co i0.0 C 100-200 V 20 
Cr 50.0 N 48 Zn 50 
Ca 50.0 Ni 5 Mo 50 
Mg 20.0 Pb 50 
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Fig. 1. Schematic diagram of the apparatus: 1, zirconium 
sample; 2, reaction cell; 3, cleaning cell; 4, sample manipu- 
lator; 5, constant temperature bath; 6, heat exchanger coil; 
7, air l i ft  pumps; 8, gas intake; 9, baffle filler tube; 10, 
~ample cell; 11, scintillation solution; 12, photomultiplier 
tube; 13, preamplifier; 14, amplifier; 15, scaler; 16, re- 
corder; 17, counting rate computer; 18, lead shielding [not 
shown); 19, stirring motor; 20, thermoregulator; 21, current 
reducer; 22, relay; 23, thermocouple well; 24, stirring rod. 

f a b r i c a t e d  f r o m  300 to 500 lb,  d o u b l e - a r c  m e l t e d  
ingots .  T h e y  w e r e  t hen :  f o rged  a t  1800~ b l a s t e d  
to r e m o v e  oxide ,  h o t - r o l l e d  to size, c o l d - r o l l e d  to 
a b o u t  25% reduc t ion ,  a n n e a l e d  in  a i r  a t  1550~ and  
p i c k l e d  in a H F  solut ion .  

In  th is  s t u d y  al l  so lu t ions  w e r e  m a d e  w i t h  con-  
d u c t i v i t y  w a t e r  and  r e a g e n t  g r a d e  chemica ls .  

Apparatus 
The  e q u i p m e n t  h a d  to c o m p l y  w i t h  a n u m b e r  of 

r e q u i r e m e n t s  due  to t h e  n a t u r e  of th is  work .  The  
samples ,  b e i n g  r a d i o a c t i v e ,  h a d  to  b e  s h i e l d e d  to 
p r o t e c t  the  i n v e s t i g a t o r s  and  to k e e p  the  b a c k -  
g r o u n d  count  to a m i n i m u m .  S ince  HF,  H~SO,, and  
o the r  ac ids  w e r e  to be  used,  a m a t e r i a l  r e s i s t a n t  to 
these  w a s  needed .  P o l y e t h y l e n e  fu l f i l led  th is  r e -  
q u i r e m e n t  v e r y  wel l .  The  t e m p e r a t u r e  of t h e  so lu -  
t ion  h a d  to be  con t ro l l ed  a n d  n u m b e r s  5, 6, 20, 21, 
a n d  22 in F ig .  1 i n d i c a t e  t he  a p p a r a t u s  used  for  th i s  
purpose .  A l t h o u g h  a t e m p e r a t u r e  d rop  e x i s t e d  b e -  
t w e e n  t h e  r e a c t i o n  cel l  and  t h e  c o n s t a n t  t e m p e r a -  
t u r e  ba th ,  the  t e m p e r a t u r e  in t he  cel l  r e m a i n e d  con-  
s t an t  w i t h i n  _+0.1~ d u r i n g  a run .  

The  r e a c t i o n  cel l  (No. 2, Fig .  1) was  a p p r o x i -  
m a t e l y  11 cm long b y  6 cm w i d e  b y  11 cm high,  a n d  
h a d  an  in l e t  and  ou t l e t  t u b e  b y  w h i c h  t h e  so lu t ion  
could  b e  c i r c u l a t e d  t h r o u g h  a c o n s t a n t  t e m p e r a t u r e  
b a t h  (No. 5 Fig .  1) ,  t h r o u g h  a s c in t i l l a t i on  c o u n t e r  
un i t  (Nos. 10, 11, 12, Fig .  1) a n d  b a c k  to t he  cel l  
w i t h  t he  h e l p  of t he  a i r l i f t  p u m p  (No. 7, Fig .  1) .  
The  o t h e r  cel l  shown  was  for  t he  p u r p o s e  of c l e a n -  
ing  a n d  s to r ing  the  sample .  A l t h o u g h  Fig.  1 is no t  to  
scale,  i t  g ives  a close d e s c r i p t i o n  of t he  w a y  each  
p a r t  of t h e  e q u i p m e n t  w a s  a r r a n g e d  r e l a t i v e  to 
each  o t h e r  pa r t .  T h e  c o n t a i n e r  for  t he  r e a c t i o n  cel l  
was  m a d e  of L u c i t e  a n d  was  s u r r o u n d e d  b y  l e ad  
br icks .  N u m b e r  4, Fig .  1, is a rod  cove red  w i t h  

p o l y e t h y l e n e  used  as a m a n i p u l a t o r .  I t  a l l o w e d  the  
r a d i o a c t i v e  s a m p l e  to be  t r a n s f e r r e d  f r o m  one  cel l  
to a n o t h e r  w i t h o u t  e x p o s i n g  the  ope ra to r .  The  L u -  
c i te  c o n t a i n e r  w a s  m a d e  a i r  t i g h t  so t h a t  t he  d e -  
s i r ed  a t m o s p h e r e  of air ,  oxygen ,  or  a r g o n  could  be  
m a i n t a i n e d  in con tac t  w i t h  the  so lu t ion  in  o r d e r  
to t es t  t he  effect of o x y g e n  p a r t i a l  p r e s s u r e  on the  
r e a c t i o n  ra te .  L e a d  w a s  also p l a c e d  a r o u n d  t h e  
s c in t i l l a t i on  un i t  (Nos. 10, 11, 12, Fig .  1) to l o w e r  
the  b a c k g r o u n d .  

The  s a m p l e  cel l  (No. 10, Fig .  1) w a s  p l a c e d  in  a 
spec i a l l y  m a d e  c o n t a i n e r  f i l led w i t h  s c in t i l l a t i on  
fluid ( t o l u e n e  + 4 g / l i t e r  of 2, 5 d i p h e n y l o x a z o l e ) .  
This  c o n t a i n e r  was  a t t a c h e d  to a 5 in. d i a m e t e r  D u -  
m o n t  p h o t o m u l t i p l i e r  t u b e  No. 6365. T h e  D u m o n t  
t ube  was  connec t ed  to a p r e a m p l i f i e r  w h i c h  was  in  
ser ies  w i t h  an  ampl i f ie r ,  sca ler ,  coun t  r a t e  com-  
pu t e r ,  a n d  r e c o r d e r  in  t h a t  o rder .  As  the  so lu t ion  
c on t a in ing  the  r a d i o a c t i v e  Z r  ~ pa s sed  t h r o u g h  t h e  
cell ,  a p e r m a n e n t  r e c o r d  of t he  a c t i v i t y  was  m a d e  
on the  r eco rde r .  To d e t e r m i n e  the  w e i g h t  of Zr  d i s -  
so lved  in  t he  so lu t ion  f r o m  the  coun t s  p e r  m i n u t e  
as r e a d  on the  r e c o r d e r  a t  a n y  g iven  t ime ,  a s t a n d -  
a r d  was  m a d e  for  each  spec imen .  This  w a s  done  b y  
t a k i n g  a s m a l l  r e p r e s e n t a t i v e  s a m p l e  f r o m  each  
spec imen ,  w e i g h i n g  it, d i s so lv ing  i t  in  H F  solut ion ,  
and  p l a c ing  i t  in  a p o l y e t h y l e n e  bo t t l e  t h e  s a m e  
size as t ha t  u sed  for  c i r c u l a t i n g  the  so lu t ion  t h r o u g h  
t h e  s c i n t i l l o m e t e r  (No. 10, F ig .  1) .  A c o r r ec t i on  
f ac to r  to accoun t  for  a n y  c h a n g e  in  t he  eff iciency of 
t he  coun t ing  e q u i p m e n t ,  or  t h e  a c t i v i t y  of t he  spec i -  
mens ,  was  d e t e r m i n e d  b y  coun t ing  the  r a d i a t i o n  
f rom the  s t a n d a r d  b e f o r e  a n d  a f t e r  each  run .  

The  r e a c t i o n  cel l  (No. 2, Fig.  1) h e l d  600 m l  of 
so lu t ion ,  the  s a m p l e  cel l  ( in  t he  s c i n t i l l o m e t e r )  
con t a ined  140 m l  and  the  r e s t  of t h e  s y s t e m  con-  
t a i n e d  160 ml,  m a k i n g  a t o t a l  of 900 ml .  

Reactant Solutions 

The  s t o i c h i o m e t r i c  concen t r a t i ons ,  t h e  c o n c e n t r a -  
t ion of u n d i s s o c i a t e d  hyd ro f luo r i c  acid,  (HF) ,n ,  a n d  
the  o b s e r v e d  d i s so lu t ion  r a t e s  p e r  m o l e  of h y d r o -  
f luoric  acid,  Ra te / (HF) , ln ,  for  a few of t he  runs  a t  
33 ~ a n d  34~ a re  g iven  in  T a b l e  II .  T h e  c o n c e n t r a -  

Table II. Observed rates of dissolution of Zr  at 33 ~ and 34~ 
with stirring 1200 rpm 

I n i t i a l  r a t e  *, 
g c m  -2 min -1  

div ided 
S t o i c h i o m e t r i c  eonc , ,  M b y  (HF)  un 

H F  O t h e r  (HF)  un • 10 ~ 

0.27 1.5 HC1 0.27 4.30 
0.27 0.61 K F  0.05 3.57 
0.27 1.0 HNO, 0.27 4.12 
0.27 0.5 HC10~ 0.27 4.02 
0.27 - -  0.248 3.40 
0.27 - -  0.248 4.12 

H F  • l 0  s ( H F ) u a  X 103 
6.0 1.25 HNO~ 6.0 4.49 
1.1 1.52 HNO3 1.1 4.40 
0.275 1.52 HNO~ 0.275 2.84 

- -  1.52 HNOs -- Rate  = 3.2 • 10 .7 

* M u l t i p l y  (g cm-2 r a i n - l )  by  1.44 • l 0  s to get  todd ( m i l l i g r a m s  
p e r  din2 p e r  d a y ) .  

M u l t i p l y  (g cm-2 m i n - D  by  3.23 • 104 to ge t  ipy  ( inches  p e n e -  
trat ion p e r  y e a r ) .  
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Fig. 2. Relationship between the rate of stirring in rpm and 
~he rate of dissolution of Zr. The molar i ty  of HF is 0 .00613 
and H § is 1.50M; T, 33~ 

t ions  of und i s soc ia ted  HF, f luor ide  and  h y d r o g e n  
bif luor ide ions were  ca lcu la ted  by  i n t e r p o l a t i n g  and  
ex t r apo l a t i ng  e q u i l i b r i u m  cons tan t s  f rom the  fol-  
lowing  da ta  of Broene  and  deVries  (2) .  

T e m p e r a t u r e ~  12 15 25 35 
H F ~ - - H  + - F F -  K~X 1 0 ' =  8.3 7.9 6.7 5.6 
HF -F F - ~ H F ~ -  K~ = 3.92 3.96 4.33 

Wi th  fore ign  acids p re sen t  and  in  v e r y  d i lu te  solu-  
tions, f luoride and  h y d r o g e n  bif luor ide ion concen-  
t r a t ions  are  small ,  and,  in  some cases, difficult to 
calculate.  The i r  va lues  were  e s t ima ted  u n t i l  i t  b e -  
came obvious  tha t  t hey  bore  no re la t ion  to the  rate.  

A t  0~ the  ac t iv i ty  coefficient for ( H F ) ~  is es- 
sen t ia l ly  u n i t y  to 0.1M HF, inc reas ing  to 1.06 at  1M 
HF (3) .  S imi l a r  va lues  are to be  expected  at  h igher  
t e m p e r a t u r e s  and  no a t t emp t  was  m a d e  to subs t i -  
tu t e  the  ac t iv i ty  for the  concen t r a t i on  of HF. Whi le  
the concen t ra t ions  of H + ion a n d  a c c o m p a n y i n g  
(NO,-, CI-, F-, HF=-, C10,-) ions w e r e  va r i ed  over  a 
wide  range ,  the va lues  of, R a t e / ( H F ) ~ ,  r e m a i n e d  
essen t ia l ly  Constant. I t  was  conc luded  tha t  at  con-  
s t an t  t e m p e r a t u r e  the  ra te  is a f u n c t i o n  of n o t h i n g  
bu t  the H F ~  concen t ra t ion .  

Results 
Stirring e]Ject.--Figure 2 shows a p r o n o u n c e d  ef-  

fect of s t i r r ing  on the  rate,  w i th  a l eve l ing  off above 
2,000 rpm.  This is typ ica l  for t r a n s p o r t - c o n t r o l l e d  
he te rogeneous  react ions,  w i th  the  type  of s t i r r ing  
used;  the  ra te  is p ropor t iona l  to a f rac t iona l  power  
of the rpm.  The abso lu te  veloci ty  of the  so lu t ion  
past  the  Zr  sample  was  no t  measured .  

Ef]ect o] various ions on the rate. Ana lys i s  of 32 
r u n s  at abou t  33~ ( r p m  1200) gave an  average  
va lue  for the  R a t e / ( H F ) , .  as 4.11 x 10 -3 g cm -~ m i n  -~ 
per  mole  l i te r  -~ w i t h  or w i t h o u t  the  use of fore ign  
acids. The ave rage  e r ror  is 0.46 x 10-" g cm -~ m i n  -~ 
per  mole  l i te r  -~. 

As shown  in  Tab le  II, a r u n  made  in  1.52M HNO~ 
gave a ra te  of 3.2 x 10 -~ g cm -~ ra in  -~ which  was  ap-  
prec iab le  w h e n  the  most  d i lu t e  HF  solut ions  were  
used. I t  is conc luded  tha t  the  va r i a t i ons  in  the  
R a t e / ( H F ) ~  are  due  to a c o m b i n a t i o n  of expe r i -  
m e n t a l  errors,  e r ror  i n  ca lcu la t ing  the  c o n c e n t r a -  
t ion  of (HF)~,  in some cases, lack of correc t ion  for 
HNO,, etc. 

Effect of hydrol~uoric acid on the r a t e . - - A  plot  of 
all  the  ra tes  at ca. 33~ and  1200 r p m  vs. the  con-  
cen t r a t i on  of ( H F ) , ,  is g iven  in  Fig. 3. The circles 
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Fig. 3. Relationship between the equi l ibr ium concentration 
of un-ionized HF and the rate of dissolution of Zr. T ~ 3 3 ~  
rpm = ] 200. 

are e x p e r i m e n t a l  values ,  the  cu rve  is d r a w n  wi th  a 
slope of 1 on the  log- log scale, co r re spond ing  to a 
first order  reac t ion  w i th  respect  to (HF)u~. These 
are in i t i a l  ra tes  d e t e r m i n e d  f rom the slopes of plots 
of g (Zr  d i sso lv ing)  per  cm ~ (of sur face  a rea)  vs. 
t ime.  

Ef]ect oJ oxygen  on the ra te . - - In  order  to de te r -  
m i n e  the effect of oxygen  on  the  reac t ion  rate,  a 
n u m b e r  of r u n s  were  m a d e  w i t h  a Zr, aqueous  HF,  
HC1 sys tem in  which  the pa r t i a l  p ressure  of oxygen  
in  e q u i l i b r i u m  wi th  the  so lu t ion  was var ied .  The  
oxygen  pa r t i a l  p ressure  r a n g e d  f rom one to zero 
a tmospheres  in  a series of expe r imen t s ,  t he  pa r t i a l  
p re s su re  be ing  va r i ed  by  m i x i n g  oxygen  wi th  p u -  
rified argon.  No va r i a t i on  in  the  r a t e  was  observed  
as the  oxygen  pa r t i a l  p re s su re  was  changed  f rom 
r u n  to run .  The  r e m a i n d e r  of the  r u n s  were  m a d e  
wi th  air  to p u m p  the  solut ion.  

Ef]ect of temperature  on the rate.---Figure 4 is 
an  A r r h e n i u s  plot ;  the circles r e p r e se n t  the  da ta  
t a b u l a t e d  in  Tab le  I I I  a nd  the  l ine  is the  best  eye fit 
of these points .  The  symbol  k is the  ra te  cons tan t  
defined by  k = R / ( H F ) u , ,  w he r e  R is the  r a t e  in  g 
cm --~ m i n  -~ a nd  (HF)u ,  is the  c onc e n t r a t i on  of u n -  
ionized HF in  moles / l i t e r .  A l l  of the r u n s  in  Tab le  
III  we re  m a d e  wi th  s t i r r i ng  g rea te r  t h a n  2000 rpm,  
w he r e  the s t i r r i ng  effect had  reached  its l imit .  The  
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Fig. 4. Plot of In k vs. l / T ,  showing the temperature co- 
efficient of the rote constant, ( r p m )  2000). 
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Table III. Variation of the rate constant with HF concentration* 
and temperature, (rpm > 2000, (HCI) ~ 0.5-1.5) 

t~  (I-IF) u a  - - i n k  $~ (HF) ua - - I n k  

6.0 0.0005 5.42 24.0 0.050 5.22 
7.0 0.0005 5.69 25.0 0.0005 5.34 
7.0 0.0010 5.58 25.0 0.0050 5.30 
7.0 0.0050 5.40 25.0 0.0050 5.11 
7.0 0.050 5.69 35.0 0.0005 5.15 
7.0 0.050 5.85 35.0 0.0050 4.96 
7.0 0.50 5.84 35.0 0.50 5.02 
7.5 0.50 5.76 37.0 0.050 4.99 
7.5 1.00 5.71 38.5 0.0005 4.96 
8.5 0.50 5.68 55.3 0.0005 4.73 
9.0 0.050 5.66 55.0 0.050 4.81 
9.0 0.50 5.43 65.0 0.0005 4.00 

11.0 0.0090 5.48 71.0 0.0090 4.50 
15.0 0.050 5.43 73.0 0.0050 4.21 
23.0 0.0090 5.16 78.0 0.0090 4.35 

10 
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0 20 40 60 80 I00 120 t40 160 -- ISO 

Fig. 5. Curves to determine the correct formula for the Zr 
complex ion in solution. 

* T he  s t o i c h i o m e t r i c  I-IF c o n c e n t r a t i o n  is  e s s e n t i a l l y  e q u a l  to 
( H F ) . n  a t  (Ha l )  0.5M or  g rea te r .  

t e m p e r a t u r e  coefficient is seen to be smal l ;  the  ac- 
t iva t ion  ene rgy  was ca lcu la ted  to be 3.34 kca l /mo le .  

Reac t ion  p r o d u c t s . - - T h e r e  has been  some ques-  
t ion  as to w h e t h e r  the  m a j o r i t y  of the  Zr  complex  
ions in  aqueous  HF  is ZrF~ § ZrF~, or ZrF~=. A qua l i -  
t a t ive  d e t e r m i n a t i o n  of the  complex  ions in  so lu-  
t ion  can  be  m a d e  as follows: le t  A be the  in i t i a l  
concen t r a t i on  of HF  and  X be  the  moles of HF  per  
l i ter  tha t  have  reac ted  at  t ime  t. Consider  the over -  
all  reac t ion :  

Zr  + (4 - -  b ) H  § + bHF-~  ZrFb "~b~+ + 2H~ 

whe re  b is the  ave rage  n u m b e r  of f luor ine a toms 
associated w i t h  a Zr  a tom in  solut ion.  The  n u m b e r  
of moles  of Zr  per  l i te r  tha t  have  reac ted  at  t ime  t 
is j u s t  X / b .  Since  in  the  e x p e r i m e n t s  the  r a t e  tha t  
Zr en te r s  the  so lu t ion  is m e a s u r e d  and  not  the  r a t e  
tha t  HF is depleted,  the ra te  equa t ion  is wr i t t en ,  
R ~- d ( Z r ) / d t - ~  k(HF)~----  k ( A - - X )  = - - d ( X / b ) / d t .  
A l t h o u g h  b var ies  s lowly  w i th  X, if one makes  the  
a p p r o x i m a t i o n  tha t  b is constant ,  and  makes  the  
w e l l - k n o w n  i n t e g r a t i o n  of the  first o rder  r a t e  ex-  
pression,  one gets: l n ( 1 - - X / A )  = b k t  if X = 0 at  
t =  0. The  in  ( 1 - - X / A )  p lo t ted  vs. t gives a s t ra igh t  
l ine  on ly  w i th  the  p rope r  choice of b, and  there fore  
suggested  a me thod  of e v a l u a t i n g  b. A plot  of the 
l n ( 1 -  X / A )  vs. t for  va r ious  choices of b is g iven  
i n  Fig.  5. I t  is seen  t h a t  a choice of b ~ 3.3 gives a 
s t ra igh t  l ine.  However ,  r a t h e r  t h a n  r e m a i n  cons t an t  
as was  assumed,  b m u s t  decrease  as the  HF is used 
up. This  is shown  by  the  fo l lowing  e q u i l i b r i u m  
cons tan ts  at  25~ repor ted  by  Conn ick  and  McVey 
(4) :  

Zr  +' + H F ~ Z r F  § - P H  + 
Z rF  +' + HF  ~ ZrF~ +~ + H + 
ZrF~ +~ + HF  ~ ZrF ,  + + H + 

K, ---- 6.3 • 105 
K~----2.1X 10" 
K, ~ 6.7 X 10 ~ 

Consequen t ly ,  the  concen t r a t i on  of ZrF~, ZrF ,  =, or 
ZrF7 ~ m u s t  be  ve ry  smal l  in  this  p a r t i c u l a r  solut ion,  
the  m a j o r i t y  of the  complex  be ing  ZrF ,  +. Plots  s imi -  
l a r  to Fig. 5 for r u n s  in  which  h ighe r  concen t r a t ions  
of HF  were  used showed a shif t  to h igher  va lues  of 
b as was  expected.  For  example ,  a r u n  w i th  an  

aqueous  so lu t ion  0.009M in  HF, 0.5M in  hyd rogen  
ion and  at  71~ gave b ~ 4.5. 

Gas samples  for the  r eac t ion  of Zr  in  aqueous  HF 
were  ana lyzed  b y  i n f r a r e d  spectroscopy a nd  wi th  
an  Orsa t  gas ana lyzer .  For  the  sys tem Zr, aqueous  
HF, and  HC1, on ly  H2 was detected.  For  the sys tem 
Zr, aqueous  HF,  a nd  HNO,, H, a nd  N~O were  de-  
tected,  the  m a j o r i t y  b e i n g  hydrogen .  C o m p a r i n g  the  
a m o u n t  of gas evolved wi th  the  weigh t  of Zr  dis-  
solved showed tha t  jus t  enough  H § ions were  r e -  
duced to oxidize Zr  to the 4 4  state. 

Discussion 

The fo l lowing obse rva t ions  have  been  made :  The 
a m o u n t  of h y d r o g e n  evolved is tha t  which  is ex -  
pected if Zr  is oxidized to the -{-4 state. The  o v e r - a l l  
reac t ion  is: Zr  + ( 4 - - b ) H  § + b H F ~  ZrFb ('-b~§ + 2H~ 
or Zr  § 4HF-~  ZrFb (~-b)+ + 2H~ -k ( 4 - - b ) F -  w h e n  no  
excess H + ion is avai lable .  The  reac t ion  is first order  
w i th  respect  to u n - i o n i z e d  HF. The  ra te  does no t  
drop off at h igh HF  concen t ra t ions  as m i gh t  be ex-  
pected if the slow step was one of adsorpt ion .  The  
s t i r r i ng  ra te  g rea t ly  inf luences  the  r a t e  of react ion,  
bu t  does come to a l imi t  as shown  in  Fig. 2. The  
ac t iva t ion  ene rgy  for the reac t ion  is 3.34 kca l /mole .  

F r o m  Fig. 2 one wou ld  expect  tha t  above  2000 
r p m  the  diffusion step wou ld  be e l im ina t ed  as the  
slow step. However ,  this  is no t  necessa r i ly  t rue .  The  
effect of s t i r r ing ,  i n  Fig. 2, is v e r y  s imi la r  to t ha t  for 
the  d isso lu t ion  of Fe  in  so lu t ion  recorded  b y  K i n g  
(5) .  It  would  appear  t ha t  a diffusion film is es- 
t ab l i shed  ve ry  close to the  surface,  the th ickness  of 
which  reaches  a l imi t  as the  t u r b u l e n c e  in  the  b u l k  
l iqu id  is increased.  A grea t  deal  of s tudy  (6-8)  has  
been  m a d e  conce rn ing  the  n a t u r e  of such a b o u n d -  
a ry  layer .  

A s s u m i n g  the  diffusion of u n - i o n i z e d  HF  across a 
b o u n d a r y  layer  of th ickness  ~ to be ra t e  control l ing,  
a compar i son  of the  r a t e  equa t ion  w i th  Fick ' s  first 
low (S1C) ,  for the  case of s t eady  state,  can  be  made .  

Consider  the  equa t ions :  - - d ( H F ) / d t  = bk ( H F ) ~  
and  - -J  -~ D d c / d x ,  where  J is the  flux (mass  pass ing  
u n i t  a rea  per  second)  a nd  d c / d x  is the  d i f fe rent ia l  
concen t r a t i on  g r ad i en t  at  the  p l a n e  the  par t ic les  are  
diffusing across. The t e r m  d ( H F ) / d t  is the  moles  of 
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HF reach ing  1 cm -~ of the  Zr  su r f ace / sec .  Then,  
J =  d ( H F ) / d t  and  b k ( H F ) u , =  Ddc/dx.  A s s u m i n g  
D to be a constant ,  i t  fo l lows  tha t  the  concen t r a t i on  
g r a d i e n t  dc /dx  is constant ,  s ince J is cons tan t  for  
s t eady  state.  The re fo re ,  dc/dx  can be  w r i t t e n  Ac/Ax 
or (C--Co)/8, w h e r e  c is the  concen t r a t i on  in the  
bu lk  solut ion,  co is the  concen t r a t i on  at  the  m e t a l  
su r face  and  8 is t h e  b o u n d a r y  l aye r  thickness .  S ince  
the  r eac t ion  at t he  sur face  is p r o b a b l y  m u c h  fas te r  
t han  the  r a t e  the  H F  diffuses to the  surface,  i t  m a y  
be a s sumed  tha t  Co = 0, t h e n  8 = D/bk.  F r o m  Fig. 4, 
at 298~ k z 5.19 X 10 -~ g cm -~ m i n  -1 moles  -1 l i t e r  
or k = 0.95 X 10 -3 cm sec -1. The  diffusion coefficients 
for  mos t  smal l  mo lecu le s  in  w a t e r  v a r y  b e t w e e n  
1 X 10 -~ and  5 X 10 -~ cm ~ sec -1 at  r o o m  t e m p e r a t u r e .  
A s s u m i n g  D---- 1 X 10 -~ cm "~ sec -~ for  HF  in wa te r ,  
and b = 3, i t  is seen t h a t  8 ---- 3.5 X 10 -3 cm. F r o m  
ca lcu la t ions  for  t yp i ca l  runs  g iven  in K i n g ' s  (5) 
da ta  (S1C) ,  8 va r i e s  b e t w e e n  3 X 10 -s cm and  
5 x 10 -3 cm. 

F r o m  these  facts  and  the  o b s e r v a t i o n  tha t  the  r a t e  
cons tan t  and ac t i va t i on  e n e r g y  are  of the  same 
m a g n i t u d e  as m a n y  o the r  d isso lu t ion  reac t ions  tha t  
a r e  diffusion (5, 9) cont ro l led ,  i t  was  conc luded  tha t  
the  s low step is the  diffusion of u n - i o n i z e d  HF  

t h r o u g h  an ef fec t ive  diffusion l a y e r  to the  m e t a l  
surface.  

Manuscript  received March 22, 1956. This paper  was 
prepared  for de l ivery  before the Cleveland Meeting, 
Sept. 30-Oct. 4, 1956. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1958 
JOURNAL. 
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Metal-Water Reactions 
VI. Kinetics of the Reactions of Water Vapor with Strontium and Barium 

Harry J. Svec and H. Gene Staley 

Institute for Atomic Research and Department o$ Chemistry, Iowa State College, Ames, Iowa 

ABSTRACT 

Stront ium and bar ium were  reacted with  water  vapor  and the kinetics 
de termined  in the t empera tu re  range 40~176 for wa te r  vapor  pressures f rom 
17.5 to 92.5 mm Hg. The s toichiometry var ied  according to the react ion condi- 
tions. For  the s t ront ium reactions the products were  H~ and Sr(OH)~. For  
vapor  pressures below 44 m m  the products of the bar ium reactions were  H.~ 
and Ba (OH)~ whi le  for pressures above 44 mm they were  H.~ and Ba (OH).~.H~O. 

Manometr ic  and gravimetr ic  methods were  employed in the kinetic studies. 
Both the Sr and lower  vapor  pressure Ba reactions fol lowed the parabolic rate  
law. At  h igher  pressures the Ba react ion fol lowed a l inear  law. An act ivat ion 
energy of --5.2 -+- 0.2 kca l /mole  was found for the Sr reactions. The act ivat ion 
energy for the Ba reactions was found to depend on reaction conditions. 

Higher  t empera tu re  studies of the reactions be tween  wate r  vapor  and Sr, 
Ba, and Ca indicated that  in certain t empera tu re  ranges above 100~ complete-  
ly protect ive coatings were  formed similar  to those observed in the oxidation 
of A1 or Cr. 

The  k ine t i cs  of g a s - m e t a l  r eac t ions  i n v o l v i n g  N.., 
O~, and H~ h a v e  been  s tud ied  for  m a n y  yea r s  and 
n u m e r o u s  r e f e r ences  are  ava i l ab l e  (1) .  I n  r ecen t  
yea r s  t he r e  has been  in t e re s t  in r eac t ions  b e t w e e n  
meta l s  and w a t e r  vapor .  I t  has  been  shown  tha t  
l i t h ium (2) ,  t h o r i u m  (3) ,  and ca l c ium (4) fo l low a 
l o g a r i t h m i c  r a t e  l aw  and  tha t  m a g n e s i u m  (5) fo l -  
lows the  l i nea r  r a t e  law.  

S t r o n t i u m  and b a r i u m  w e r e  s tud ied  in o rde r  to 
c o m p a r e  the  o the r  a lka l ine  e a r t h  me ta l s  w i t h  cal -  
cium. Because  of the  n a t u r e  of the  r eac t ion  and the  

products ,  the  ra te  was  fo l lowed  by obse rv ing  the  
evo lu t ion  of H2 a n d / o r  the  w e i g h t  ga in  of a speci -  
m e n  of the  r eac t i ng  m e t a l  as a f unc t i on  of t ime.  
Condi t ions  of t e m p e r a t u r e  and w a t e r  v a p o r  p r e s -  
sures  w e r e  r e g u l a t e d  c a r e f u l l y  to d e t e r m i n e  the i r  
effect  on the  r a t e  of reac t ion .  

Experimental 
S t r o n t i u m  and  b a r i u m  rods w e r e  ob ta ined  f r o m  

the  M a c k a y  C o m p a n y  of N e w  York.  S p e c t r o g r a p h i c  
ana lys is  showed  tha t  t he  impur i t i e s  t o t a l l i ng  ap-  
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p r o x i m a t e l y  1% o c c u r r e d  in  t he  S r  m a i n l y  as a 
m i x t u r e  of Ca, Ba, Mn, Mg, Fe ,  a n d  A1; in  t h e  Ba,  
1% o c c u r r e d  m a i n l y  as  Sr,  Mn,  Fe ,  Mg, a n d  A1. 
C y l i n d r i c a l  spec imens  of t h e  m e t a l s  w e r e  p r e p a r e d  
in  t h e  m a n n e r  d e s c r i b e d  (4)  for  Ca. Because  of  t he  
g r e a t e r  r e a c t i v i t y  of S r  a n d  Ba,  spec ia l  c a r e  w a s  
r e q u i r e d  in  h a n d l i n g  a n d  t r a n s p o r t i n g  the  spec i -  
mens  in  t h e i r  f inal  p r e p a r e d  f o r m  f r o m  the  con-  
t r o l l e d  a t m o s p h e r e  box,  in  w h i c h  t h e  m a c h i n i n g  
was  done ,  to t he  r e a c t i o n  a p p a r a t u s .  F l u s h i n g  t h e  
a p p a r a t u s  w i t h  pur i f i ed  a r g o n  or  h e l i u m  p r e v e n t e d  
c o n t a m i n a t i o n  w i t h  a t m o s p h e r i c  COg. The  a p p a r a t u s  
used  in th is  w o r k  has  a l r e a d y  b e e n  d e s c r i b e d  (3, 4) .  

Results ~or Strontiuln 

The  r e a c t i o n s  b e t w e e n  S r  a n d  w a t e r  v a p o r  w e r e  
c a r r i e d  out  in  t he  t e m p e r a t u r e  r a n g e  40~176  a n d  
w a t e r  v a p o r  p r e s s u r e s  of  17.5-92.5 m m  Hg. D u r i n g  
some  of t he  k ine t i c  e x p e r i m e n t s  c a r e f u l  m e a s u r e -  
m e n t s  w e r e  m a d e  of t h e  a m o u n t s  of S r  a n d  H~O 
c o n s u m e d  a n d  the  a m o u n t s  of S r ( O H ) ~  a n d  H~ 
fo rmed .  As  a r e s u l t  of  these  m e a s u r e m e n t s ,  w h i c h  
a t t a i n e d  a p r ec i s i on  of -----1%, t h e  s t o i c h i o m e t r y  of 
t he  r e a c t i o n  was  e s t a b l i s h e d  to be  acco rd ing  to t he  
e q u a t i o n  

Sr  + 2H~O--- S r ( O H ) ~  + H~ 

The  u n i q u e n e s s  a n d  the  i d e n t i t y  of t he  p r o d u c t s  
w e r e  d e t e r m i n e d  b y  chemica l ,  x - r a y ,  a n d  m a s s  
s p e c t r o m e t r i c  me thods .  

The  w e i g h t  of  w a t e r  c o n s u m e d  in m g  H 2 0 / c m  ~ of 
S r  was  p l o t t e d  a g a i n s t  v a r i o u s  func t ions  of t i m e  in 
o r d e r  to d e t e r m i n e  the  r a t e  l aw.  In  a l l  cases, t he  
d a t a  i n d i c a t e d  t h a t  t he  r e a c t i o n  fo l lows  t h e  p a r a -  
bol ic  r a t e  l a w  m o r e  n e a r l y  t h a n  a n y  o t h e r  l aw.  
S e v e r a l  p lo t s  of t he  r e a c t i o n  d a t a  o b t a i n e d  a t  v a r i -  
ous t e m p e r a t u r e s  and  a w a t e r  v a p o r  p r e s s u r e  of 55 
m m  Hg a r e  s h o w n  in  Fig .  1. 

The  r a t e  cons t an t  k, [ m g  H,O/cm~Sr)~hr ]  was  d e -  
t e r m i n e d  for  each  r e a c t i o n  Condition. A p l o t  of k 
vs. t e m p e r a t u r e  is s h o w n  in Fig .  2, w h e r e  t he  k ' s  
o b t a i n e d  at  d i f f e ren t  b u t  c o n s t a n t  w a t e r  v a p o r  p r e s -  
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Fig. ] .  Parabolic plots o f  s t ron t ium-water  vopor data at  
.55 mm water  vapor pressure in the low temperature range 
41 ~176 
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Fig. 2. Effect o f  temperature on the rate constants o f  the 
s t ron t ium-water  vapor react ion. The units o f  k are [mg 
HsO/cm~Sr]e/hr. The plot ted points represent the average of  
several runs under each exper imenta l  condit ion. The general 
precision obtained was f rom -~- ,5 to 10% wi th  the higher 
range general ly apply ing to low pressure, low temperature 
experiments. 

su res  a r e  p l o t t e d  a g a i n s t  t h e  r e a c t i o n  t e m p e r a t u r e .  
As  is i nd ica t ed ,  t he  v a l u e  of t he  r a t e  cons t an t s  d e -  
c r e a se d  as t he  t e m p e r a t u r e  inc reased .  A t  a b o u t  51~ 
56~ the  r a t e  cons t an t s  of  t h e  r e a c t i o n s  a t  17.5 and  
32 m m  Hg w a t e r  v a p o r  p r e s s u r e  a p p e a r  to become  
i n d e p e n d e n t  of t e m p e r a t u r e .  

A r r h e n i u s  p lo t s  w e r e  m a d e  for  each  i s o b a r  ove r  
the  t e m p e r a t u r e  d e p e n d e n t  r ange .  The  p lo t s  w e r e  
l i n e a r  w i t h  pos i t i ve  slopes,  i n d i c a t i n g  an  a p p a r e n t  
n e g a t i v e  e n e r g y  of ac t iva t ion .  The  c a l c u l a t e d  ac -  
t i v a t i o n  e n e r g y  was  i n d e p e n d e n t  of w a t e r  v a p o r  
p r e s s u r e  and  h a d  a v a l u e  of--5.2-----0 .2  k c a l / m o l e .  

Results for Barium 

The r e a c t i o n s  b e t w e e n  B a  a n d  w a t e r  v a p o r  w e r e  
o b s e r v e d  in the  t e m p e r a t u r e  r a n g e  41~176  and  a t  
w a t e r  v a p o r  p r e s s u r e s  of 17.5, 32, 55, and  92.5 m m  
Hg. Two d i f f e ren t  r e a c t i o n  s t o i c h iome t r i e s  w e r e  ob -  
se rved .  These  w e r e  e s t a b l i s h e d  b y  m e a s u r i n g  the  
l i qu id  w a t e r  c o n s u m e d  a n d  the  h y d r o g e n  fo rmed ,  in  
a d d i t i o n  to x - r a y  d i f f r ac t ion  ana lys i s  of t h e  sol id  
p roduc t .  F o r  w a t e r  v a p o r  p r e s s u r e s  of 17.5 a n d  32 
m m  Hg, the  s t o i c h i o m e t r y  is a cco rd ing  to t he  
equa t ion  

Ba  + 2H~O-- B a ( O H ) ~  -p H~ 

A t  w a t e r  v a p o r  p r e s s u r e s  of 55 a n d  92.5 m m  Hg the  
s t o i c h i o m e t r y  is a cco rd ing  to t he  e q u a t i o n  

Ba -~ 3H~O-,  B a ( O H ) ~  �9 H~O ~ H2 

Bo th  m a n o m e t r i c  a n d  g r a v i m e t r i c  p r o c e d u r e s  i n -  
d i c a t e d  t h a t  t he  r e a c t i o n s  a t  17.5 a n d  32 m m  Hg 
p r e s s u r e  f o l l o w e d  the  p a r a b o l i c  r a t e  l aw.  M a n o -  
m e t r i c  r e a c t i o n s  a t  55 a n d  92.5 m m  p r e s s u r e  d id  no t  
fo l low a n y  of t he  k n o w n  r a t e  laws .  T h e  g e n e r a l  p a t -  
t e rn  of t he se  r e a c t i o n s  is s h o w n  in Fig .  3. W h e n  the  
r eac t i ons  w e r e  o b s e r v e d  in  t h e  g r a v i m e t r i c  a p p a r a -  
tus  (3)  a t  55 a n d  92.5 m m  Hg, a f t e r  an  i n i t i a l  p e r i o d  
of v e r y  r a p i d  r e a c t i o n  r a t e  d u r i n g  w h i c h  t ime  no 
l a w  was  d e t e r m i n a b l e  b y  t h e  m e t h o d  ava i l ab l e ,  t he  
k ine t i c s  a p p r o a c h e d  the  l i n e a r  r a t e  l aw.  A t y p i c a l  
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data at  .55 mm water  vapor  pressure and 56~ 

I 0  

9 

8 

7 

~ e 

~ 3 
:S 2 

I 

0 

.e 

D 

I I I I I I 
I0 20 30 40 50 60 

TIME IN MINUTES 

Fig. 4. Linear plot o f  the gravimetr ic data for  the barium- 
water vapor data obtained at 55 mm water vapor pressure 
and 41~ Other data at 5S mm and 92.S mm and other 
temperatures cited here fol low the same general pattern as 
these data. 

grav ime t r i c  reac t ion  is p lo t ted  in  Fig. 4. I t  is sig- 
n i f icant  tha t  f laking occur red  af ter  4 or 5 m i n  in  the  
react ions  at 55 and  92.5 m m  Hg wa te r  vapor  p res -  
sure. 

The  vapor  p ressure  at  wh ich  wa t e r  combines  
wi th  Ba(OH)2  to fo rm the m o n o h y d r a t e  is 4 4 - - 2  
m m  Hg. This  was  m e a s u r e d  by  fo l lowing  the weigh t  
ga ined  by  a n h y d r o u s  Ba(OH)~ in  contact  w i th  
wa te r  vapor  at k n o w n  pressures .  I t  was  also shown 
that  f o rma t ion  of the  oc tahydra te  also takes  place 
in  this  vapor  p ressure  range ,  b u t  on ly  af ter  all  of 
the  a n h y d r o u s  Ba(OH)~ has been  conver t ed  to the  
monohydra t e .  

The ra te  cons tan t s  for bo th  m a n o m e t r i c  and  
g rav ime t r i c  reac t ions  are p lo t ted  aga ins t  t e m p e r a -  
tu re  of reac t ion  in  Fig. 5 and  6. A r r h e n i u s  plots of 
the da ta  for the reac t ions  a t  32 m m  in  the  t e m p e r a -  
tu re  r ange  41~176  ind ica ted  an  a p p a r e n t  ac t iva -  
t ion  ene rgy  of --5.1 • 0.3 kca l /mole .  At  17.5 m m  the  
a p p a r e n t  ac t iva t ion  ene rgy  is zero. S imi l a r  plots  of 
the  l i nea r  da ta  for the  55 m m  reac t ion  ind ica te  no 
l inea r  r e l a t ionsh ip  in  the  t e m p e r a t u r e  r ange  41 ~ 
56~ so, no ac t iva t ion  ene rgy  was  deduced.  If  such 
w e r e  possible,  however ,  it wou ld  be n e g a t i v e  in  
sign. The  da ta  at  55 m m  f rom 56 ~ to 66~ give a 
l i nea r  p lo t  and  the  ac t iva t ion  ene rgy  is 9.5 • 1.0 
kca l /mo le .  

41 = 46 ~ 5P 56 = 61 ~ 66"C 
TEMPERATURE OF REACTION 

Fig. .5.  Effect of  temperature on the rote constants o f  the 
bar ium-water  vapor  react ion where kinetics are described by 
the parabol ic rate law. Data were obtained manometr ica l ly .  
Units of  k are [mg H20/cm~Bo]S/hr. 
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Fig. 6. Effect of  temperature on the rate constants of  the 
barium-water vapor reaction where kinetics are described by 
the l inear rate law. Data were obtained gravimetr ical ly.  The 
units of  k are [rag H~O/cm2Ba]/hr. 

High Temperature Reactions of Ca, Sr, and Ba with 
Wate r  Vapor 

Calcium,  s t ron t ium,  a nd  b a r i u m  reac t ions  were  
car r ied  out  at h ighe r  t e m p e r a t u r e s  i n  an  a ppa ra tu s  
s imi la r  to the  one used above bu t  modified to p e r m i t  
h igher  reac t ion  t empera tu re s .  The  reac t ions  were  
car r ied  ou t  at vapor  pressures  of 25 • 1.5 m m  Hg. 
I t  was found  tha t  in  ce r ta in  t e m p e r a t u r e  ranges  
these react ions  wou ld  s ta r t  a nd  t h e n  a p p a r e n t l y  
stop, due  to the  f o r m a t i o n  of p ro tec t ive  coat ings 
s imi la r  to those i nvo lved  in  the  air  ox ida t ion  of A1 
or Cr. In  all  the  reac t ions  descr ibed below, in  which  
there  was a pro tec t ive  coat ing  formed,  the  h y d r o -  
gen p ressure  inc reased  s tead i ly  for abou t  15 m i n  
af ter  the i n i t i a t i on  of the  reac t ion  and  t h e n  the  i n -  
crease stopped. No f u r t he r  evo lu t ion  of H2 took 
place, even  af ter  5 hr  of contact  b e t w e e n  the  me ta l  
spec imens  a nd  w a t e r  vapor .  

It  was  observed  tha t  for Ca the  reac t ion  was  of 
this type  in  two t e m p e r a t u r e  ranges,  one f rom 100 ~ 
to 255~ and  the  second f rom 400 ~ to 500~ above 
which  t e m p e r a t u r e  no observa t ions  w e r e  made.  The 
reac t ion  be low 100~ is tha t  r epor ted  b y  Svec and  
Apel  (4) .  The reac t ion  ra te  as d e t e r m i n e d  m a n o -  
me t r i ca l ly  w e n t  t h r ough  a m a x i m u m  at  a r o u n d  
85~ and  then  a p p a r e n t l y  decreased to zero at  
100~ S imi la r  behav io r  was  aga in  observed  be -  
t w e e n  255 ~ a nd  330~ F r o m  330 ~ to 400~ the  r e -  
act ion was a p p r o x i m a t e l y  the  same  as descr ibed by  
Gibbs  and  Svec (6) .  The  differences of t e m p e r a t u r e  
r a nge  descr ibed  here  a nd  those ob t a ined  in  the  
ea r l i e r  work  are  p r o b a b l y  due  to the  fact  tha t  the 
Ca used in  these e x p e r i m e n t s  was  the  red is t i l led  
m a t e r i a l  (4) p r e p a r e d  in  the  Ames  L a b o r a t o r y  of 
the  A.E.C., w h i l e  tha t  used by  Gibbs  a nd  Svec was  
o r d i n a r y  commerc ia l  meta l .  
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In  t he  100~176 range ,  t h e  spec imens  m a i n -  
t a i n e d  t h e i r  o r ig ina l  sh iny ,  m e t a l l i c  lus te r .  In  t h e  
400~176 r ange ,  t he  s p e c i m e n s  w e r e  c o v e r e d  b y  
a th in  w h i t i s h  coat ing .  X - r a y  d i f f r ac t ion  s tud ies  of 
t h e  p r o t e c t i v e  coa t ings  in  bo th  u p p e r  a n d  l o w e r  
reg ions  i n d i c a t e d  t h e  p r e s e n c e  of Ca, C a ( O H ) s ,  a n d  
CaO w i t h  pos s ib l e  s m a l l  a m o u n t s  of C a l l ,  a t  the  
h i g h e r  t e m p e r a t u r e s .  The  x - r a y  l ines  w e r e  v e r y  
s h a r p  c o m p a r e d  to t hose  p r o d u c e d  b y  the  r e a c t i o n  
p r o d u c t  f o r m e d  a t  t e m p e r a t u r e s  b e l o w  70~ (4) .  
T h e  p r e s e n c e  of s t r ong  l ines  due  to Ca re f lec t ions  in  
the  x - r a y  d i f f r ac t ion  p a t t e r n s  was  t a k e n  as a priori 
ev idence  t h a t  t he  r e a c t i o n  p r o d u c t  coa t i ng  was  v e r y  
th in ,  a l t h o u g h  no a t t e m p t  was  m a d e  to m e a s u r e  i ts  
th ickness .  

Reac t ions  i n v o l v i n g  Sr  and  Ba  s h o w e d  on ly  one  
t e m p e r a t u r e  r a n g e  for  each  m e t a l  in  w h i c h  the  
c o m p l e t e l y  p r o t e c t i v e  t y p e  of coa t ing  was  fo rme d .  
F o r  S r  th is  r a n g e  was  175~176 w h i l e  for  Ba  i t  
was  100~176 The  u p p e r  l i m i t  in  b o t h  cases  co in -  
c ides  w i t h  t h e  m p  of t he  r e s p e c t i v e  a n h y d r o u s  h y -  
d rox ides .  Bo th  Sr  a n d  Ba spec imens  m a i n t a i n e d  
t h e i r  m e t a l l i c  a p p e a r a n c e .  

Discussion of Results 
The  s e p a r a t i o n  of t he  r e a c t a n t s  in  t he  m e t a l -  

w a t e r  v a p o r  r e a c t i o n  b y  t h e  so l id  p r o d u c t  i nd i ca t e s  
some  di f fus ion  p rocess  m u s t  t a k e  p l a c e  w i t h i n  t h e  
coat ing .  In  bo th  t he  S r  a n d  Ba  reac t ions ,  u n d e r  each  
set  of condi t ions ,  m a r k e r s ,  w h i c h  w e r e  s m a l l  chips  
of Mg i n c o r p o r a t e d  in to  t he  m e t a l  su r faces  d u r i n g  
the  m a c h i n i n g  of t he  sample ,  s t a y e d  f lush w i t h  t he  
s u r f ace  of t he  coa t ing  be ing  d i s p l a c e d  f r o m  the  Sr  
and  Ba m e t a l  a f t e r  r e a c t i o n  b y  a l a y e r  of h y d r o x i d e .  
This  is s t r ong  e v i d e n c e  t h a t  i n w a r d  d i f fus ion of 
some species  t a k e s  p l a c e  in  bo th  reac t ions .  S i m i l a r  
o b s e r v a t i o n s  w i t h  m a r k e r  e x p e r i m e n t s  h a v e  been  
m a d e  for  the  r e a c t i o n s  of w a t e r  v a p o r  w i t h  Ca and  
w i t h  Th w h i c h  fo l low a l o g a r i t h m i c  r a t e  l aw.  The  
s a m e  o b s e r v a t i o n  was  m a d e  in  m a r k e r  e x p e r i m e n t s  
w i th  t he  Mg r e a c t i o n s  a l t h o u g h  i t  was  e x p e c t e d  
s ince  t he  r a t e  of r e a c t i o n  is l inea r .  These  l i m i t e d  
o b s e r v a t i o n s  sugges t  t h a t  i n w a r d  d i f fus ion of some 
species  m a y  be  a g e n e r a l  c h a r a c t e r i s t i c  of w a t e r  
v a p o r - m e t a l  r eac t ions .  E x p e r i m e n t s  w i t h  less  ac t ive  
m e t a l s  t h a n  the  a l k a l i n e  e a r t h s  w i l l  be  n e c e s s a r y  to 
r eco rd  these  p h e n o m e n a  m i c r o p h o t o g r a p h i c a l l y .  

A c o m p a r i s o n  of t he  r e a c t i o n  r a t e s  of Ca, Sr,  and  
Ba canno t  i n c l u d e  t h e  Ca r e a c t i o n  b e c a u s e  of t he  
l o g a r i t h m i c  n a t u r e  of t h e  k ine t i c  law.  H o w e v e r ,  
c o m p a r i s o n  of  S r  a n d  B a  a t  17.5 m m  and  32 m m  
w a t e r  v a p o r  p r e s s u r e  w h e r e  bo th  r eac t ions  a p p e a r  
to be  p a r a b o l i c  i nd i ca t e s  (Fig .  5 a n d  2) t ha t  S r  is 
m o r e  r e a c t i v e  t h a n  Ba,  w h i c h  is c o n t r a r y  to gen -  
e r a l  o b s e r v a t i o n s  a n d  expec t a t i ons .  This  a p p a r e n t  
d i f fe rence  b a s e d  on ly  on m a n o m e t r i c  d a t a  m i g h t  be  
e x p l a i n e d  on the  bas i s  of h y d r i d e  fo rma t ion .  H o w -  
ever ,  c o m p a r i s o n  of g r a v i m e t r i c  d a t a  s t i l l  i n d i c a t e d  
t ha t  the  S r  r e a c t i o n  is f a s t e r  t h a n  the  c o r r e s p o n d i n g  
Ba reac t ion .  No ev idence  for  h y d r i d e  was  o b t a i n e d  
b y  x - r a y  d i f f r ac t ion  ana lyses .  No r e a s o n a b l e  e x -  
p l a n a t i o n  is a p p a r e n t  a t  th i s  t ime .  

In  an  e x a c t  c o m p a r i s o n  of t h e  g r a v i m e t r i c  w i t h  
t he  m a n o m e t r i c  da ta ,  . some di f f icul ty  was  first  o b -  
s e r v e d  due  to the  change  in  size of t he  c y l i n d r i c a l  

spec imens  for  t he  two  t y p e s  of e x p e r i m e n t a l  con-  
d i t ions .  In  o r d e r  to ga in  g r e a t e r  s e n s i t i v i t y  in t he  
m a n o m e t r i c  e x p e r i m e n t s  a l a r g e r  s a m p l e  was  used.  
A l l  d a t a  w e r e  cons i s t en t  and  r e p r o d u c i b l e  as long  
as t h e  size d id  no t  c h a n g e  a p p r e c i a b l y .  In  t he  g r a v i -  
m e t r i c  e x p e r i m e n t s  t he  d i a m e t e r  of t he  s a m p l e  
spec imens  was  a b o u t  ~/2 t h a t  of t h e  m a n o m e t r i c  
samples .  Desp i t e  t he  fac t  t h a t  no changes  w e r e  
m a d e  in tool  pos i t i on  on the  l a t h e  used  to p r e p a r e  
the  samples ,  t he  da ta ,  w h i c h  w e r e  a g a i n  cons i s t en t  
and  r e p r o d u c i b l e ,  i n d i c a t e d  a r a t e  of r e a c t i o n  h i g h e r  
t h a n  in the  m a n o m e t r i c  e x p e r i m e n t s .  C o m p a r a t i v e  
d a t a  b e t w e e n  t h e  two  t y p e s  of e x p e r i m e n t s  w e r e  
o b t a i n e d  o n l y  a f t e r  e x p e r i m e n t s  w e r e  m a d e  us ing  
s a m p l e s  w i t h  s i m i l a r  d imens ions .  

The  a s s u m p t i o n  was  a l w a y s  m a d e  in  t he  p a s t  t h a t  
a r e p r o d u c i b l e  s u r f a c e  was  o b t a i n e d  b y  close con-  
t r o l  of  t he  m a c h i n i n g  ope ra t i ons .  R e a c t i o n  r a t e s  
g iven  in w e i g h t  of H20 r e a c t e d / c m "  of m e t a l  su r face  
w e r e  a s s u m e d  to be  m i n i m u m  ra tes .  N o w  i t  a p p e a r s  
t ha t  in  o r d e r  to r e p r o d u c e  a m a c h i n e d  sur face ,  t he  
d i m e n s i o n s  of t he  m a c h i n e d  s p e c i m e n  m u s t  be  c o m -  
p a r a b l e .  This  is p r o b a b l y  r e l a t e d  to t h e  e x a c t  too l -  
t o - m e t a l  ang le  w h i c h  changes  as t he  d i a m e t e r  of the  
m a c h i n e d  b a r  is r educed .  As  t h e  d i a m e t e r  is d e -  
c reased ,  t he  su r face  roughnes s  increases ,  t h e r e b y  
caus ing  an  i n c r e a s e  in  a v a i l a b l e  m e t a l  sur face .  I t  
was  f o r t u i t o u s  t h a t  d u r i n g  t h e  L i  (2) ,  Ca (4) ,  Th  (3) ,  
a n d  M g ( 5 )  w o r k  t h e  s p e c i m e n  size was  k e p t  con-  
s tan t ,  t h e r e b y  a c c oun t i ng  for  t he  cons i s t ency  of 
these  da ta .  

The  a p p a r e n t  n e g a t i v e  a c t i v a t i o n  e n e r g y  o b s e r v e d  
for  t he  S r  r eac t i ons  can  be  e x p l a i n e d  in t he  s ame  
m a n n e r  as t h a t  o b s e r v e d  for  C a ( 4 )  as i n v o l v i n g  a 
h e a t  of deso rp t ion .  E x c e p t  for  t he  change  in  r a t e  
law,  S r  r e a c t i o n s  fo l low a p a t t e r n  s i m i l a r  to  t h a t  of  
Ca t h r o u g h o u t  the  t e m p e r a t u r e  r a n g e  in w h i c h  k i -  
ne t ics  w e r e  s tud ied .  In  t he  h e t e r o g e n e o u s  r eac t i ons  
of conce rn  here ,  th is  p r e s u m e s  t ha t  a p r i o r  fas t  
e q u i l i b r i u m  exis t s  in  a cha in  of r eac t ions .  Th is  is 
t hen  fo l l owed  b y  a s low,  r a t e - g o v e r n i n g  reac t ion .  
F o r  e x a m p l e ,  if t he  e q u i l i b r i u m  invo lves  some in -  
t e r a c t i o n  of H,O v a p o r  w i t h  the  sur face ,  one can 
w r i t e  

H20~  + H~O" S ( I )  
f a s t  

w h e r e  Keq is t he  e q u i l i b r i u m  cons t an t  a n d  S some 
p r o p e r t y  of t h e  sur face .  T h e  s low s tep  m i g h t  t h e n  
fo l low acco rd ing  to some r e l a t i o n s h i p  as 

d(H~O) 
- -  k [ H ~ O  �9 S ]  ( I I )  

dt 

o r  

d(H~O) 

dt 
- -  --  k Ko,[H.~O,~][S] ( I I I )  

If  t he  v a l u e  of Koq is t e m p e r a t u r e  s ens i t i ve  a n d  d e -  
c reases  in  v a l u e  suff ic ient ly  to m a k e  the  p r o d u c t  
k . K e ,  b e c o m e  s m a l l e r  as t he  t e m p e r a t u r e  increases ,  
t hen  the  a p p a r e n t  a c t i v a t i o n  e ne rgy ,  c o m p u t e d  f rom 
the  A r r h e n i u s  r e l a t i o n s h i p ,  be c ome s  nega t i ve .  This  
cond i t ion  is a t t a i n e d  w h e n  the  f o r w a r d  r e a c t i o n  in  
( I )  is s l ower  t h a n  the  r e v e r s e  reac t ion .  In  t he  case 
of w a t e r  v a p o r - m e t a l  sy s t e ms  i t  i nvo lves  d e s o r p t i o n  
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of H~O molecu l e s  f rom the  coa t ing  sur face .  T h a t  
th is  has  no t  been  o b s e r v e d  in  o x i d a t i o n  r eac t i ons  
i n v o l v i n g  O~ or  N2 is p r o b a b l y  due  to t he  d i f f e rence  
in  t he  c h a r a c t e r  of t he  a d s o r p t i o n  c o m p a r e d  to 
w a t e r  molecu les .  

The  a p p a r e n t  n e g a t i v e  a c t i v a t i o n  ene rg i e s  ob -  
s e r v e d  for  t h e  Ba  r eac t i ons  a r e  also e x p l a i n a b l e  as 
i n v o l v i n g  hea t s  of deso rp t ion .  T h e  v a l u e  of --5.1 
k c a l / m o l e  f o u n d  for  t he  32 m m  B a  r eac t i ons  i n d i -  
ca tes  t h a t  t he  p rocesses  in  th is  a n d  the  S r  r eac t i ons  
a r e  s imi l a r .  T h e  a p p a r e n t  zero  v a l u e  for  t h e  a c t i v a -  
t ion  e n e r g y  a t  17.5 m m  is s i m i l a r  to  t h e  s a m e  S r  
r e a c t i o n  at  t e m p e r a t u r e s  a b o v e  51~ and  can  b e  
e x p l a i n e d  on the  bas i s  of  a c h a n g e  in  t h e  p r e d o m i -  
n a n t  c h a r a c t e r  of  t h e  r a t e - l i m i t i n g  processes .  I f  t he  
cons tan t s  in  equa t ions  ( I )  a n d  ( I I )  a r e  dec r e a s ing  
and  i n c r e a s i n g  a t  such a r a t e  as to m a k e  t h e i r  p r o d -  
uc t  r e m a i n  at  a f ixed va lue ,  t he  r a t e  of r e a c t i o n  
then  a p p e a r s  to be  i n d e p e n d e n t  of t e m p e r a t u r e .  As  
the  t e m p e r a t u r e  i nc reases  f u r t h e r ,  t he  p r o d u c t  
k -Ko ,  i nc reases  in  v a l u e  and  t h e  a p p a r e n t  a c t i v a t i o n  
e n e r g y  shou ld  b e c o m e  pos i t ive .  Th is  was  o b s e r v e d  
in t he  55 m m  reac t i ons  f r o m  56 ~ to 66~ I t  is s ig-  
n i f icant  t h a t  t he  a c t i v a t i o n  e n e r g y  of 9.5 k c a l / m o l e  
for  th is  l i n e a r  B a - H 2 0  r e a c t i o n  is t h e  s a m e  as t h a t  
for  t h e  Mg-H~O r e a c t i o n  (5)  a t  425~176 a n d  208 
m m  (11.1 __+ 2.7 k c a l / m o l e )  w h i c h  a p p e a r s  to d e -  
p e n d  on t h e  r a t e  of a d s o r p t i o n  of gas mo lecu l e s  on 
the  r e a c t i n g  sur face .  
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The  h igh  t e m p e r a t u r e  r eac t i ons  w e r e  f o l l o w e d  
on ly  b y  the  m a n o m e t r i c  t echn ique .  The  o b s e r v a t i o n s  
of Svec  a n d  G i b b s  (6)  on Ca m a d e  the  a p p e a r a n c e  
of a c o m p l e t e l y  p r o t e c t i v e  coa t ing  in  t hese  r e a c t i o n s  
u n e x p e c t e d ,  e spe c i a l l y  a t  t he  h igh  t e m p e r a t u r e s .  I t  
was  no t  poss ib le  to d e d u c e  w h a t  r a t e  l a w  w a s  fo l -  
l o w e d  d u r i n g  t h e  i n i t i a l  s t ages  of t he se  h igh  t e m -  
p e r a t u r e  reac t ions .  The  e x p e r i m e n t a l  diff icul t ies  of 
c h a r a c t e r i z i n g  p r e c i s e l y  the  coa t ings  at  t h e  e l e v a t e d  
t e m p e r a t u r e s  i n v o l v e d  m a k e  i t  imposs ib l e  to educe  
an  e x p l a n a t i o n  for  these  p h e n o m e n a  b a s e d  on e x -  
p e r i m e n t a l  fact .  The  mos t  s ign i f ican t  o b s e r v a t i o n  
r e m a i n s  t he  s h a r p e n i n g  of t he  x - r a y  d i f f r ac t ion  p a t -  
t e rns  of t he  h igh  t e m p e r a t u r e  c oa t i ng  c o m p a r e d  to 
t h e  Iow t e m p e r a t u r e  coa t ings .  

Manuscr ip t  rece ived  June  4, 1957. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1958 
JOURNAL. 
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ABSTRACT 

Phase  re la t ionships  in the  sys tem ZnO-P~O5 were  de t e rmined  in a i r  in the 
range  be tween  ZnO and Zn(POs)~, using solid s ta te  and quenching methods.  
Three  congruent ly  mel t ing  compounds exist,  Zn3 (PO~)2, Zn~P~OT, and Zn (PO3)2. 
The or thophosphate  has a sluggish, revers ib le  invers ion at  942 ~ and mel ts  at  
1060 ~ •176 The pyrophospha te  undergoes  a rapid,  revers ib le  invers ion at  
132 ~ and mel ts  at  1017~ The i r revers ib le  invers ion in the  metaphospha te  
takes  place  in a i r  in the  range  be tween  600 ~ and 700~ depending  on the ra te  
of hea t ing  of the  sample. The low t e m p e r a t u r e  form of the  metaphospha te  
cannot  be obta ined  by  hea t ing  the high t e m p e r a t u r e  form in air, but  glass of 
the  me taphospha te  composit ion wil l  y ie ld  a mix tu re  of low and high t empera -  
tu re  forms if he ld  at  550~ for 16 hr. Zn(PO~)2 mel ts  at  872~ Simple  eutectic 
re la t ionships  exist  be tween  ZnO and Zn~(PO,)2, Zn~(PO,)~ and Zn2P~O7, and 
Zn2P_~O7 and Zn (PO~) 2. 

The  p h a s e  r e l a t i o n s h i p s  in t h e  s y s t e m  ZnO-P20~ 
w e r e  i n v e s t i g a t e d  b e c a u s e  t he  s y s t e m  was  k n o w n  to 
c on t a in  a t  l eas t  two  c o m p o u n d s  of i n t e r e s t  as hos t  
l a t t i ces  for  l u m i n e s c e n t  p r e p a r a t i o n s ,  a n d  i t  was  
t h o u g h t  t h a t  a d e t e r m i n a t i o n  of t h e  p r o p e r t i e s  of 
t he  c r y s t a l s  a n d  g lasses  in  t h e  s y s t e m  m i g h t  be  of 
some i n t e r e s t  to a l l i ed  fields. 

N u m e r o u s  r e f e r e n c e s  to h y d r a t e d  and  a n h y d r o u s  
zinc p h o s p h a t e  m i n e r a l s  a n d  s y n t h e t i c  p r e p a r a t i o n s  
a re  ava i l ab l e ,  e.g., (1 ) ,  b u t  t h e  p a p e r  b y  S m i t h  (2)  
on l u m i n e s c e n c e  of zinc p h o s p h a t e s  a p p e a r s  to b e  
the  on ly  h igh  t e m p e r a t u r e  s t u d y  w h i c h  is c lose ly  
r e l a t e d  to t he  p r e s e n t  work .  S m i t h  c l a i m e d  t h r e e  
fo rms  of Zn~(PO,)~, ~, fl, and  T. T h e  a f o r m  was  sa id  

to be  s t ab le  u p  to t he  fus ion  p o i n t  if  no M n  w a s  
p resen t .  To p r o d u c e  a p u r e  fl fo rm,  1% Mn a n d  
t e m p e r a t u r e s  a b o v e  800~ w e r e  r e q u i r e d .  T h e r e -  
fore,  i t  was  i n f e r r e d  t h a t  t h e  fl f o r m  w o u l d  no t  a p -  
p e a r  if  less t h a n  1% Mn w e r e  p resen t .  The  ~ f o r m  
was  p r o d u c e d  b y  the  a d d i t i o n  of 2 m o l e  % Mg~(PO,)~ 
w i t h  or  w i t h o u t  t he  a d d i t i o n  of Mn. G a m m a  could  
be p r o d u c e d  b y  the  a d d i t i o n  of Zn~P207 to Zn~(PO~)2. 
I t  was  not  c l ea r  w h e t h e r  or  no t  Mn was  p r e s e n t  in  
t he  l a t t e r  e x p e r i m e n t .  P y r o p h o s p h a t e s  w e r e  sa id  
to p r e v e n t  t h e  f o r m a t i o n  of fl-Zn~(PO~)~. 

I t  was  fe l t  t h a t  a d e t a i l e d  s t u d y  of t h e  p h a s e  r e -  
l a t i onsh ips  in  t he  s y s t e m s  ZnO-P~O~, Z n O - M n O -  
P_~O~, and  ZnO-MgO-MnO-P~O~ w o u l d  be  n e c e s s a r y  
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in order  to unders tand  the luminescent  proper t ies  
of these compositions. This paper  is confined to a 
clarif ication of the re la t ionships  be tween  ZnO and 
P,O~. The other  systems wil l  be deal t  wi th  in a 
la te r  paper .  

Experimental Procedure 

Techniques, Equipment, and Materials 

Quench technique.--The quench technique fol- 
lowed essent ia l ly  tha t  descr ibed by  Hill, Faust ,  and 
Reynolds (3) in the sys tem P30~-2CaO.P,O~. Since 
thei r  work  was concerned wi th  the P,O,-r ich end of 
the system, e labora te  methods of minimizing P,O~ 
volat i l izat ion were  used. Such techniques did not  
appear  necessary  in the  ZnO-P~O~ system, since 
chemical  analyses  of some of the  zinc phosphate  
glasses did not  indicate  a significant loss of P~O~ 
through volat i l izat ion.  

The quench furnace  consisted of a P t  wound tube 
furnace.  Tempera tu re  was control led by  a Tagl i -  
abue Celec t ray  indicat ing po ten t iometer  controller .  
A separa te  P t - P t  10% Rh thermocouple  for the  con- 
t ro l le r  was inser ted  inside the tube so tha t  this  
control  thermocouple  could be posi t ioned manua l ly  
near  the quench packet .  

Actua l  quench packe t  t empera tu res  were  meas-  
u red  by a L&N por tab le  precision po ten t iometer  us-  
ing a second P t - P t  10% Rh thermocouple  placed 
nex t  to the quench packet .  The accuracy of the 
second thermocouple  was checked per iodica l ly  
against  the mel t ing  point  of gold at  1063~ 

X-ray dif]raction.--Room t e m p e r a t u r e  x - r a y  dif-  
f ract ion da ta  were  recorded wi th  a Norelco Geiger  
counter  diffractometer .  Nickel - f i l te red  CuKa rad i -  
ation was used with  the x - r a y  tube  opera t ing  at  40 
kv at 15 ma  current .  For  rout ine  identification, a 
scanning ra te  of 1 d e g / m i n  was used whi le  the ini-  
t ia l  pa t t e rns  used as a re ference  th roughout  this 
work  were  recorded at  u deg /min .  

High t empera tu re  x - r a y  diffraction da ta  were  ob-  
ta ined  on a Genera l  Electr ic  XRD-3 Geiger  counter  
di f f ractometer  also using Ni- f i l te red  CuKa r a d i a -  
tion. The x - r a y  furnace  * was of ceramic construct ion 
with  Pt  hea t ing  elements  and sample  holder.  An ~1 
foil window in the furnace  served as an ent rance  
and exi t  for the x - rad ia t ion .  The t empe ra tu r e  of the 
specimen was main ta ined  at  -----5~ 

Dif]erential thermal analyses.--Differential t he r -  
mal  analyses  were  done on an appara tus  descr ibed 
by Gruver  (4).  

Polarizing microscope.--A Bausch and Lomb po-  
lar iz ing microscope was used to examine  the c rys -  
ta l l ine  and glass phases in the ZnO-P,O~ system. In-  
dex oils accurate  to 0.004 were  used for the index 
of re f rac t ion  measurements  of the  glasses. 

Heat treating ]urnaces.--All heat  t r ea tmen t  other 
than  quench work  was done in e lect r ica l ly  hea ted  
furnaces using silicon carb ide  hea t ing  elements.  The 
t empe ra tu r e  was control led manua l ly  by an auto-  
t ransformer .  Because of the large  size of the  heat ing 
chamber,  t empera tu re s  were  considered accurate  to 
only +--10~ Such processes as format ion  of l a rge  
amounts  of glass, dehydra t ion  of zinc phosphate  

Fu r n ace  des igned  by  H. A. McKins t ry  of the  Minera l  Const i tu-  
t ion Labora to ry  of the  Pennsy lvan i a  Sta te  Univers i ty .  

crys ta l l ine  mater ia ls ,  weight  loss measurements ,  
and the p re l imina ry  work  in de te rmin ing  the phase 
equi l ib r ium re la t ionships  were  done in these fu r -  
naces. 

Raw materiaIs.--The ZnO used in this inves t iga-  
t ion was obta ined f rom the Chemical  Products  P lan t  
of the  Genera l  Electr ic  Company.  It is manufac-  
tu red  by  the New Jersey  Zinc Company and is a 
luminescent  grade  raw ma te r i a l  wi th  a pu r i ty  com- 
pa rab le  to a C.P. grade in commerc ia l ly  avai lab le  
chemicals.  The ZnO was used as received wi th  no 
weight  loss correction. 

The phosphoric  acid used was a Baker  Analyzed  
Reagent  of C.P. grade. This acid contained approx i -  
ma te ly  85% or thophosphor ic  acid, H~PO~, the  r e -  
main ing  15% being water .  To de te rmine  exact ly  the 
amount  of P~O~ in the acid, g rav imet r ic  quant i t a t ive  
analysis  of P,O~ descr ibed by  Pierce  and Haenisch 
(5) was used. This analysis  consisted briefly of 
prec ip i ta t ion  of the P~O~ as MgNH~PO,-6H~O and 
finally weighing as Mg,P~O~. Two 7-1b bot t les  of 
H,PO, were  analyzed  separa te ly .  The fol lowing re -  
sults were  obtained:  

Bott le  #1 Bott le #2 
(g of P, O J m l  of acid) (g of P , O J m l  of acid) 

1.0665 1.0305 
1.0660 1.0340 
1.0665 1.0325 

A ve r a ge  Average  
analysis  1"066--+'001 analysis  1"032--+'002 

Compositions and Heat Treatments 

Compound preparation. - -  Zinc or thophosphate  
was p repa red  by  react ing ZnO with  H3PO,. The acid 
was s lowly added to a wa te r  s lu r ry  of the ZnO. To 
insure  homogenei ty  the  resul t ing  batch was hand 
mixed  in a glass mor ta r  for 1 hr. The acid reacted 
quite read i ly  wi th  the  ZnO and wa te r  had  to be  
added cont inual ly  as the Zn~(PO0, tha t  was formed 
became hydra ted .  The final ma te r i a l  was then dr ied 
at 110~ 

A sample  of the dr ied batch which was heated to 
640~ for 5 hr  unde rwen t  a 9.14% weight  loss. The 
theore t ica l  weight  loss in dehydra t ing  Zn~(PO~),. 
2H~O is 9.34%; therefore,  it  was concluded tha t  this 
ma te r i a l  was zinc or thophosphate  d ihydra te ,  and 
the x - r a y  da ta  presented  in Table  IV as Zn~(PO,),.  
2H~O were  recorded f rom this mater ia l .  

This Zn~(PO,),-2H, O was then fired to 800-950~ 
for 12 hr. X - r a y  analysis  indica ted  tha t  the  fired 
mate r i a l  consisted ma in ly  of ~-Zn.~(PO~).. wi th  some 
B-Zn~(PO,)~ present .  Fu r t he r  hea t  t r ea tmen t  of this 
m i x t u r e  of ~ and ;~ Zn~{PO,)~ produced the pure  
forms of this compound. Retiring to 750~ for 4 hr  
produced all  ~-Zn~(PO,),,  whi le  ret i r ing to 1000~ 
for 12 hr  produced al l  f~-Zn~(PO4)~ (Table  IV) .  

Three chemical  analyses  were  run on each of two 
samples of the Zn3(PO~)~. The average  value  ob- 
ta ined  was 36.59• P~O~ compared  to the  theo-  
re t ica l  value  of 36.79% P~O5 in Zn3(PO~)~. An  inde-  
pendent  analysis" gave a value  of 36.48% P,Os. 

Chemical  Products  Plant ,  Genera l  Electr ic  Co., Cleveland,  Ohio. 
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Zinc py rophospha t e  was m a d e  by  the  we l l -  
k n o w n  ana ly t i ca l  p rocedure  used  for bo th  ZnO a nd  
P.~O~ analys is .  A C.P. grade  of ZnCt~ was  reacted 
wi th  C.P. (NH,)~PO, to fo rm ZnNH,PO,.  The  Zn 
NH~PO, p roduced  in  this  m a n n e r  was fired to 900~ 
for 12 hr. A P~O~ ana lys i s  ~ ind ica ted  47.3% P~O~ 
p re sen t  compared  to the  theore t ica l  a m o u n t  of 
46.59%. This  ind ica ted  tha t  a smal l  a m o u n t  of 
Zn(PO~)~ was  p re sen t  in  the  Zn~P~O~. 

Zinc  me taphospha t e  could no t  be made  by  the  r e -  
act ion of ZnO wi th  H~PO,. Zn, (PO,)~  wou ld  fo rm 
p r e f e r e n t i a l l y  and  even  at  e leva ted  t e m p e r a t u r e s  
would  no t  reac t  r ead i ly  w i th  the r e m a i n d e r  of the 
acid. 

The Zn(PO~)~ f inal ly  used in  the  phase  equ i l i b -  
r i u m  inves t iga t ion  was  ob ta ined  f rom the Monsan to  
Chemica l  Company .  A chemical  ana lys i s  ~ gave a 
va lue  of 63.34+--0.07% P~O~ as compared  w i th  the 
theore t ica l  a m o u n t  of 63.58% P~O, in  Zn(PO~)~. 

Intermediate compositions and glasses.--The i n -  
t e rmed ia t e  composi t ions  b e t w e e n  ZnO and  Zn~P~O~ 
were  m a d e  by  reac t ing  ZnO wi th  H,PO~ whi l e  the  
composi t ions  b e t w e e n  Zn~P~O~ and  Zn(PO, )~  were  
m a d e  f rom ZnO and  Zn(PO~)~. 

Al l  so l id -s ta te  reac t ions  were  done in  P t  c ruc i -  
bles. The ba tches  were  g iven  an  in i t i a l  low t e m p e r -  
a tu re  f ir ing b e t w e e n  600 ~ and  700~ and  then  
s tored for l a te r  use. 

S ince  the  ba tches  in  the  composi t ion  r a n g e  be -  
tween  Zn~P~O~ and  Zn(PO, )~  were  made  f rom ZnO 
and  Z n  (PO,) 3, Zn~ (PO~) ~ r a t h e r  t h a n  Zn~P~O~ fo rmed  
in  some cases d u r i n g  the  low t e m p e r a t u r e  firing. 
This n o n e q u i l i b r i u m  exis tence  of Zn~(PO,)~ in  this  
composi t ion  r ange  did no t  affect the  ove r - a l l  c he m-  
ical composi t ions  or the glasses tha t  we re  la te r  
made  f rom these batches.  As f ir ing t e m p e r a t u r e s  
increased  the  Zn~ (PO0~ disappeared .  

Af t e r  the  i n t e r m e d i a t e  composi t ions  were  made,  
por t ions  of these ba tches  were  used to d e t e r m i n e  
the ex t en t  of glass fo rma t ion  in  this  system. A bou t  
10-g samples  were  me l t ed  b e t w e e n  1100 ~ and  
1200~ for 30 m i n  in  a P t  c ruc ib le  and  quenched  to 
a glass. The  glass was r e m o v e d  f rom the  cruc ib le  
and  c rushed  to --100 mesh  par t ic le  size w i th  a steel 
m o r t a r  and  pestle.  A m a g n e t  was  used to r emove  
any  Fe par t ic les  i n t roduced  by  the gr inding .  Tab le  I 
lists the  composi t ions  made  in  the  s tudy  of the  Z n O -  
P~O~ system. 

Chemical analyses.--To check the  accuracy  of the  
composi t ions  m a d e  in  the ZnO-P~O~ system, P.~O~ 
analyses  were  r u n  on var ious  c rys ta l l ine  samples  
and  glasses. Tab le  II lists these analyses ,  some of 
which  were  m e n t i o n e d  p rev ious ly  in  the  sect ion on 
c o m p o u n d  format ion .  

Heat treatment of compositions.--All crys ta l l ine  
and  glass composi t ions  used for the  phase equ i l i b -  
r i u m  s tudy  in  the  ZnO-P~O~ sys tem were  hea t  
t r ea ted  in  q u e n c h  furnaces .  This  assured  accura te  
t e m p e r a t u r e  cont ro l  and  a m i n i m u m  of P~O~ vo la -  
t i l i za t ion  because  of the  sealed q u e n c h  packet .  

The p r e l i m i n a r y  inves t iga t ions  in  the  sys tem 
were  done us ing  only  c rys t a l l i ne  ba tches  as s t a r t -  
ing mate r ia l s .  Glasses were  la te r  used for l iqu idus  
and  sol idus d e t e r m i n a t i o n s  and  for checking  va r ious  
po in ts  in  the  system.  
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One group of glasses in  the composi t ion  r ange  
be t w e e n  Zn~P~O7 a nd  Zn(PO~)~ was devi t r i f ied in  a 
�9 G loba r  furnace .  The  purpose  of this  s tudy  was to 
crysta l l ize  the low form of Zn(PO~)~ f rom the 

Table I. Compositions used for investigation of the system ZnO-P~05 

W e i g h t  % I n i t i a l  hea t  t r e a t m e n t  
No. ZnO P~O~ Mole  ra t io  T ime ,  h r  Temp ,  ~ 

1 74.12 25.88 5:1 12 924 
2 72.00 28.00 19 700 
3* 69.62 30.38 4:1 12 836 
4* 68.00 32.00 19 700 
5* 66.00 34.00 24 700 
6 64.50 35.50 18 700 
7 63.22 36.78 3:1 
8 62.00 38.00 19 700 
9* 61.00 39.00 48 712 

10 60.00 40.00 18 700 
11" 58.89 41.11 5:2 
12" 58.00 42.00 24 600 
13" 57.00 43.00 12 750 
14" 55.00 45.00 12 710 
15" 53.40 46.60 2:1 
16" 51.00 49.00 12 650 
17" 48.85 51.15 5:3 24 650 
18" 46.22 53.78 3:2 12 650 
19" 43.31 56.69 4:3 24 650 
20* 41.73 58.27 5:4 24 650 
21 40.4 59.6 24 600 
22* 39.00 61.00 24 650 
23 37.6 62.4 24 650 
24 36.42 63.58 1:1 

* C o m p o s i t i o n  m e l t e d  to g lasses  fo r  use  in  q u e n c h  d e t e r m i n a t i o n s .  

Table II. Chemical analyses of ZnO-P~05 compositions 

W e i g h t  pe r  cen t  PeO~ 
A n a l y z e d  

S a m p l e  S a m p l e  S a m p l e  
No. D e s c r i p t i o n  of s a m p l e  C a l c u l a t e d  No. 1 No. 2 

1 ZnO and P~O~ reacted 25.88 25.21 25.21 
in a 5:1 molar  ratio 
and fired to 924~ 
hr. 

2 ZnO and P_~O~ reacted 36.78 36,51 36.32 
in a 3:1 molar ratio 
and fired to 900~ 
hr. 

3 ZnO and P~O~ reacted 38.00 37.20 37.26 
and fired to 700~ 
hr. 

4 ZnO and P~O~ reacted 43.00 42.96 42.89 
and melted to a glass 
at 1200~ min. 

5 Zn~P~O7 made from 46.60 46.18 46.17 
zinc ammonium phos- 
phate and fired to 
900~ hr. 

6 Zn~P.~O~ made from 46.60 45.66 45.62 
ZnO and H~PO,, fired 
to 800~ hr. 

7 Zn~P~O~ melted to a 46.60 47.10 47.12 
glass at 1200~ 
min. 

8 ZnO and Zn (PO~) 2 re- 62.40 62.30 62.37 
acted in solid state at 
650~ hr. 

9 M o n s a n t o  Chemical 63.58 63.27 63.41 
Company zinc meta- 
phosphate, dried 110~ 
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Fig. ] .  Refractive indices of zinc phosphate glosses (sodium 
D light). 

glasses.  S ince  t e m p e r a t u r e s  w e r e  no t  c r i t i ca l ,  t he  
quench  fu rnaces  w e r e  no t  used  in  th is  i nves t iga t ion .  

Experimental Results and Discussion 

Zinc Phosphate Glasses 
The  i n d e x  of  r e f r a c t i o n  c u r v e  of t h e  z inc  p h o s -  

p h a t e  g lasses  for  s o d i u m  l igh t  is p r e s e n t e d  in  F ig .  1. 
A b r e a k  in  t h e  c u r v e  occurs  at  t h e  Zn(PO~)~ c o m -  
pos i t ion  acco rd ing  to  t h e  d a t a  of K o r d e s  (11) .  S ince  
the  p r e s e n t  w o r k  was  conce rned  on ly  w i t h  c o m p o s i -  
t ions  r a n g i n g  f r o m  ZnO to Zn(PO~)~, no g lasses  
w e r e  m a d e  w i t h  a h i g h e r  P~O~ conten t ,  and  the  d a t a  
of K o r d e s  w e r e  not  checked .  

The  compos i t i on  of Zn3(PO,)~, 63.22% ZnO and  
36.78% P~O~, cou ld  no t  b e  q u e n c h e d  to a glass .  H o w -  
ever ,  g lasses  cou ld  be  f o r m e d  on the  ZnO side  of 
Zn~ (PO,)~. Th is  p r e s e n t s  an  u n u s u a l  s i tua t ion ,  s ince  
glasses  cou ld  be  f o r m e d  on  b o t h  s ides  of a c o m p o u n d  
compos i t ion ,  bu t  no t  e x a c t l y  on the  c o m p o u n d  c o m -  
pos i t ion .  

The  g lasses  w i t h  a P~O~ con t en t  g r e a t e r  t h a n  t h a t  
in the  Zn~P~O~ compos i t ion ,  53.40% ZnO and  46.60% 
P.~O~, w e r e  a t t a c k e d  b y  t h e  m o i s t u r e  in  t he  a i r  a f t e r  
a two  m o n t h  per iod .  

Zinc Phosphate Compounds 
Zinc orthophosphate.~The d i f f e r en t i a l  t h e r m a l  

I000 ~ 

800 / 

I-- 

400 ~ _  

200 ~ ~ 

Endo. Exo. 

Deflection in Millivolts 

Fig. 2. Typical di f ferent ia l  thermal analysis curves for 
fl-Zn.(P04)~ a n d  ~-Zns(POD.-. 
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a n a l y s e s  of t h e  low a n d  h i g h  f o r m s  of Zn3(PO,)~ a re  
p r e s e n t e d  in Fig.  2. 

The  D T A  of the  a -Zn3(PO,)~  showed  t h r e e  e n d o -  
t h e r m i c  peaks .  The  first  p e a k  was  due  to an  i n -  
ve r s ion  in  th is  compound .  H igh  t e m p e r a t u r e  x - r a y  
d i f f rac t ion  d a t a  i n d i c a t e d  t h a t  th is  was  t he  change  
f rom the  ~ to the  fl form.  

The  i nve r s ion  t e m p e r a t u r e  was  m e a s u r e d  e x a c t l y  
b y  i n s e r t i n g  s a m p l e s  of b o t h  a -  a n d  f l -Zn3(PO,)2 to -  
g e t h e r  in  t he  q u e n c h  f u r n a c e  and  e x a m i n i n g  the  
s a m p l e s  a f t e r  h e a t  t r e a t m e n t  b y  x - r a y  ana lys i s .  A t  
938~ a-Zn~(PO,)~  was  s t a b l e  and  t h e  f l -Zn~(PO0~ 
was  p a r t i a l l y  c o n v e r t e d  to a-Zn~(PO~)~. This  con-  
ve r s i on  was  no t  c o m p l e t e  even  a f t e r  27 h r  a t  th is  
t e m p e r a t u r e .  A f t e r  20 h r  a t  942~ bo th  t he  s a m -  
ples  of a -  a n d  fl-Zn~(PO,)~ r e m a i n e d  in  t h e i r  o r i g i -  
na l  form.  A t  944~ for  4 h r  f l-Zn~(PO,)~ was  s tab le ,  
and  the  a-Zn3(PO,)~  was  p a r t i a l l y  c o n v e r t e d  to 
fl-Zn~(PO~)=. A n  i n v e r s i o n  t e m p e r a t u r e  of 942~ 
was  conc luded  on t h e  bas is  of t he se  da ta .  

The  second e n d o t h e r m i c  p e a k  in  a-Zn~(PO~)~ was  
due  to t h e  f o r m a t i o n  of some  l i qu id  in the  sample .  
The  c h e m i c a l  a n a l y s i s  i n d i c a t e d  t h a t  t he  P~O~ con-  
t en t  was  a b o u t  0.3% low, i n d i c a t i n g  t h a t  t h e  c o m -  
pos i t i on  l ies  b e t w e e n  the  ZnO and  Zn~(PO,)~ end  
m e m b e r s .  T h e  eu tec t ic  t e m p e r a t u r e  in  th is  r eg ion  
is 1005~ A b o v e  th is  t e m p e r a t u r e  Zn3(PO0~ w o u l d  
be in  e q u i l i b r i u m  w i t h  a s m a l l  a m o u n t  of l i qu id  
p h a s e  if t h e  compos i t i on  d e v i a t e d  f r o m  the  e x a c t  
3ZnO: P~O~ ra t io .  

The  t h i r d  p e a k  was  due  to t he  m e l t i n g  of 
Zn~(PO~)~. S ince  Zn~(PO,)~ could  no t  be  q u e n c h e d  
c o m p l e t e l y  to a glass,  t h e  m e l t i n g  p o i n t  was  m e a s -  
u r e d  b y  e x a m i n i n g  the  m a t e r i a l  w i t h  a b i n o c u l a r  
mic roscope  a f t e r  h e a t  t r e a t m e n t .  As  ind ica t ed ,  a 
s m a l l  a m o u n t  of l i qu id  f o r m e d  b e l o w  the  m e l t i n g  
point .  The  effect  of th i s  l i qu id  was  to f o r m  the  s a m -  
p l e  in to  a h a r d ,  dense  mass .  A b o v e  the  m e l t i n g  p o i n t  
the  Zn~(PO,)~ f lowed c o m p l e t e l y  to t he  b o t t o m  of 
t h e  quench  pa c ke t .  Th is  d i f f e rence  in  a p p e a r a n c e  
a b o v e  a n d  b e l o w  the  m e l t i n g  t e m p e r a t u r e  was  used  
to d e t e r m i n e  the  m e l t i n g  point .  A t  a t e m p e r a t u r e  of 
1062~ the  s a m p l e  h a d  de f in i t e ly  me l t ed ,  a n d  t h e r e  
was  a t r ace  of g lass  p r e sen t ,  w h i l e  a t  1056~ t h e  
s a m p l e  was  u n m e l t e d .  A m e l t i n g  p o i n t  of 1060~ 
was  conc luded  f r o m  these  d a t a  w i t h  an  e r r o r  of 
- -8~ be c a use  of the  r e l a t i v e l y  p o o r e r  a c c u r a c y  o b -  
t a i n a b l e  b y  th is  t e c h n i q u e  as  c o m p a r e d  to t he  r e g u -  
l a r  q u e n c h  t e c h n i q u e  us ing  a glass.  

T h e  D T A  of  t h e  h i g h  f o r m  of  Zn~(PO,)~ s h o w e d  
t h e  t h r e e  p e a k s  p r e s e n t  in  t h e  low f o r m  p lus  a 
f o u r t h  e x o t h e r m i c  peak .  The  t h r e e  e n d o t h e r m i c  
p e a k s  c o r r e s p o n d  to t h e  t h r e e  p e a k s  in  the  a-Zn~ 
(PO,)~ D T A  c u r v e  a n d  a r e  caused  b y  the  a-B in -  
vers ion ,  eu tec t i c  l i qu id  fo rma t ion ,  a n d  mel t ing .  
H o w e v e r ,  the  e x o t h e r m i c  p e a k  was  u n i q u e  for  t he  
D T A  of t h e  h igh  form.  N u m e r o u s  runs  s h o w e d  t h a t  
the  t e m p e r a t u r e  a t  w h i c h  th is  p e a k  o c c u r r e d  was  
n o t  cons i s t en t  a n d  v a r i e d  b e t w e e n  800 ~ and  900~ 
This  p e a k  is due  to t he  r e t u r n  of fl-Zn~(PO~)~, w h i c h  
is u n s t a b l e  in  th is  t e m p e r a t u r e  range ,  to a-Zn~ (PO~)~. 

T h e r m a l  e x p a n s i o n  cu rves  of a -Z n~(PO 0~  i n d i -  
ca t ed  t ha t  t he  c o m p o u n d  u n d e r g o e s  a s u b s t a n t i a l  
c o n t r a c t i o n  d u r i n g  the  i n v e r s i o n  to fl-Zn3(PO~),~. 
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C o n v e r s e l y ,  t h e  f l  f o r m  e x p a n d s  a s  i t  r e t u r n s  t o  t h e  

s t a b l e  a f o r m .  

I t  w a s  c o n c l u d e d  t h a t  Z n ~ ( P O 4 ) ~  h a s  a s l u g g i s h  

i n v e r s i o n  a t  9 4 2 ~  T h e  f l  f o r m  w h i c h  i s  d e s i r e d  a s  

a p h o s p h o r  i s  m e t a s t a b l e  a t  r o o m  t e m p e r a t u r e  

w h i c h  e x p l a i n s  i t s  p o o r  c h e m i c a l  a n d  t h e r m a l  s t a -  

b i l i t y .  

T h e  x - r a y  d i f f r a c t i o n  d a t a  f o r  a a n d  f l - Z n 3 ( P O , ) 2  

s h o w n  i n  T a b l e  I I I  r e v e a l  s o m e  d i f f e r e n c e s  w h e n  

c o m p a r e d  t o  t h o s e  o f  S m i t h  ( 2 ) .  I t  i s  b e l i e v e d  t h a t  

t h e  d a t a  g i v e n  i n  T a b l e  I I I  a r e  f o r  p u r e  p h a s e s ,  n o t  

c o n t a m i n a t e d  w i t h  e a c h  o t h e r ,  o r  w i t h  " 7  z i n c  p h o s -  

p h a t e . "  

Table III. X-ray diffraction patterns for the compounds in the 
system ZnO-P205 

Zr~ (POD 2"2H~O ( d r i e d  l l 0 ~  * 
20 d I/Io 20 d I/Io 

9.8  ~ 9 .03  10  3 8 . 6  o 2 .33  - -  
11 .3  ~ 7 .83  1 0 0  3 9 . 5  ~ 2 . 2 8  - -  
17.1~ 5.19 -- 41.3 o 2.19 -- 

18 .6  ~ 4 . 7 7  5 4 2 . 9  ~ 2 .11  - -  
19 .5  o 4 . 5 5  10 4 3 . 2  o 2 . 0 9  - -  
20 .9  ~ 4 . 2 5  10 4 6 . 4  ~ 1 .96  15 
2 2 . 7  o 3 . 9 2  75  4 7 . 0  ~ 1 .93  15  
2 4 . 6  o 3 . 6 2  5 4 8 . 4  ~ 1 .88  5 
2 5 . 5  ~ 3 . 4 9  - -  5 0 . 4  ~ 1 .81  5 
2 5 . 9  o 3 . 4 4  -- 53 .3  o 1 .72  - -  
2 6 . 4  ~ 3 . 3 8  -- 54 .2  ~ 1 .69  - -  
2 7 . 9  ~ 3 . 2 0  3 0  55 .3  o 1 .66  - -  
2 9 . 2  o 3 . 0 6  5 5 6 . 6  ~ 1 .63  - -  
2 9 . 6  ~ 3 . 0 2  10  58 .1  ~ 1 .59  5 
3 0 . 5  ~ 2 .93  15 5 9 . 0  o 1 .57  10 
3 1 . 5  ~ 2 . 8 4  5 60 .9  ~ 1 .52  5 
3 2 . 2  ~ 2 . 7 8  - -  6 2 . 7  ~ 1 .48  - -  
3 2 . 7  o 2 . 7 4  - -  6 5 . 7  ~ 1 .42  - -  
3 4 . 4  ~ 2 . 6 1  5 6 8 . 5  ~ 1 .37  5 
3 4 . 9  o 2 . 5 7  - -  6 9 . 5  o 1 .35  - -  
3 5 . 8  ~ 2 . 5 1  5 7 0 . 9  ~ 1 .33  5 
3 6 . 9  o 2 . 4 4  - -  O t h e r  r e f l e c t i o n s  
3 7 . 5  ~ 2 . 4 0  5 * P a t t e r n  r e c o r d e d  a t  l ~  

L o w  (a) Zna(POD 
28 d I/Io 20 d I/Io 

1 2 . 4  ~ 7 . 1 4  5 4 4 . 6  ~ 2 . 0 3  5 
19 .5  o 4 . 5 5  4 0  4 5 . 1  ~ 2 .01  10  
21 .3  o 4 . 1 7  3 5  4 6 . 2  ~ 1 .96  10  
2 2 . 7  ~ 3 . 9 2  4 0  4 6 . 5  ~ 1 .95  10  
2 4 . 8  ~ 3 . 5 9  9 0  47 .1  ~ 1 .93  5 
2 8 . 6  ~ 3 . 1 2  7 5  4 9 . 2  o 1 .85  I 0  
2 9 . 2  ~ 3 . 0 6  1 0 0  5 0 . 0  ~ 1 .82  2 0  
3 1 . 9  o 2 . 8 1  15  50 .8  ~ 1 .80  10  
3 2 . 5  ~ 2 . 7 5  1 0  5 1 . 3  ~ 1 .78  1 0  
3 3 . 9  o 2 . 6 4  1 0  5 4 . 9  ~ 1 .67  10  
3 4 . 3  ~ 2 . 6 1  2 5  5 5 . 6  ~ 1 .65  1 0  
3 6 . 9  ~ 2 . 4 4  4 0  5 7 . 9 "  1 . 5 9  5 
3 7 . 4  ~ 2 . 4 0  3 5  5 9 . 8  ~ 1 .55  2 0  
3 7 . 9  o 2 . 3 7  5 6 0 . 9  ~ 1 .52  15  
3 8 . 4  ~ 2 . 3 4  5 6 1 . 5  ~ 1 .51  10  
3 9 . 4  ~ 2 . 2 9  4 0  6 3 . 2  ~ 1 .47  5 
4 0 . 3  o 2 . 2 4  2 5  6 4 . 6  ~ 1 .44  15  
4 0 . 8  ~ 2 .21  2 0  6 6 . 2  ~ 1 .41  10 
4 2 . 7  ~ 2 . 1 2  10  
4 3 . 6  ~ 2 . 0 7  1 0  O t h e r  r e f l e c t i o n s  

H i g h  (fl) Zns (PO4) : 
20 d I/Io 28 d I/Io 

2 0 . 6  ~ 4 . 3 1  5 38 .1  ~ 2 . 3 6  5 
2 1 . 3  ~ 4 . 1 7  15 39 .1  ~ 2 .30  5 
2 2 . 2  ~ 4 . 0 0  10  3 9 . 6  ~ 2 .28  - -  
2 2 . 6  o 3 . 9 3  15 4 1 . 0  ~ 2 . 2 0  5 
2 2 . 8  ~ 3 . 9 0  10  4 1 . 5  o 2 .18  - -  
2 3 . 3  ~ 3 . 8 2  -- 4 2 . 0  ~ 2 .15  10 
2 4 . 2  ~ 3 . 6 8  10 4 3 . 3  ~ 2 . 0 9  15 
25.2 ~ 3.53 -- 44.7 o 2.03 5 

2 7 . 1 ~  3 . 2 9  1 0 0  4 5 . 1  ~ 2 .01  5 
2 8 . 4 "  3 . 1 4  2 0  4 5 . 5  ~ 1 .99  5 
2 8 . 9  ~ 3 . 0 9  6 0  4 6 . 4  ~ 1 .96  5 
29 .1  ~ 3 . 0 7  3 5  4 7 . 2  ~ 1 .93  - -  
2 9 . 6  ~ 3 . 0 2  2 0  4 7 . 6  ~ 1 .91  15 
3 0 . 5  ~ 2 . 9 3  15 4 8 . 7  ~ 1 .87  15  

Z n O - P 2 0 5  

3 1 . 2  ~ 2 . 8 7  7 5  4 8 . 9  ~ 1 .86  15 
3 1 . 5  ~ 2 . 8 4  6 0  5 0 . 4  ~ 1 .81  15 
3 1 . 9  o 2 .81  5 5 1 . 4  ~ 1 .78  5 
3 2 . 4  ~ 2 . 7 6  - -  5 3 . 7  ~ 1 .71  -- 

3 3 . 7  ~ 2 . 6 6  -- 5 4 . 7  o 1 .68  10 
3 4 . 1  ~ 2 . 6 3  5 5 5 . 5  ~ 1 .66  5 
3 5 . 0  ~ 2 . 5 6  10  5 6 . 0  ~ 1 . 6 4  5 
3 5 . 3  ~ 2 . 5 4  5 5 7 . 4  ~ 1 .61  15  
3 6 . 0  ~ 2 . 4 9  2 0  58 .8  ~ 1 .57  5 
3 6 . 6  ~ 2 . 4 6  5 
37 .6  ~ 2 .39  2 0  O t h e r  r e f l e c t i o n s  

L o w  (a) Zn2P207 
20 d I/Io 28 

9.2  ~ 9 .61  - -  3 5 . 3  o 
15 .8  ~ 5 .61  10  3 6 . 2  o 
17 .4  ~ 5 . 1 0  10  38 .1  ~ 
18 .4  ~ 4 . 8 2  -- 39 .1  ~ 
18 .8  ~ 4 . 7 2  - -  4 1 . 2  o 
1 9 . 4  ~ 4 . 5 8  - -  4 2 . 8  ~ 
19 .8  o 4 . 4 8  - -  4 3 . 2  ~ 
20 .3  o 4 . 3 7  15 4 3 . 5  ~ 
2 1 . 3  ~ 4 . 1 7  15  4 5 . 0  ~ 
2 2 . 5  ~ 3 . 9 5  - -  4 7 . 0  ~ 
23 .3  ~ 3 . 8 2  - -  4 7 . 6  o 
2 3 . 7  ~ 3 . 7 5  5 4 8 . 5  ~ 
2 4 . 7  ~ 3 . 6 0  5 51 .6  ~ 
25.4 ~ 3.51 -- 52.1~ 

2 5 . 8  ~ 3 . 4 5  -- 5 3 . 5  ~ 
2 6 . 5  ~ 3 . 3 6  - -  54 .1  ~ 
2 6 . 8  ~ 3 . 3 3  - -  55 .0  ~ 
2 7 . 7  ~ 3 . 2 2  -- 55 .8  ~ 
2 8 . 3  ~ 3 . 1 5  -- 5 6 . 8  ~ 
2 8 . 9  ~ 3 . 0 9  5 5 7 . 2  o 
2 9 . 5  o 3 .03  6 0  5 7 . 4  ~ 
2 9 . 7  o 3 . 0 1  1 0 0  58 .7  ~ 
3 1 . 2  ~ 2 . 8 7  5 59 .6  o 
3 1 . 4  ~ 2 . 8 5  10  60 .0  o 
3 1 . 8  ~ 2 . 8 1  -- 6 1 . 8  ~ 
3 2 . 9  ~ 2 . 7 2  5 6 3 . 1 ~  
3 4 . 6  ~ 2 . 5 9  - -  O t h e r  

H i g h  (fl) Zn2P~OT* 
28 d I/Io 20 

17 .5  ~ 5 . 0 7  -- 57 .0  o 
2 0 . 3  ~ 4 . 3 4  5 5 8 . 4  ~ 
24.7 ~ 3.60 -- 59.8 o 

27 .3  ~ 3 . 2 7  -- 61 .5  o 
2 8 . 7  ~ 3 . 1 1  -- 62 .0  ~ 
2 9 . 6  ~ 3 . 0 2  1 0 0  6 2 . 8  o 
3 4 . 9  ~ 2 . 5 7  -- 63 .6  ~ 
3 5 . 2  ~ 2 . 5 5  3 0  70 .0  o 
3 9 . 0  ~ 2 . 3 1  5 70 .7  ~ 
4 1 . 1 ~  2 . 2 0  5 7 1 . 4  ~ 
4 3 . 0  ~ 2 . 1 0  2 5  71 .7  ~ 
4 3 . 6  ~ 2 . 0 8  5 7 5 . 4  ~ 
4 4 . 9  ~ 2 . 0 2  5 78 .3  ~ 
4 6 . 8  ~ 1 . 9 4  5 78 .9  ~ 
4 8 . 5  ~ 1 . 8 8  15  
5 1 . 9  ~ 1 . 7 6  5 
5 3 . 5  ~ 1 .71  5 
5 4 . I  ~ 1 . 7 0  5 

1 2 9  

d I/Io 

2 . 5 4  4 5  
2 . 4 8  
2 . 3 6  
2 . 3 0  10 
2 . 1 9  5 
2 .11  2 0  
2 . 0 9  4 5  
2 . 0 8  5 
2 . 0 1  10 
1 .93  5 
1.91 
1.88 I0 
1 .77  
1 .76  
1 .71  5 
1 .70  5 
1 .67  5 
1 .65  5 
1 .62  5 
1 .61  10  
1 .61  10  
1 .57  2 5  
1 .55  5 
1 . 5 4  5 
1 .50  5 
1 .47  15 

r e f l e c t i o n s  

d I/Io 

1.62 I0 
1 .58  15  
1 .55  5 
1 .51  5 
1 .50  
1 .48  10  
1 .46  
1 .34  5 
1 .33  5 
1 .32  
1 .32  5 
1 .26  5 
1 .22  
1 .21  

O t h e r  r e f l e c t i o n s  

* P a t t e r n  r eco rded  a t  1~  
w i t h  spec imen  a t  850~ 

Low (a) Zn (PO~) 2 
28 d I,,11o 28 

13.5 ~ 6.56 5 38.2 o 
13.7 ~ 6.46 15 42.4 ~ 
13.8 ~ 6.42 55 42.9 o 
14.4 ~ 6.15 5 43.8 ~ 
19,3 ~ 4.60 5 45.1 o 
20.0 o 4.44 55 45.4 ~ 
20.8 o 4,27 50 46.8 o 
25.2 o 3.53 5 47.9 ~ 
25.8 ~ 3.45 55 50.1 o 
26.4 ~ 3.38 5 50.6 ~ 
2 7 . 1 ~  3 . 2 9  - -  5 1 . 0  ~ 
2 7 . 6  o 3.23 5 52 .0  o 
28 .1  ~ 3 . 1 8  5 5 2 . 4  ~ 
29 .3  ~ 3 . 0 5  15  5 3 . 5  ~ 
30 .1  ~ 2 . 9 7  9 5  56 .6  ~ 
3 0 . 7  ~ 2 .91  1 0 0  5 6 . 9  ~ 
3 1 . 2  ~ 2 . 8 7  5 57 .5  ~ 
3 1 . 7  ~ 2 . 8 2  2 0  5 9 . 6  ~ 
3 4 . 8  ~ 2 . 5 8  5 6 0 . 1 ~  
3 5 . 5  ~ 2 . 5 3  5 60 .7  o 
3 7 . 3  ~ 2 . 4 1  4 5  
3 7 . 7  o 2 . 3 9  10  O t h e r  

d I/Io 

2.36 25 
2.13 10 
2.11 10 
2.07 25 
2.01 10 
2.00 I0 
1.94 5 
1.90 20 
1.82 
1 .80  
1 .79  10 
1 .76  
1 .75  5 
1 .71  5 
1 .63  10  
1 .62  10  
1 .60  10 
1 .55  10 
1 . 5 4  5 0  
1 .53  5 

r e f l e c t i o n s  
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Table III. X-ray diffraction patterns for the compounds in the 
system ZnO-P~Os(Cont.) 

H i g h  (~) Zn (PO~) 2 
2~ d I/Io 20 d ~ Io  

16.5 ~ 5.37 5 35.4 ~ 2.54 - -  

17.3 ~ 5.13 5 36.3 ~ 2.47 5 
17.6 ~ 5.04 5 37.4 ~ 2.40 10 
19.6 ~ 4.53 10 37.7 ~ 2.39 10 
20.1 ~ 4.42 10 39.6 ~ 2.28 10 
21.8 ~ 4.08 40 40.0 ~ 2.25 5 
23.1 ~ 3.85 10 40.8 ~ 2.21 5 
23.4 ~ 3.80 30 41.2 ~ 2.19 10 
24.0 ~ 3.71 15 41.5 ~ 2.18 5 
25.5 ~ 3.49 45 44.1 ~ 2.05 5 
25.8 ~ 3.45 100 44.3 ~ 2.04 15 
26.2 ~ 3.40 25 47.8 ~ 1.90 5 
27.2 ~ 3.28 10 48.2 ~ 1.89 5 
27.8 ~ 3.21 15 48.7 ~ 1.87 5 
29.8 ~ 3.00 - -  49.6 ~ 1.84 5 
31.8 ~ 2.81 10 51.4 ~ 1.78 5 
32.5 ~ 2.75 10 53.9 ~ 1.70 10 
33.6 ~ 2.67 10 Other reflections 

Zinc pyrophosphate.--The di f ferent ia l  t h e r m a l  
analys is  cu rve  of Zn~P~O~ is g iven  in  Fig. 3. The  curve  
showed two peaks,  one at about  130 ~ and  the  o ther  
at abou t  1020~ 

The  first peak  was  due  to an  i nve r s ion  in  Zn2P~OT. 
Dupl ica te  r u n s  on the  same sample  ind ica ted  tha t  
this  i nve r s ion  was revers ib le .  Quenches  of Zn~P~O~ 
hea ted  to t e m p e r a t u r e s  above  the  i nve r s ion  t e m p e r -  
a tu re  did no t  freeze in  a h igh  fo rm of the  mate r ia l .  
These da t a  ind ica ted  tha t  the  i nve r s ion  was  ve ry  
r ap id ly  revers ib le .  

High t e m p e r a t u r e  x - r a y  methods  were  used to 
measu re  the  i nve r s ion  t empe ra tu r e .  A sample  was  
hea ted  above the i nve r s ion  t e m p e r a t u r e  and  then  
cooled in  10~ i n c r e m e n t s  u n t i l  t he  x - r a y  p a t t e r n  
showed a change  to ano the r  form. This  change  took 
place b e t w e e n  127 ~ and  137~ A n  inve r s ion  t e m -  
p e r a t u r e  of 132~176 was  conc luded  f rom these 
data.  

The m a j o r  peaks  in  the  x - r a y  da ta  of the  h igh 
form of Zn~P20~ closely r e sembled  those for the  low 
form, Tab le  III.  The i nve r s ion  to the  h igh fo rm was 
accompanied  by  the  d i sappearance  of abou t  one-  
hal f  of the x - r a y  peaks  p resen t  in  the  low form. 
This suggests  tha t  the  i nve r s ion  of Zn~P~O~ was due 
to a change  f rom a lower  to a h igher  s y m m e t r y  

i 
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D e f l e c t i o n  in Millivolts 
oc -Zn2P20T ~ -Zn(po312 

Fig. 3. Typical differential thermal analysis 
far ~-Zn2P~07 and a-Zn(POs)2. 

c u r v e s  

s t ruc ture .  The  low fo rm of Zn_~P~O~ gave b i a x i a l  i n -  
t e r fe rence  figures u n d e r  the  po la r iz ing  microscope.  

The second peak  at  1020~ in  the  D TA  curve  was  
due  to the  m e l t i n g  of Zn=P~O~. The  m e l t i n g  po in t  of 
Zn.~P~O7 as d e t e r m i n e d  accura te ly  by  q u e n c h  tech-  
n iques  is 1017~ 

Zinc metaphosphate.--The dif ferent ia l  t h e r m a l  
ana lys i s  cu rve  of Zn(PO~)~ is p re sen ted  in  Fig. 3. 
This  curve  showed two peaks,  one  at a p p r o x i m a t e l y  
780 ~ a nd  the  other  at  900~ 

The first peak  is due  to a po lymorph ic  i nve r s ion  
in  Zn(PO,)~.  This  peak  has an  u n u s u a l  con tour  
showing  a slow r o u n d i n g  effect a f ter  the  in i t i a l  
sharp  peak.  This  r o u n d i n g  effect was p r o b a b l y  due 
to the  f o r m a t i o n  of a v e r y  smal l  a m o u n t  of l iqu id  
in  the sample.  The  chemical  ana lys i s  ind ica ted  the  
P~O~ c on t e n t  was  abou t  0.3% be low tha t  of pu re  
Zn(PO3)_~, or t ha t  the  ac tua l  composi t ion  of this  
m a t e r i a l  lies b e t w e e n  Zn2P207 and  Zn(PO,)~.  The  
eutect ic  t e m p e r a t u r e  in  this  reg ion  is 834~ which  is 
a p p r o x i m a t e l y  w he r e  this  r o u n d i n g  effect takes  
place. This  peak  is abou t  120~ above the i nve r s ion  
t e m p e r a t u r e  of 650~ as m e a s u r e d  by  quench  tech-  
niques.  This is to be expected  since d i f fe rent ia l  t he r -  
ma l  ana lys i s  is a d y n a m i c  m e a s u r e m e n t  and  this  
i nve r s ion  is s luggish.  

The  second peak  was  due  to the me l t i ng  of 
Zn(PO~)~ a nd  corresponds  rough ly  to the  m e l t i n g  
po in t  of 872~ as m e a s u r e d  by  quench  techniques .  

A sample  of a-Zn(PO3)~ was  hea ted  to 630 ~ 
650~ for 54 hr  to confirm the  s tab i l i ty  of the  low 
form in  this  t e m p e r a t u r e  range.  X - r a y  ana lys i s  of 
the  above  sample  ind ica ted  tha t  on ly  the low form 
of Zn(PO3)~ was  present .  

Since hea t ing  the  h igh fo rm of Zn(POs)~ at a 
t e m p e r a t u r e  be low its i nve r s ion  at 650~ did no t  
p roduce  the low form, an  a t t e m p t  was  made  to 
form a-Zn(PO~)~ by  dev i t r i f y ing  a glass of the  
Zn(PO~).~ composi t ion.  The  first e x p e r i m e n t a l  r u n  
consis ted of hea t ing  a sample  of Zn(PO~)~ glass for 
1, 4, and  16 hr  at 650~ X - r a y  ana lys i s  ind ica ted  
tha t  these glasses divi t r i f ied to only  the h igh  form. 
A second set of glasses hea ted  for 1, 4, and  16 hr  at  
550~ devi t r i f ied to a m i x t u r e  of the  h igh  and  low 
forms of Zn  (PO,)2. T e m p e r a t u r e s  be low 450 ~ were  
found  to be no t  h igh enough  to p roduce  devi t r i f ica-  
tion. This s tudy  ind ica ted  tha t  the  low form of 
Zn  (PO~) = could be fo rmed  by  dev i t r i f y ing  Z n  (PO~) 
glass. However ,  comple te  devi t r i f ica t ion  to the  low 
fo rm could no t  be obta ined .  This e l im ina t ed  the  
t echn ique  of m e a s u r i n g  the  i nve r s ion  t e m p e r a t u r e  
by  dev i t r i f y ing  glasses. Consequen t ly ,  the  i nve r s ion  
t e m p e r a t u r e  m e a s u r e m e n t  was  d e t e r m i n e d  only  by  
going f rom the  low to the  h igh  form. 

It  was conc luded  tha t  Zn(PO.~),_. has an  i r r eve r s i -  
ble i nve r s ion  w h e n  hea ted  in  air. This  i nve r s ion  is 
r e a sonab ly  slow in  a t e m p e r a t u r e  r ange  n e a r  the 
invers ion .  T e m p e r a t u r e s  90~176 above the  a rb i -  
t r a r i l y  selected i nve r s i on  t e m p e r a t u r e  of 650~ 
produce  comple te  t r a n s i t i o n  to the  h igher  form in  
abou t  a o n e - h o u r  f ir ing t ime. 

Phase Equilibrium Relationships 
Quench data.--The e x p e r i m e n t a l  da ta  ob ta ined  

by  quench  m e t h o d  are  p r e sen t ed  in  Tab le  IV. The 
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18 46.22 

J O U R N A L  O F  T H E  

Table IV. Quench 

53.78 3:2 

19 43.31 56.69 4:3 

20 41.73 58.27 5:4 

39.00 22 61.00 

24 36.42 63.58 1:1 

E L E C T R O C H E M I C A L  S O C I E T Y  March 1958 

data for the system ZnO-P205 (Cont.) 

GL �89 1004 GL M 
GL �89 997 GL + CR M 
CR 6 895 ~2:1 ( ~ G L )  X 
CR 22 836 f~2:l ( + G L )  X 
CR 8 820 f12:l ~ f l l : l  X 
CR 22 755 /~2:1 ~ ~1:1 X 
CR 9 711 f~2:l ~ a l : l  X 
GL 1/z 962 GL M 
GL Yz 957 GL + CR M 
GL 3 837 ~2:1 (-t-GL) X 
GL 1 827 ~2:1 + f l l : l  X 
GL 2�89 818 f12:l ~ ~1:1 X 
GL 1�89 717 ~2:1 ~ a l : l  X 
CR 1/_ 938 GL M 
CR �89 932 GL + CR M 
CR 4 859 /~2:1 ( + G L )  X 
CR 6 818 ~2:1 +/~1:1 X 
CR 15 722 ~2:1 -t- a l : l  X 
CR 6 699 f~2:l + a l : l  X 
GL �89 844 GL M 
GL �89 840 GL + CR M 
GL 1 827 ~2:1 +/~1:1 X 
GL 2�89 818 ~2:1 ~ / s l : l  X 
CR 19 707 ~2:1 + ~1:1 X 
CR 2 874 GL M 
CR 1 870 CR M 
CR 16 745 ~1:1 X 
CR 22 694 ~1:1 (Trace  ~1:1) X 
CR 9 690 /~1:1 -t- ~1:1 X 
CR 20 687 a l : l  X 
CR 20 676 ~1:1 X 
CR 20 658 ~1:1 X 

a3 : l  = L o w  (a) Zn3(PO~)2 
;~3:1 = High (~8) Zns(POD2 
/32:1 = High (fl) Zn2P207 
a1:1 = L o w  (a) Zn(POs)2 
f l l : l  = H i g h  (~) Zn(POa)~_  

G L  = G l a s s  
C R  : C r y s t a l s  

M ~ M i c r o s c o p e  
X = X - r a y  

t~O0 

I 0 0 0  

900 
ca 
E 

800 

700 

600 

ZnO + Liquid 

ZnO +B-Zn~P04) ~ 

ZnO + ~-Zn3(P~) 2 

L L 
,b 2b 30 40 

Weight ~Per Cent  ~05 

Liquid 

, Liquid ~ /~  

,9 -Zn 2P207 

50 60 

Fig. 4. Phase equilibrium diagram for the system ZnO- 
Zn(P03)2. 

p h a s e  d i a g r a m  of the  Z n O - Z n ( P O , ) ~  p o r t i o n  of t h e  
ZnO-P~O~ s y s t e m  w a s  d r a w n  f r o m  these  d a t a  and  
is p r e s e n t e d  in  Fig.  4. 

The  five c r y s t a l l i n e  modi f i ca t ions  of t he  zinc 
p h o s p h a t e s  o b t a i n a b l e  at  r o o m  t e m p e r a t u r e  a l l  p r o -  
d u c e d  b i a x i a l  i n t e r f e r e n c e  f igures  u n d e r  t he  p o l a r -  
iz ing  mic roscope .  T h e  h i g h  a n d  low f o r m s  of 
Zn~(PO,)~ p a r t i c u l a r l y  r e s e m b l e d  one  a n o t h e r  u n d e r  
t he  l igh t  mic roscope .  S ince  a l l  t he se  m a t e r i a l s  p r o -  
d u c e d  d i s t i nc t  a n d  c h a r a c t e r i s t i c  x - r a y  d i f f r ac t ion  
pa t t e rn s ,  x - r a y  d i f f r ac t ion  t echn iques  w e r e  used  for  
a l l  c r y s t a l  inden t i f i ca t ion .  This  s ing le  m e t h o d  of 

iden t i f i ca t ion  p r o v e d  to be  c o m p l e t e l y  a d e q u a t e  
t h r o u g h o u t  t he  sys tem.  

ZnO-Zn~(PO,)2  portion.--The p r e s e n c e  of excess  
ZnO w i t h  Zn , (PO, )~  h a d  no effect  on  the  i n v e r s i o n  
t e m p e r a t u r e  of  t he  p u r e  Zn~(PO,)~, i n d i c a t i n g  no 
s o l u b i l i t y  of ZnO in  the  o r t h o p h o s p h a t e .  

The  eu tec t ic  t e m p e r a t u r e  is 1005~ a n d  the  e u -  
tec t ic  compos i t i on  is a p p r o x i m a t e l y  66% ZnO and  
34% P20~. No e x p e r i m e n t a l  d i f f icul ty  w a s  e x p e r i -  
enced in  o b t a i n i n g  ZnO in  e q u i l i b r i u m  w i t h  ~-Zn~ 
(POJ~,  f l -Zra(PO4)~ or  glass.  

Zn,(POJ~-Zn~P~O7 portion.-- A n  e n l a r g e d  v i ew  
of t he  Zns(PO,)2-Zn(PO~)~ p o r t i o n  of the  s y s t e m  is 
p r e s e n t e d  in  Fig .  5. T h e  p r e s e n c e  of Zn~P~O~ w i t h  
Zn , (PO, )~  h a d  a def in i te  effect  on the  i n v e r s i o n  t e m -  
p e r a t u r e  of Zn, (PO,)2 .  The  q u e n c h e d  compos i t i ons  
in  th is  p o r t i o n  s h o w e d  t h a t  ~-Zn,(PO4)~ was  s t ab l e  
in  t h e  p r e s e n c e  of Zn~P~O7 to a t  l e a s t  955~ 13 ~ 
a b o v e  the  i n v e r s i o n  t e m p e r a t u r e  of p u r e  Zn,(PO,)~.  
This  i nc rea se  in  i n v e r s i o n  t e m p e r a t u r e  imp l i e s  t he  
ex i s t ence  of a sol id  so lu t ion  of Zn~P~O7 in Zn~(PO~)~ 
to t he  e x t e n t  of  a p p r o x i m a t e l y  5 % Zn~P~O~. A c o m -  
pos i t i on  w i t h  a c h e m i c a l  ana lys i s  of  37.23% P~O~, 
w h i c h  is a b o u t  0.5% m o r e  P.~O~ t h a n  the  p u r e  
Zn, (PO,)2 ,  a l w a y s  s h o w e d  the  p r e s e n c e  of two  
phases  w h e n  h e a t  t r e a t e d .  

T h e r e  was  no d i f f icu l ty  in  o b t a i n i n g  a-Zn, (PO4)~ 
in e q u i l i b r i u m  w i t h  Zn~P~OT. H o w e v e r ,  i t  was  v e r y  
diff icult  to o b t a i n  f l-Zn~(PO,)~ in  e q u i l i b r i u m  w i t h  
Zn~P,O~. O n l y  two  quenches  p r e s e n t e d  in  T a b l e  IV 
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Fig. 5. Enlarged diagram of the equilibrium relationships in 
the range between Zn~(PO,)~ and Zn(POs)=. 

contain these two phases. Numerous other  quenches 
in this ve ry  small  t empera tu re  range  usual ly  showed 
the nonequi l ib r ium existence of three  phases, 
~-Zn~(PO~)2, B-Zn~(PO,)_~, and Zn~P~O~. The eutectic 
t empera tu re  in this region is at  972~ and the eu- 
tectic composit ion is approx ima te ly  57% ZnO and 
43% P~O~. 

Zn~P~OT-Zn(PO,)~ portion.--Since glasses in this  
por t ion of the sys tem could not be devi t r i f ied com- 
p le te ly  to the low form, the  Zn(PO, ) ,  invers ion in 
the presence of Zn~P,O~ was measured  using crys-  
ta l l ine  s ta r t ing  mater ia l .  

The Zn(PO.)~ invers ion appeared  to be inhibi ted  
by  the presence of Zn~P20~ and occurred at t e m pe r -  
a tures  of 65~176 above the 650 ~ observed for the 
pure  Zn(PO~)~. Since the lowest  t e m p e r a t u r e  at  
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which pure  a-Zn(PO,)~  crys ta l l ized f rom glass was 
650~ the invers ion is shown at  this t e m p e r a t u r e  
in Fig. 4 and 5. The actual  equi l ib r ium invers ion 
t empera tu re  may  be considerably  below 650~ 

The eutectic t e m p e r a t u r e  is 832~ and the eu-  
tectic composit ion is approx ima te ly  39% ZnO and 
61% P~Os. 

Summary and Conclusions 
1. Equi l ib r ium rela t ionships  have been es tab-  

l ished for the  sys tem ZnO-Zn(PO,)2.  
2. The conclusion of Smi th  tha t  Zn.(PO4)2 does 

not show any phase  change up to the point  of fusion 
has been p roven  incorrect.  A re la t ive ly  sluggish re -  
vers ible  invers ion of a-Zn,(PO4)~ to fl-Zra(PO~)~ oc- 
curs at  942~ 

3. Zn~P207 and Zn(PO,)~ exist  in two po lymor -  
phic forms. 
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ABSTRACT 

Phosphors  p r e p a r e d  by firing ZnS wi th  Cu in purif ied H~S show a s imple 
orange emission band,  wi th  no other  bands in evidence even at 90~ Exci ta -  
t ion by  ul t raviolet ,  cathode rays,  and electr ic  field gives ident ical  emission 
spectra.  The emission band  peaks  at  the  same wave  length  for samples  wi th  
e i ther  hexagona l  or cubic crys ta l  s t ructure ,  but  is shif ted to longer  wave  
lengths  by  addi t ion  of CdS. The orange luminescence is s t rongly  decreased by  
traces of H~O in the H~S firing a tmosphere ,  but  qui te  s table  to firing in oxidiz- 
ing or reducing atmospheres .  

Addi t ion  of A1 to ZnS:Cu  gives a series of phosphors  showing var ious  
propor t ions  of orange, blue, and  green emission. F i r ing  ZnS wi th  Ag in pu re  
H~S gives a new ye l low-emi t t ing  phosphor  wi th  p roper t ies  ve ry  s imi lar  to the  
orange Cu-ac t iva ted  phosphor.  Possible models  for the  orange center  are  
discussed. 

A few y e a r s  ago, F r o e l i c h  (1)  d e s c r i b e d  a n e w  
ZnS:  Cu p h o s p h o r  e x h i b i t i n g  a y e l l o w - r e d  emis s ion  
u n d e r  u l t r a v i o l e t  or  e l e c t r o l u m i n e s c e n t  exc i t a t ion .  
I t  was  p r e p a r e d  b y  f i r ing m i x e s  con t a in ing  f rom 
10 -~ to 10 -~ a t o m  f r ac t i on  Cu a t  t e m p e r a t u r e s  a b o v e  
1000~ in  a n  H~S a t m o s p h e r e  w h i c h  was  f r ee  of 
oxygenous  i m p u r i t i e s .  The  emiss ion  s p e c t r a  of F r o e -  
l ich ' s  p r o d u c t s  v a r i e d  s o m e w h a t  w i t h  t he  f i r ing con-  
d i t ions ,  a n d  also w i t h  the  m o d e  of exc i t a t ion .  The  
emiss ion  o c c u r r e d  in a b r o a d  b a n d  p e a k i n g  a r o u n d  
6500A, a n d  was  b e l i e v e d  to consis t  of a s t rong  r e d  
b a n d  at  6700A, and  a w e a k e r  y e l l o w  b a n d  a t  5800A. 
T h e  r e l a t i v e  i n t e n s i t y  of t he  l a t t e r  u n d e r  u l t r a -  
v io l e t  d e p e n d e d  on t h e  w a v e  l e n g t h  of t he  e x c i t i n g  
r ad i a t i on .  

R e c e n t l y  B o w e r s  a n d  M e l a m e d  (2) r e p o r t e d  t h a t  
a b lue  (4400A) emiss ion  b a n d  was  a l w a y s  f o u n d  in 
t h e i r  Z n S : C u  p h o s p h o r s  showing  t h e  6700A b a n d  
( r e f e r r e d  to b y  t h e m  as the  " r e d "  emis s ion ) ,  a l -  
t h o u g h  in  some  of t h e i r  p roduc t s ,  t h e  b lue  b a n d  
showed  up  on ly  a t  l i q u i d  a i r  t e m p e r a t u r e s .  S ince  
t h e y  f o u n d  no t e m p e r a t u r e - d e p e n d e n t  m a g n e t i c  
s u s c e p t i b i l i t y  in these  p r o d u c t s  t h e y  conc luded  t h a t  
the  " r e d "  cen te r s  d id  no t  i n v o l v e  a n y  u n p a i r e d  e lec -  
t rons .  T h e y  t h e r e f o r e  p r o p o s e d  t h a t  t h e  " r e d "  cen t e r  
was  an  i n t e r s t i t i a l  copper  c o a c t i v a t e d  b y  a z inc  
vacancy ,  w h i c h  in  t u r n  was  r e s p o n s i b l e  for  t he  
4400A band .  

In  the  p r e s e n t  w o r k  i t  was  poss ib le ,  b y  s c r u p u -  
lous  e l i m i n a t i o n  of o x y g e n o u s  a n d  c o a c t i v a t o r  t y p e  
i m p u r i t i e s  f r o m  t h e  H~S f i r ing a t m o s p h e r e ,  to  p r e -  
p a r e  " s e l f - c o a c t i v a t e d "  Z n S : C u  w i t h  on ly  t he  
6700/k b a n d  p r e s e n t  w i t h  a l l  t y p e s  of exc i t a t i on  
used.  This  b a n d  is r e f e r r e d  to in  th is  p a p e r  as the  
" o r a n g e  b a n d "  because  " o r a n g e "  desc r ibes  t h e  color  
of i ts l u m i n e s c e n t  emiss ion  as p e r c e i v e d  b y  the  eye  
b e t t e r  t h a n  " red" .  

Preparation of Phosphors 
The  p h o s p h o r s  w e r e  p r e p a r e d  f r o m  p r e c i p i t a t e d  

Z n S  w h i c h  h a d  been  p re f i r ed  in  p u r e  H~S to r e m o v e  

o x y g e n  and  h a l i d e  impur i t i e s .  F r o e l i c h  (1) h a d  
f o u n d  tha t ,  in p r e p a r i n g  the  o r a n g e  phosphor s ,  c o m -  
p a r a b l e  r e su l t s  w e r e  o b t a i n e d  w i t h  p u r e  H~S gas  
d i r e c t l y  f r o m  a c y l i n d e r  a n d  w i t h  gas  t h a t  was  first  
w a s h e d  w i t h  B a ( O H ) ~  so lu t ion  a n d  t h e n  f r e e d  f r o m  
w a t e r  vapor .  In  the  p r e s e n t  work ,  h o w e v e r ,  i t  was  
found  to be  imposs ib l e  to o b t a i n  b r i g h t  o r a n g e  p h o s -  
phors ,  us ing  the  bes t  a v a i l a b l e  g r a d e  H~S gas  d i -  
r e c t l y  f r o m  a cy l inde r .  T h e r e f o r e  t h e  a b o v e - m e n -  
t i oned  m e t h o d  of pu r i f i ca t ion  was  e m p l o y e d  in a l l  
H~S fir ings.  The  r e s i d u a l  q u a n t i t y  of o x y g e n o u s  a n d  
c o a c t i v a t o r  i m p u r i t i e s  a f t e r  such  t r e a t m e n t  was  es-  
t i m a t e d  to be  less t h a n  10 p p m  ( p o s s i b l y  m u c h  ]ess 
t h a n  10 p p m ) .  

The  p h o s p h o r s  w e r e  f i red in  s m a l l  b o t t l e - s h a p e d  
t u b e s  in  an  a r r a n g e m e n t  v e r y  s i m i l a r  to t h a t  d e -  
s c r ibed  b y  F r o e l i c h  (1) .  In  th is  se t -up ,  f r e s h  H~S 
gas  is pa s sed  c o n t i n u a l l y  ove r  t he  p h o s p h o r  sample ,  
t hus  s w e e p i n g  ou t  a n y  gaseous  r e a c t i o n  p roduc t s .  

T h e  p h o s p h o r  m i x e s  w e r e  p r e p a r e d  b y  a d d i n g  Cu 
or  A1 as d i l u t e  so lu t ions  of  t he  n i t r a t e  or  su l f a t e  to 
Z n S  p o w d e r ,  a long  w i t h  enough  de ion ized  w a t e r  to 
g ive  a stiff pas te .  This  p a s t e  was  d r i ed ,  s ieved,  and  
t r a n s f e r r e d  to t he  f i r ing tube .  The  f i r ing tubes  w e r e  
i n s e r t e d  into  t he  f u r n a c e  a t  600~ and  the  t e m p e r a -  
t u r e  r a i s e d  q u i c k l y  to t he  f i r ing  t e m p e r a t u r e ,  u s u -  
a l l y  1100~ A f t e r  t h e  f i r ing  pe r iod ,  u s u a l l y  1 hr ,  
the  t u b e  was  r e m o v e d  f r o m  t h e  f u r n a c e  a n d  a l l o w e d  
to cool to r o o m  t e m p e r a t u r e .  The  flow of p u r e  H~S 
was  m a i n t a i n e d  f r o m  the  t i m e  b e f o r e  i n s e r t i n g  the  
t u b e  into  the  f u r n a c e  u n t i l  t he  t ime  the  f i r ing t ube  
h a d  cooled  to r o o m  t e m p e r a t u r e .  The  cooled  p h o s -  
pho r s  w e r e  r e m o v e d  f r o m  the  f i r ing t u b e  a n d  
w a s h e d  in N a C N  so lu t ion  to r e m o v e  f r ee  Cu~S. 

I t  is of t h e o r e t i c a l  i n t e r e s t  to k n o w  the  m i n i m u m  
t e m p e r a t u r e  n e e d e d  to f o r m  a phosphor .  W h e n  a t -  
t e m p t s  w e r e  m a d e  to p r e p a r e  t he  o r a n g e  p h o s p h o r  
b y  t h e  m e t h o d  d e s c r i b e d  above ,  b u t  u s i n g  f i r ing 
t e m p e r a t u r e s  l o w e r  t h a n  1000~ the  p r o d u c t s  
s h o w e d  v e r y  w e a k  or  no luminescence .  I t  was  sus -  
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pec t ed  t h a t  t he se  l o w e r  t e m p e r a t u r e  f i r ings f a i l ed  to 
r e m o v e  the  o x y g e n  w h i c h  was  p r e s e n t  in t he  s t a r t -  
ing m a t e r i a l s .  This  r e s i d u a l  o x y g e n  t h e n  p r e v e n t e d  
the  f o r m a t i o n  of o r a n g e  centers .  T h e r e f o r e  a p r e p -  
a r a t i o n  m e t h o d  was  d e v e l o p e d  in  w h i c h  o x y g e n  was  
r e m o v e d  f r o m  the  s t a r t i n g  ma te r i a l s .  A p o r t i o n  of 
ZnS,  p re f i r ed  as d e s c r i b e d  above ,  was  f u r t h e r  f i red 
for  ~/2 h r  a t  l l 0 0 ~  in p u r e  H~S. A s a m p l e  of Cu~S 
was  p re f i r ed  for  20 m i n  a t  600~ in  H,S. W i t h  H~S 
pas s ing  t h r o u g h  b o t h  tubes ,  t h e  Cu~S was  s h a k e n  
in to  t he  t u b e  con t a in ing  the  ZnS,  a v o i d i n g  con tac t  
w i t h  a i r .  A f t e r  m i x i n g  b y  r o t a t i n g  the  tube ,  t h e  m i x  
was  p u t  back  in to  t he  f u r n a c e  a t  900~ for  1 hr.  
This  e x p e r i m e n t  was  r e p e a t e d  e x c e p t  t h a t  t h e  f inal  
f i r ing was  (a)  2 h r  a t  800~ (b )  2 h r  a t  700~ In  
each  case  t he  o r a n g e  l u m i n e s c e n c e  a p p e a r e d ,  a l -  
t h o u g h  no t  as b r i g h t  as in  n o r m a l l y  p r e p a r e d  s a m -  
ples.  A s a m p l e  f i red for  2 h r  a t  600~ d id  n o t  f luo- 
resce.  Thus  i t  a p p e a r s  t h a t  o r a n g e  cen te r s  can  f o r m  
a t  c o m p a r a t i v e l y  low t e m p e r a t u r e s  p r o v i d e d  o x y g e n  
is c a r e f u l l y  exc luded .  

In  some  p r e p a r a t i o n s ,  the  p h o s p h o r  m i x  was  f i red 
in H~S to w h i c h  H~O h a d  p u r p o s e l y  been  a d d e d  in 
c e r t a i n  p ropo r t i ons .  This  w e t  H=S was  p r e p a r e d  b y  
pas s ing  p u r e  H~S t h r o u g h  w a t e r  or  ove r  ice m a i n -  
t a i n e d  a t  a se r ies  of t e m p e r a t u r e s  to g ive  the  d e -  
s i r ed  v a p o r  p r e s s u r e  of H~O. In  t hese  p roduc t s ,  t h e  
o r a n g e  emiss ion  was  m u c h  w e a k e r  t h a n  in  s a m p l e s  
f i red in  d r y  H~S. T h e  i n t e n s i t y  of t he  o r a n g e  b a n d  
could  b e  b r o u g h t  b a c k  to n o r m a l  b y  r e t i r i ng  at  
l l 0 0 ~  for  a p p r o x i m a t e l y  1 h r  in  d r y  H~S. H o w e v e r ,  
once  th i s  good p h o s p h o r  was  fo rmed ,  f i r ing for  s ev -  
e ra l  hou r s  at  l l 0 0 ~  in w e t  H~S caused  v e r y  l i t t l e  
d i m m i n g  of t he  f luorescence .  Re t i r ing  a t  1200~ or  
h i g h e r  in w e t  H~S a g a i n  d e s t r o y e d  the  o r ange  l u m i -  
nescence.  A p p a r e n t l y ,  the  a c t i v a t i o n  e n e r g y  for  d e -  
s t r o y i n g  o r a n g e  cen te r s  w i t h  H~O is a p p r e c i a b l y  
h i g h e r  t h a n  t ha t  for  f o r m i n g  t h e m  f r o m  n o n l u m i -  
nesc ing  m a t e r i a l .  

Some  e x p e r i m e n t s  w e r e  c a r r i e d  out  w h i c h  i n d i -  
ca ted  s t a b i l i t y  of t he  o r a n g e  cen te r s  to f i r ing in ox i -  
d iz ing  a t m o s p h e r e s .  Some  p r e f o r m e d  ( u n w a s h e d )  
ZnS:  10 -~ Cu o r a n g e  p h o s p h o r  was  p l a c e d  in  a t h i c k -  
w a l l e d  q u a r t z  t ube  a n d  f i red in  H~S a t  1100~ for  
1/2 h r  to r e m o v e  a n y  a d s o r b e d  a i r  or  w a t e r .  A f t e r  
cooling,  e n o u g h  p u r e  su l fu r  was  a d d e d  to g ive  abou t  
15 a rm of S~ at  l l 0 0 ~  ( a s s u m i n g  pe r f ec t  gas l a w s ) ,  
and  the  t ube  was  s ea l ed  off u n d e r  v a c u u m .  I t  was  
t hen  p l a c e d  in  a f u r n a c e  and  b r o u g h t  up  to l l 0 0 ~  
for  1 hr,  cooled  s lowly ,  and  r e m o v e d .  The  p r o d u c t  
a p p e a r e d  e s sen t i a l l y  u n c h a n g e d  in  f luorescen t  color  
and  b r i g h t n e s s  f r o m  the  s t a r t i n g  m a t e r i a l .  

In  o r d e r  to d e t e r m i n e  the  s t a b i l i t y  of t he  o r a n g e  
cen te r s  to r e d u c i n g  a t m o s p h e r e s ,  some f i r ings w e r e  
p e r f o r m e d  in H~ a n d  in Zn vapor .  F i r i n g s  of 
ZnS:  10 - '  Cu  c a r r i e d  ou t  in a flow of p u r e  H~ ( s i m i l a r  
to H~S f i r ing t e c h n i q u e )  gave  a p r o d u c t  showing  the  
o r a n g e  emiss ion .  H o w e v e r  t he  f luorescen t  co lor  d e -  
pended ,  a t  l eas t  in pa r t ,  on the  n u m b e r  of s i m i l a r  
f i r ings c a r r i e d  out  in  t he  s ame  q u a r t z  tube .  A ser ies  
of  t h r e e  f i r ings in  one t u b e  gave  p r o d u c t s  w h i c h  
w e r e  in t i m e  sequence ,  b lue  ( w i t h  some w e a k  
o r a n g e ) ,  p i n k  ( b l u e  p lus  o r a n g e ) ,  a n d  p i n k  ( e v e n  
less  b l u e ) .  The  p a r t  of the  s a m p l e  n e x t  to t he  w a l l s  
was  b l u e  in each  case. T h e  b l u e  f luorescence  p r o b -  

a b l y  c o r r e s p o n d s  to u n d e r - c o a c t i v a t e d  Cu b lue  
emiss ion  (see Fig.  3) .  A s ing le  f i r ing  in a n o t h e r  t u b e  
gave  a g r e e n - f l u o r e s c i n g  p roduc t .  A n a l o g o u s  e x -  
p e r i m e n t s ,  us ing  enough  p u r e  Zn to g ive  15 a tm,  
gave  n o n u n i f o r m  p r o d u c t s  w h i c h  w e r e  some t imes  
qu i t e  green ,  b u t  s o m e t i m e s  l a r g e l y  p i n k  u n d e r  u.v. 
exc i t a t ion .  A p p a r e n t l y  some  c o a c t i v a t i n g  i m p u r i t y ,  
l ike  A1, is p r e s e n t  in  the  q u a r t z  w a l l s  of t he  f i r ing 
tube ,  and  a r e d u c i n g  a t m o s p h e r e  l i ke  Zn  or  H~ 
causes  i t  to l each  out  in to  the  Z n S : C u .  R e p e a t e d  
f i r ings  seem to d e p l e t e  th is  i m p u r i t y  f r o m  the  w a l l s  
and  a l l ow the  n o r m a l  o r a n g e  f luorescen t  co lor  to 
deve lop .  I t  was  diff icult  to r e p r o d u c e  these  resu l t s ,  
a p p a r e n t l y  b e c a u s e  of a v a r i a b i l i t y  in  t he  q u a r t z  f i r -  
ing  tubes .  

These  r e su l t s  i n d i c a t e  t h a t  o r a n g e  cen te r s  a r e  
s t ab l e  to r e d u c i n g  or  ox id i z ing  condi t ions .  T h e y  sug -  
ges t  a d i f fe ren t  i n t e r p r e t a t i o n  of t he  r e su l t s  of R ieh l  
and  O r t m a n n  (3) ,  who  r e p o r t e d  a g r e e n - f l u o r e s c i n g  
p r o d u c t  f rom f i r ing Z n S : C u  in H~. I t  s eems  qu i t e  
poss ib le  t ha t  t h e i r  p r o d u c t  was  c o n t a m i n a t e d  w i t h  a 
c o a c t i v a t o r  i m p u r i t y .  

Methods of Spectral Measurements 
The  emis s ion  s p e c t r a  w e r e  m e a s u r e d  w i t h  a P e r -  

k i n - E l m e r  D o u b l e  Pass  M o n o c h r o m a t o r ,  Mode l  99. 
The  d e t e c t o r  used  for  t he  v i s ib le  r eg ion  of t h e  spec -  
t r u m  was  a 1P22 p h o t o m u l t i p l i e r  tube .  In  one  spe -  
c ia l  m e a s u r e m e n t ,  a D u M o n t  i n f r a r e d  p h o t o m u l t i -  
p l i e r  tube ,  w h i c h  g ives  r e sponse  ou t  to a b o u t  1.1~ 
was  used.  F o r  3650/ i  exc i t a t ion ,  t he  o u t p u t  of an  
A H 4  m e r c u r y  l a m p ,  pa s sed  t h r o u g h  a 7-37 C o r n i n g  
fi l ter ,  was  focussed  on the  sample .  F o r  3000-3500A 
exc i t a t ion ,  an  e r y t h e m a l  f luorescen t  l a m p  was  used ;  
t h e  i n t e n s i t y  of e x c i t a t i o n  was  m u c h  l o w e r  w i t h  th is  
source .  The  e l e c t r o l u m i n e s c e n t  e x c i t a t i o n  was  p r o -  
d u c e d  b y  a 60 cps 500 v r m s  field across  a 0.005 in. 
p h o s p h o r - d i e l e c t r i c  l aye r .  The  c a thode  r a y  spec -  
t r u m  was  m e a s u r e d  us ing  a 16 kv,  510~ non fo -  
cussed  r a s t e r  (130 cm~). The  s p e c t r o m e t e r  used  h e r e  
was  not  c a l i b r a t e d  b e y o n d  7000A. 

The  m o n o c h r o m a t o r  (u sed  for  a l l  s p e c t r a  excep t  
the  ca thode  r a y  s p e c t r u m )  was  c a l i b r a t e d  w i t h  an  
i n c a n d e s c e n t  l a m p  w h o s e  s p e c t r a l  d i s t r i b u t i o n  was  
k n o w n .  The  c a l i b r a t i o n  was  e x p r e s s e d  in  a f o r m  to 
g ive  f luorescen t  emiss ion  s p e c t r a  as a p lo t  of t he  
r e l a t i v e  e n e r g y  p e r  u n i t  p h o t o n  e n e r g y  i n t e r v a l  vs. 
p h o t o n  e n e r g y  r a t h e r  t h a n  the  c o n v e n t i o n a l  r e l a t i v e  
e n e r g y  p e r  un i t  w a v e - l e n g t h  i n t e r v a l  vs. w a v e  
length .  W h e n  s i m p l e  f luorescen t  emis s ion  spec t r a  
a r e  p l o t t e d  in t h e  f o r m e r  uni t s ,  t h e y  u s u a l l y  assume,  
to a good  d e g r e e  of accuracy ,  a s y m m e t r i c a l  b e l l -  
shape  or  G a u s s i a n  fo rm (4, 5) .  C o m p l e x  emiss ion  
s p e c t r a  can  be  r e s o l v e d  u s u a l l y  in to  a set  of G a u s -  
s ian  curves .  The  pos i t ions  of t he  emiss ion  p e a k s  
of s p e c t r a  p l o t t e d  in  th i s  f a sh ion  are,  of course ,  
s l i g h t l y  sh i f t ed  r e l a t i v e  to t h e i r  pos i t ions  on con-  
v e n t i o n a l  plots .  F o r  e x a m p l e ,  the  emis s ion  p e a k  of 
the  o r a n g e  p h o s p h o r  occurs  at  1.84 e.v. (6750A) on 
the  e n e r g y  p e r  un i t  p h o t o n  e n e r g y  i n t e r v a l  p lo t  a n d  
at  1.91 e.v. (6500A) on t h e  e n e r g y  p e r  un i t  w a v e -  
l e n g t h  i n t e r v a l  plot .  

The  e xc i t a t i on  s p e c t r u m  of t he  o r a n g e  p h o s p h o r  
was  d e t e r m i n e d  b y  m o u n t i n g  the  s a m p l e  as a th in  
l a y e r  in  f ron t  of t he  p h o t o m u l t i p l i e r  d e t e c t o r  of t he  
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P e r k i n - E l m e r  spec t rophotometer .  A red  filter n e x t  
to the  p h o t o m u l t i p l i e r  t r a n s m i t t e d  on ly  the  fluo- 
rescent  emission.  A pro jec t ion  l amp  was focussed 
on  the  e n t r a n c e  slit. F i r s t  pass and  s t r ay  r ad i a t i on  
were  e l im ina t ed  a t  the  exi t  slit  b y  m e a n s  of su i tab le  
filters. Two r u n s  were  made ;  in  the  first, the  r a d i a -  
t ion  f rom the  exi t  slit  was  deflected to the  i n t e r n a l  
t he rmocoup le  detector  by  m e a n s  of a mi r ro r .  The  
s ignal  f rom the  t he rmocoup le  as the  spect ra l  reg ion  
of in te res t  was  s canned  gave the  i n t e n s i t y  IE of the  
exci t ing  rad ia t ion .  In  the  second run ,  the  l ight  f rom 
the exi t  sl i t  was  a l lowed to fal l  on the  sample.  The  
s ignal  f rom the pho tomu l t i p l i e r  gave  the i n t e n s i t y  
I~. of the  f luorescent  emission.  The  exc i ta t ion  spec-  
t r u m  is a p lo t  of I~/IE vs. pho ton  energy .  

Results 

In  Fig. 1 is shown  the  emiss ion  spec t rum of 
ZnS:  1.5 x 10 -' Cu 1 (fired at l l 0 0 ~  for 1/2 hr )  u n d e r  
four  d i f ferent  me thods  of exci ta t ion.  The  solid l ine  
is the Gauss i an  f i t t ing the  equa t ion  I----Io exp 
[ - - C ( E - - E o ) ~ ] ,  where  I is the  emi t t ed  ene rgy  per  
u n i t  pho ton  ene rgy  in te rva l ,  E is the  pho ton  energy,  
E0 is the  pho ton  ene rgy  at the  peak  of the emiss ion  
b a n d , / o  is a n o r m a l i z a t i o n  constant ,  and  C is r e la ted  
to the  ha l f -w id th ,  2 (E1 /e -  Eo), of the  b a n d  by  t he  
re l a t ion  

l n 2  
C =  

( E ~ / e  - -  F.o)  ~ 

For  the emiss ion  b a n d  in  Fig. 1, Eo = 1.84 e.v. a nd  
2 (E1/~- E0) = 0.62 e.v. The  e x p e r i m e n t a l  poin ts  for 
3650A, 3000-3500A, cathode ray,  and  e l ec t ro lumi -  
nescen t  exc i ta t ion  are  p lo t ted  to show the  accuracy  
of fit to a Gauss i an  curve  and  to show the  n e a r  
i den t i t y  of resul t s  for d i f ferent  me thods  of exc i ta -  
t ion. The  por t ion  of the  3650A plot  for pho ton  e n e r -  
gies less t h a n  1.7 e.v. was  o b t a i n e d  in  a separa te  
m e a s u r e m e n t  w i th  the  i n f r a r e d  sens i t ive  p h o t o m u l -  
t ip l ie r  tube.  

1 I n  a l l  f o r m u l a s  i n  t h i s  p a p e r ,  t h e  n u m b e r  p r e c e d i n g  t h e  i m -  
p u r i t y  s y m b o l  r e f e r s  to t h e  a t o m  f r a c t i o n  of a d d e d  i m p u r i t y ;  i n  
t h e  case  of Z n S : C u  w i t h  no  A1, t h e  a t o m  f r a c t i o n  r e t a i n e d  i n  t h e  
p h o s p h o r  a f t e r  t h e  N a C N  w a s h  is  a b o u t  30 -40% of t h a t  a d d e d .  
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Fig. ] .  Emission spectrum of oronge f luorescing ZnS : ] . 5  x 
] 0 -s Cu, f ired ot ] ] O0~ Solid line, Geussien funct ion f i t ted 
through the exper imento l  points; open circles, 3650 A u.v. 
exc i tot ion;  ful l  circles, cothode roy exc i to t ion;  squores, electro- 
luminescent exc i to t ion;  tr iongles, 3 0 0 0 - 3 5 0 0 A  u.v. exci to-  
t ion. 
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Fig. 2. Emission spectre of ZnS:]O 4 Cu ot 78~ end et 
300~ end the emission spectrum of ZnS:]O-3 Ag et 300~ 

There is no detectable change in emission spec- 
trum when the frequency of electroluminescent ex- 
citation is changed from 60 to 5000 cps. The electro- 
luminescent emission spectra of a few samples with 
higher  t h a n  average  e l ec t ro luminescen t  response  
showed a shift  of the  whole  o range  emiss ion  b a n d  
by  a few h u n d r e d t h s  of an  e lec t ron  vol t  t oward  
h igher  energies  compared  to the  u.v. exc i ted  spec- 
t rum.  This  effect is due p r e s u m a b l y  to a p e r t u r b a -  
t ion  of the  e n e r g y  levels  in  the  ac t iva tor  centers  by  
the h igh  local electric fields p resen t  d u r i n g  elec- 
t r o l u m i n e s c e n t  exci ta t ion.  

The  spec t rum of Z n S : C u  at  78~ is shown  in  
Fig. 2. This, as wel l  as all  o ther  spect ra  discussed 
below, was ob ta ined  u n d e r  3650A u.v. exci ta t ion.  
Here  the peak  is shi f ted  to 1.78 e.v. a nd  the  ha l f -  
w i d t h  is decreased f rom 0.62 e.v. to 0.48 e.v. I t  s t i l l  
app rox ima te s  a s ingle  Gauss i an  b a n d  a nd  no b lue  
emiss ion  b a n d  is observed.  

S ince  ZnS  phosphors  ac t iva ted  w i th  Ag and  A u  
and  coact iva ted  w i th  A1 or C1 exist  a nd  are s im-  
i lar  to coact iva ted  Cu phosphors ,  it  was  decided to 
a t t e mp t  to p repa re  se l f -coac t iva ted  Z n S : A g  and  
Z n S : A u .  The  Z n S : A g  fir ing p roduced  a ye l low-  
emi t t i ng  phosphor  w i th  a w e a k  af terglow,  whose 
spec t rum is shown  in  Fig. 2. I t  is seen tha t  the  ha l f -  
w i d t h  of the  b a n d  is a bou t  the  same as t ha t  of the  
Z n S : C u  band,  b u t  the  emiss ion  peak  occurs at  a 
h igher  pho ton  e n e r g y  (1.97 e.v.).  This  shif t  of the  
peak  to h igher  pho ton  energies  is ana logous  to the  
shift  f rom green  to b lue  in  coact iva ted  ZnS :  Cu and  
Z n S : A g  phosphors ,  a nd  ind ica tes  tha t  the  Cu and  
Ag a toms are i n t e g r a l  pa r t s  of the  emiss ion  centers .  
The Z n S : A u  fir ing p roduced  a n o n l u m i n e s c e n t  
product .  

The  series ZnS:  10-' Cu, x A1 was  p r e p a r e d  in  order  
to inves t iga te  the  ac t ion  of va r ious  concen t ra t ions  of 
A1 w h e n  these  are be low t h a t  of the  Cu. The  emis-  
s ion spect ra  are  p resen ted  in  Fig.  3. The  sample  
w i t hou t  A1 shows emiss ion only  in  the  o range  band .  
The  add i t ion  of as l i t t le  as 10 -~ A1 is sufficient to 
give a b lue  b a n d  of g rea te r  peak  i n t e n s i t y  t h a n  the  
orange.  F u r t h e r  add i t ion  of A1 a lmos t  comple te ly  
e l imina te s  the  o r a n g e  b a n d  a nd  produces  a g reen  
b a n d  in  add i t ion  to the  blue.  Wi th  e q u i v a l e n t  A1 or 
greater ,  bo th  the  o range  a nd  b lue  b a n d s  become 
neg l ig ib le  compared  to the  g reen  band .  
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Fig. 3. Emission spect ra  o f  Z n S : ]  0 -4 Cu x AI ,  w i t h  x rang ing  Fig. 5. Emission spect ra  o f  Z n S : ] . 5  x ] 0 -3 Cu,  6 x ] 0 -~ AI  
f r o m  0 to  3 x ] 0 -4. f i r ed  in Ha5 c o n t a i n i n g  v a r i a b l e  a m o u n t s  o f  H20. 

In  Fig. 4, the spect ra  of Z n S : 9  x 10-' Cu fired in  
H,S con t a in ing  an  inc reas ing  mole  f rac t ion  of w a t e r  
are  shown.  I t  c a n b e  seen tha t  the  p resence  of w a t e r  
s t rong ly  inh ib i t s  the  o range  emission.  This  ac t ion  of 
wa t e r  on the  o range  centers  m igh t  be  due  to one  of 
two causes:  the  wa t e r  m a y  somehow inh ib i t  the  
f o r m a t i o n  of o range  centers ,  or  it m a y  in t roduce  a 
la rge  concen t r a t i on  of k i l l e r  centers .  The choice be-  
t w e e n  these  two hypotheses  wi l l  become clear  in  the  
l ight  of the  resul t s  r epor ted  next .  

In  Fig. 5, t he  emiss ion  spect ra  of ZnS:  1.5 x 10 -3 Cu, 
6 x 10 -5 A1 fired in  HaS c o n t a i n i n g  an  inc reas ing  mole  
f rac t ion  of wa t e r  are shown.  These plots are d r a w n  
so tha t  the  area  u n d e r  each curve  is p ropor t iona l  to 
the  r e l a t ive  tota l  emi t t ed  energy.  Severa l  th ings  are  
a p p a r e n t  f rom the  plots. Firs t ,  w i th  inc reas ing  
wa t e r  content ,  the  o range  emiss ion  b a n d  is s t rong ly  
reduced,  whi le  the b lue  and  green  bands  are i n -  
creased. Second, the  to ta l  emi t t ed  ene rgy  increases  
s o m e w h a t  w i th  inc reas ing  wa te r  content .  A replo t  
of these da ta  on the basis  of n u m b e r  of photons  vs. 
pho ton  ene rgy  showed tha t  the  tota l  n u m b e r  of 
photons  emi t t ed  r e m a i n s  cons tant ,  i nd i ca t ing  a con-  
s t an t  q u a n t u m  efficiency. Third ,  the ra t io  of b l u e  
to g reen  emiss ion  r e m a i n s  constant .  A p p a r e n t l y  the 
i n h i b i t i n g  effect of w a t e r  is specific for o range  cen-  
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Fig. 4. Emission spec t ra  o f  ZnS :9  x 10 -~ Cu f i r ed  in HaS 
conta in ing  var iab le  amounts  o f  HsO. 

ters;  the  hypothes is  of w a t e r  caus ing  the  f o r ma t ion  
of k i l l e r  centers ,  w h i c h  should  lower  the  ove r - a l l  
q u a n t u m  efficiency, m u s t  be  r u l e d  out. 

The exc i ta t ion  spec t rum of ZnS :  10 ~ Cu, shown  in  
Fig. 6, peaks  a r o u n d  3.3 e.v. (3750A),  thus  fa l l ing  
b e t w e e n  tha t  of se l f -coac t iva ted  b lue  at 3.65 e.v. 
(3400A) (6) a nd  g r e e n - e m i t t i n g  Z n S : C u ,  C1 at 3.1 
e.v. (4000A).  

The  diffuse ref lect ion spect ra  of two samples  of 
ZnS:  104 Cu, one fired in  d r y  H,S and  the  o ther  fired 
in  H.~S sa tu ra t ed  w i th  w a t e r  at room t e m p e r a t u r e  
are shown  in  Fig. 7. Both  products  show a ve ry  
broad  abso rp t ion  b a n d  e x t e n d i n g  to abou t  2.1 e.v. 
(6000A) ; this  b a n d  is b roade r  in  the  we t - f i r ed  s am-  
ple. The d ry - f i r ed  sample  shows in  add i t ion  a n a r -  
rower  absorp t ion  b a n d  e x t e n d i n g  to abou t  3.0 e.v. 
(4200A).  This  b a n d  seems to cor respond  to the  ex-  
c i ta t ion  b a n d  for d ry - f i r ed  ZnS:  10-' Cu, which  i n -  
dicates tha t  absorp t ion  in  the  n a r r o w e r  b a n d  leads 
to the  exc i ta t ion  of o range  centers .  The  absorp t ion  
b e t w e e n  3.0 e.v. (4200A) a nd  2.1 e.v. (6000A) can -  
no t  be  exp la ined  at  present .  The  absence  of the  n a r -  
rower  abso rp t ion  b a n d  in  we t - f i r ed  samples  f u r t he r  
suppor t s  the  idea tha t  we t  HaS fir ing inh ib i t s  the  
fo rma t ion  of the  orange  centers .  The  presence  of 
k i l l e r  centers  w ou l d  no t  be expected  to des t roy  an  
absorp t ion  band .  
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Fig. 7. D i f fuse ref lectance spectra o f  Z n S : ] 0  -4 Cu f i red  in 
pure H~S and in H2S sa tu ra ted  wi th  wate r  vapor  at  room 
temperature .  

O r a n g e - f l u o r e s c i n g  Z n S : C u  shows  no a f t e r g l o w  
bu t  does  show m o d e r a t e  i n f r a r e d  s t i m u l a b i l i t y  (1) .  
P r e l i m i n a r y  g low c u r v e  w o r k  (7)  r e v e a l s  a p r i n -  
c ipa l  p e a k  at  a r o u n d  400~ ( a b o u t  0.5 e .v . ) ,  w h i c h  
is sh i f t ed  to l o w e r  t e m p e r a t u r e s  b y  the  a d d i t i o n  of 
CdS.  In  u n d e r - c o a c t i v a t e d  Z n S : C u ,  A1 p h o s p h o r s  
w i t h  t he  m a i n  emiss ion  in  t he  g r e e n  b a n d  b u t  w i t h  
some  o r a n g e  b a n d  emiss ion ,  t he  p h o s p h o r e s c e n c e  is 
m u c h  s t r o n g e r  t h a n  in  o v e r - c o a c t i v a t e d  ZnS:  Cu, A1 
showing  on ly  t he  g r e e n  band .  This  p h o s p h o r e s c e n c e  
is p r e s u m a b l y  due  to t he  400 ~ t r a p  a s soc ia t ed  w i t h  
the  o r a n g e  centers .  

I n v e s t i g a t i o n  of t h e  c r y s t a l  s t r u c t u r e  of t h e  
o r a n g e  p h o s p h o r s  s h o w e d  t h a t  s a m p l e s  of Z n S : C u  
w i t h  h igh  ( a r o u n d  10 -8 or  m o r e )  Cu, f i red at  l l 0 0 ~  
and  cooled  n o r m a l l y  a r e  l a r g e l y  cubic  in  c r y s t a l  
s t r uc tu r e .  Th is  is in  c o n t r a s t  to  s a m p l e s  c o n t a i n i n g  
low (10- ')  Cu or  those  w i t h  h igh  Cu in w h i c h  the  
Cu is c o m p l e t e l y  c o a c t i v a t e d  b y  C1 or  A1, w h i c h  a r e  
h e x a g o n a l  (8) .  P r e p a r a t i o n s  of Z n S : 1 0  - '  Cu, w h i c h  
a r e  a lmos t  p u r e  h e x a g o n a l ,  show a f luorescen t  e m i s -  
s ion s p e c t r u m  w h i c h  is a l m o s t  i d e n t i c a l  to t ha t  of 
cubic  ZnS:  10 -8 Cu ( c o m p a r e  Fig .  1 a n d  3).  This  a b -  
sence of a sh i f t  in  emiss ion  p e a k  w i t h  c h a n g e  in  
c r y s t a l  s t r u c t u r e  f r o m  cubic  to h e x a g o n a l  is in  con-  
t r a s t  to t he  w e l l - k n o w n  shi f t  of a b o u t  150A to 
s h o r t e r  w a v e  l eng th s  f o u n d  for  t he  b lue  a n d  g reen  
Cu emiss ion  ba~ds .  T h e  fac t  t h a t  Z n S : C u  w i t h  h igh  
Cu is l a r g e l y  cubic  in  sp i t e  of b e i n g  f i red a b o v e  the  
h e x a g o n a l - c u b i c  t r a n s i t i o n  p o i n t  (1040~ is b e -  
l i e v e d  due  to the  excess  CusS p r o m o t i n g  t h e  h e x a -  
g o n a l - c u b i c  t r a n s i t i o n  d u r i n g  the  cool ing  of the  
sample .  

A sh i f t  of t h e  o r a n g e  b a n d  to l onge r  w a v e  l e ng th s  
has  been  found  for  ZnS :  10 -~ Cu p r e p a r e d  u n d e r  v e r y  
spec ia l  condi t ions ,  i.e., cooled  r a p i d l y  f rom 1300~ 
The  sh i f t  a m o u n t s  to a b o u t  0.1 e.v. (400A) .  The  
s a m p l e  was  f i red in a spec ia l  f i r ing t u b e  w i t h  a t h in  
bo t tom,  w h i c h  was  h e l d  in  the  ho t  zone of a v e r t i c a l  
t u b e  fu rnace .  To ach i eve  the  h igh  cool ing  r a t e  
( a b o u t  1000~ the  f i r ing t u b e  was  r e l e a s e d  
a n d  fe l l  out  of the  f u r n a c e  onto a m e t a l  p o i n t  j u s t  
a b o v e  the  su r f ace  of a c o n t a i n e r  of w a t e r .  T h e  t u b e  
sha t t e r ed ,  a l l o w i n g  the  p o w d e r e d  p h o s p h o r  to d i s -  

p e r s e  r a p i d l y  in to  the  w a t e r .  The  o r ig in  of  th is  shi f t  
is no t  y e t  known .  

Discussion 
The  v a r i a n c e  of emiss ion  s p e c t r u m  w i t h  m e t h o d  

of exc i t a t ion ,  the  n o n a p p e a r a n c e  of m o r e  t h a n  one  
b a n d  a t  low t e m p e r a t u r e ,  and  the  good  fit to a G a u s -  
s i an  c u r v e  s t r o n g l y  s u p p o r t  t h e  i dea  t ha t  the  o r ange  
b a n d  is due  to a s ingle  spec ies  of emiss ion  center .  
A n  a d d i t i o n a l  p iece  of ev idence  was  p r o v i d e d  b y  
m e a s u r i n g  the  b u i l d u p  a n d  d e c a y  of t he  3650A u.v. 
e x c i t e d  emiss ion  of ZnS:  Cu w i t h  and  w i t h o u t  a d e e p  
r e d  f i l ter  a t  the  de tec to r .  W i t h  t he  f i l ter  in  p lace ,  
on ly  the  long  w a v e - l e n g t h  p a r t  of the  emiss ion  b a n d  
could  r e a c h  the  de tec to r ,  w h i l e  w i t h o u t  t h e  f i l ter  the  
e n t i r e  emiss ion  b a n d  was  passed .  T h e  t i m e  con-  
s t an t s  for  b u i l d u p  and  d e c a y  w e r e  f o u n d  to be  
n e a r l y  i d e n t i c a l  for  the  two  cases,  w h i c h  w o u l d  no t  
be  e x p e c t e d  if the  o r a n g e  b a n d  w e r e  a compos i t e  of 
two  b a n d s  due  to two  species  of emiss ion  cen te r .  

The  t e m p e r a t u r e  d e p e n d e n c e  of b r i g h t n e s s  of the  
o r a n g e  emis s ion  was  m e a s u r e d  and  f o u n d  to be  
a b o u t  t h e  s a m e  as t h a t  of s e l f - a c t i v a t e d  b l u e  e m i s -  
s ion (9) .  In  t e r m s  of t he  S c h S n - K l a s e n s  (10) t h e o r y  
of ho le  m i g r a t i o n ,  th is  can  be  i n t e r p r e t e d  as m e a n -  
ing  t h a t  t he  g r o u n d  s ta tes  of t he  s e l f - a c t i v a t e d  b lue  
cen te r s  and  of  the  o r a n g e  cen te r s  m u s t  h a v e  abou t  
the  s ame  pos i t i on  w i t h  r e spec t  to the  top  of the  
f i l led b a n d  ( a b o u t  0.4 e.v. a b o v e  i t ) .  T h e  e x c i t a t i o n  
s p e c t r u m  q u a l i t a t i v e l y  s u p p o r t s  th is  conclus ion ,  t he  
p e a k  l y i n g  a b o u t  0.4 e.v. f r om the  ZnS  a b s o r p t i o n  
edge.  

In  f o r m i n g  a t h e o r y  of t he  o r a n g e  center ,  i t  is 
r e a s o n a b l e  to c o m p a r e  t he  p r o p e r t i e s  of t h e  o r ange  
p h o s p h o r  w i t h  those  of t h e  class  of ZnS  p h o s p h o r s  
p r o d u c e d  b y  " i n d i r e c t  a c t i va t i on" ,  d i scussed  b y  
K l a s e n s  (11) .  S e l f - c o a c t i v a t e d  ZnS:  Cu a n d  ZnS:  A g  
r e s e m b l e  th is  class in  c e r t a i n  aspects .  The  r e l a t i v e l y  
sma l l  d i f f e rence  of 0.13 e.v. b e t w e e n  t h e i r  emiss ion  
p e a k s  sugges t s  t h a t  t he  emiss ion  is m o r e  a p r o p e r t y  
of the  l a t t i ce  i t se l f  t h a n  of the  ac t i va to r .  Also,  a 
p r e l i m i n a r y  e x p e r i m e n t  s h o w e d  tha t  t h e  emiss ion  
p e a k  of ZnS:  Cu is sh i f t ed  f r o m  1.84 e.v. to 1.71 e.v. 
b y  a d d i t i o n  of  10% CdS. This  sh i f t  of 0.13 e.v. for  
the  f i rs t  10% of a d d e d  CdS is v e r y  close to t h a t  o b -  
s e r v e d  in  t he  w e l l - k n o w n  i n d i r e c t l y  a c t i v a t e d  p h o s -  
phors .  H o w e v e r ,  t he  s e l f - c o a c t i v a t e d  p h o s p h o r s  
d i f fer  f r o m  this  class in  o t h e r  respec ts .  The  h a l f -  
w i d t h  of the  emis s ion  b a n d  is u n u s u a l l y  grea t ,  as 
is t he  e n e r g y  d i f fe rence  b e t w e e n  e x c i t a t i o n  and  
emiss ion  peaks .  Also,  t h e r e  is no d i f fe rence  in  t he  
pos i t i on  of t he  emiss ion  p e a k  b e t w e e n  e s s e n t i a l l y  
h e x a g o n a l  a n d  e s s e n t i a l l y  cubic  p roduc t s ,  as is 
f o u n d  for  the  b e t t e r  k n o w n  i n d i r e c t  ac t iva to r s .  I t  is 
c o n c l u d e d  t ha t  the  s e l f - a c t i v a t e d  p h o s p h o r s  can  be  
c o n s i d e r e d  to be  i n d i r e c t l y  a c t i v a t e d  b u t  to d i f fer  
in  some de ta i l s  f r om the  b e t t e r - k n o w n  m e m b e r s  of 
th is  c lass  of ZnS  phosphor s .  

The  specific effect  of H~O ( a n d  o t h e r  o x y g e n o u s  
a ge n t s )  in  i n h i b i t i n g  the  f o r m a t i o n  of o r a n g e  cen -  
t e r s  is not  c o m p l e t e l y  unde r s tood .  Some  p r e l i m i n a r y  
o b s e r v a t i o n s  i nd i ca t e  t h a t  t he  H~O a c t u a l l y  p r e v e n t s  
t h e  Cu.~S f rom d i s so lv ing  in t he  ZnS.  C a r e f u l  c o m -  
p a r i s o n  of a s a m p l e  of ZnS :  10-' Cu f i red  in  d r y  H~S 
w i t h  one  f i red in  w e t  H~S s h o w e d  t h e  l a t t e r  to h a v e  
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a l o w e r  re f l ec tance  to v i s ib le  l ight ,  p r e s u m a b l y  b e -  
cause  of the  p r e s e n c e  of a g r e a t e r  a m o u n t  of u n d i s -  
so lved  Cu~S. W h e n  the  two  s a m p l e s  w e r e  g r o u n d  
in N a C N  so lu t ion  to r e m o v e  excess  Cu~S and  r e t i r ed  
a t  l l 0 0 ~  in d r y  H~S, t he  s a m p l e  o r i g i n a l l y  f i red 
in w e t  H~S was  the  d i m m e r ,  i n d i c a t i n g  less  Cu 
a v a i l a b l e  for  f o r m a t i o n  of o r a n g e  centers .  The  w e t -  
f i red s a m p l e  was  f o u n d  b y  c h e m i c a l  ana lys i s  to con-  
t a in  on ly  a b o u t  ha l f  as m u c h  Cu as t he  d r y - f i r e d  
sample .  Thus  a t  l e a s t  p a r t  of t he  d e c r e a s e  in  o r ange  
emiss ion  in  w e t - f i r e d  s a m p l e s  can  b e  c o r r e l a t e d  w i t h  
a d e c r e a s e  in  t he  c o n c e n t r a t i o n  of d i s so lved  Cu. 

I t  is p r o b a b l e  t h a t  a s m a l l  a m o u n t  of ZnO is 
f o r m e d  in sol id  so lu t ion  in  the  Z n S  d u r i n g  a w e t  
H=S fir ing.  A s e m i q u a n t i t a t i v e  c h e m i c a l  ana lys i s  of 
w e t - f i r e d  ZnS:  10 -~ Cu i n d i c a t e d  t h a t  the  c o n c e n t r a -  
t ion of ZnO m u s t  a m o u n t  to less t h a n  10 - '  m o l e  f r a c -  
t ion.  S ince  the  c o n c e n t r a t i o n  of o r a n g e  centers ,  
w h i l e  b e i n g  u n k n o w n ,  is e x p e c t e d  to be  of t he  o r d e r  
of 10-', i t  is c o n c e i v a b l e  t h a t  th is  a m o u n t  of d i s -  
so lved  o x y g e n  m a y  assoc ia te  w i t h  the  Cu or  t he  co-  
a c t i v a t i n g  species  so as to p r e v e n t  t he  f o r m a t i o n  of 
o r a n g e  centers .  A b e t t e r  o x y g e n  ana lys i s  shou ld  
he lp  c l e a r  up  this  ques t ion .  

T h e r e  is no t  y e t  sufficient  ev idence  to dec ide  on 
the  i d e n t i t y  of the  o r a n g e  cen t e r  in  Z n S : C u .  I t  m a y  
be  of some va lue ,  h o w e v e r ,  to l i s t  a l l  t he  mode l s  
w h i c h  seem r e a s o n a b l y  l i ke ly ;  th i s  has  been  done  

b e l o w .  Mode l s  ( I I )  a n d  ( IV)  h a v e  been  sugges t ed  
p r e v i o u s l y  b y  K r S g e r  (12) ,  and  m o d e l  ( I ) ,  b y  B o w -  
ers  and  M e l a m e d  (2) .  A l l  the  m o d e l s  wi l l  h e r e  be  
a s s u m e d  to a d h e r e  to t he  ru l e  t ha t  no spec ies  m a y  
have  u n p a i r e d  e lec t rons .  This  r u l e  is b a s e d  on the  
conc lus ion  of B o w e r s  a n d  M e l a m e d  (2) t h a t  no u n -  
p a i r e d  e l ec t rons  a r e  i n v o l v e d  in the  o r a n g e  centers .  

(I) Cu~ +" Vc-- " Cu~ + 
(II) Cuj �9 VA §247 �9 CUj 

(III) Cuj" Znl +§ Cuj 

(IV) Cus-" Cu~ § 

(V) Cu~-- CuJ 

The  c o n v e n t i o n  used  in the  a b o v e  l is t  for  l a b e l i n g  
i m p e r f e c t i o n  or  i m p u r i t y  cen te r s  in  ZnS  is as fo l -  
lows:  s u b s c r i p t s  s and  i a r e  u sed  to  d e s i g n a t e  s u b -  
s t i t u t i o n a l  a n d  i n t e r s t i t i a l  pos i t ions .  Zinc  a n d  s u l f u r  
vacanc ie s  a r e  w r i t t e n  as Vc and  VA, r e spec t i ve ly .  
The  s u p e r s c r i p t  is t h e  excess  cha rge  in  the  r eg ion  of 
t he  spec ies  a r i s i ng  f r o m  donor  or  accep to r  ac t ion  in 
the  sense  used  b y  P r e n e r  a n d  W i l l i a m s  (13) or  
B o w e r s  a n d  M e l a m e d  (2) .  F o r  ins tance ,  s u b s t i t u -  
t i ona l  Cu, h a v i n g  one less e l ec t ron  t h a n  Zn, m u s t  
act  as a s ing le  accep tor .  I t  accep t s  one e l ec t ron  f r o m  
the  donor  and  thus  t a k e s  on a s ing le  n e g a t i v e  c h a r g e  
c o m p a r e d  to s u b s t i t u t i o n a l  Zn. A su l fu r  v a c a n c y  or  
an  i n t e r s t i t i a l  Zn acts  as a d o u b l y  ion ized  donor  and  
t h e r e f o r e  t a k e s  on a d o u b l e  pos i t i ve  charge ,  w h i l e  
i n t e r s t i t i a l  Cu acts  as a s ing ly  ion ized  donor .  The  
pos i t i ve  cha rge  on a s u b s t i t u t i o n a l  Cu in m o d e l  (V)  
wi l l  b e  e x p l a i n e d  in  a l a t e r  p a r a g r a p h .  

In  a l l  t he  a b o v e  models ,  the  d i f fe ren t  spec ies  a r e  
c ons ide r ed  as assoc ia ted ,  t ha t  is, o c c u p y i n g  pos i -  
t ions  in  t h e  close n e i g h b o r h o o d  of each  o ther .  This  
comes  out  of t h e  fo l l owing  r eason ing .  
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I t  is g e n e r a l l y  a g r e e d  t h a t  t he  g r e e n  c e n t e r  in co-  
a c t i v a t e d  Z n S : C u  is Cus-, w i t h  the  coac t iva to r ,  such 
as Cls + or  At2 ,  ( a )  r a n d o m l y  d i s t r i b u t e d  w i t h  r e -  
spec t  to t he  C u j ,  or  (b )  a s soc ia t ed  w i t h  i t  (11) .  The  
f o r m e r  has  been  t a c i t l y  a s s u m e d  in the  pas t .  A 
m o d e l  in w h i c h  the  Cus- and  C1J occupy  second  or  
t h i r d  n e a r e s t  n e i g h b o r  pos i t ions  was  p r o p o s e d  b y  
P r e n e r  and  W i l l i a m s  (13) .  This  a s soc ia t ion  was  p r e -  
d i c t e d  on the  bas i s  of t h e  e l e c t ro s t a t i c  a t t r a c t i o n  b e -  
t w e e n  t h e  C u j  a n d  the  C1J. I t  w i l l  be  s h o w n  t h a t  
w h i c h e v e r  case  is the  t r u th ,  the  spec ies  of t he  
o r a n g e  c e n t e r  m u s t  be  associa ted .  

N o w  mode l s  ( I I )  to (V) each  i n v o l v e  a Cuz .  
The re fo re ,  if  the  spec ies  a r e  no t  assoc ia ted ,  each  
m o d e l  w o u l d  y i e l d  Cus-, w i t h  the  p o s i t i v e l y  c h a r g e d  
spec ies  r a n d o m l y  d i s t r i b u t e d .  A c c o r d i n g  to p o s t u -  
l a t e  ( a ) ,  th is  C u j  shou ld  t h e n  b e h a v e  as a g r e e n  
cen te r .  S ince  s e l f - c o a c t i v a t e d  ZnS:  Cu  does  no t  e m i t  
in a g r e e n  band ,  one  w o u l d  conc lude  t h a t  t he  species  
a r e  assoc ia ted .  

If, h o w e v e r ,  i t  is t r ue  t h a t  e l e c t ro s t a t i c  a t t r a c t i o n  
b e t w e e n  C u j  a n d  the  c o a c t i v a t o r  l eads  to assoc ia -  
t ion,  t hen  t h e  spec ies  in  m o d e l s  ( I I )  to (V)  should  
also be  a s soc ia t ed  for  t he  s a m e  reason.  In  th is  case, 
t he  p e c u l i a r  n a t u r e  of t he  s e l f - c o a c t i v a t o r  m u s t  ac -  
count  for  t he  emiss ion  s p e c t r u m  d i f fe r ing  so r a d i -  
ca l l y  f rom the  g reen  b a n d  f o u n d  for  t he  u s u a l  co-  
ac t iva to r s .  

A n  ana logous  a r g u m e n t  can  be  d e v e l o p e d  for  
m o d e l  ( I ) ,  w h e r e  t h e  Vc-- cou ld  l e ad  to b lue  e m i s -  
s ion band  l i ke  s e l f - a c t i v a t e d  ZnS,  if p o s t u l a t e  (a )  
is t rue .  

Theo re t i c a l l y ,  i t  shou ld  be  poss ib l e  to choose  
a m o n g  the  m o d e l s  b y  p r e d i c t i n g  the  f ree  ene rg ie s  
of f o r m a t i o n  of the  v a r i o u s  spec ies  and  choos ing  the  
m o d e l  w h i c h  r e p r e s e n t s  t h e  s m a l l e s t  ( pos i t i ve )  f r ee  
e n e r g y  charge .  This  w o u l d  en t a i l  a c a r e f u l  e s t i -  
m a t i o n  of t h e  e n e r g y  a s soc i a t ed  w i t h  i n t e r s t i t i a l  
a toms,  vacanc ies ,  mis s ing  bonds ,  cou lombic  t e rms ,  
e n t r o p y ,  etc. T h e  ZnS  l a t t i c e  can  p r o b a b l y  be  con-  
s i de r e d  as l a r g e l y  c o v a l e n t  in these  e s t ima tes ,  a l -  
t h o u g h  an  ionic  c o n t r i b u t i o n  m a y  be  i m p o r t a n t .  T h e  
concep t  of donors  and  accep to r s  can  be  b o r r o w e d  
f rom s e m i c o n d u c t o r  t h e o r y  to he lp  u n d e r s t a n d  some 
of the  r e l a t i o n s h i p s  (2) .  H o w e v e r ,  a l i m i t e d  e x -  
p l o r a t i o n  of th i s  m e t h o d  ind ica t e s  no v e r y  g r e a t  e n -  
e r g y  d i f fe rences  a m o n g  the  d i f f e ren t  mode ls .  

I t  does seem t h a t  m o d e l  ( I )  can  be  e l i m i n a t e d  b e -  
cause  of t he  fo l l owing  cons ide ra t ions .  Mode l  ( I )  i n -  
vo lves  the  s a m e  species  as t h a t  p r o p o s e d  b y  B o w e r s  
a n d  M e l a m e d  (2) ,  b u t  is assoc ia ted ,  w h e r e a s  t h e y  
a p p a r e n t l y  a s s u m e d  a c o m p l e t e l y  d i s soc ia t ed  m o d e l  
w i t h  t he  VC- a c c oun t i ng  for  t he  b l u e  emis s ion  b a n d  
t h e y  found  in t h e i r  samples .  S ince  t h e  b lue  b a n d  has  
been  s h o w n  b y  th is  w o r k  to b e  due  to i m p u r i t i e s ,  
t h e i r  a r g u m e n t  for  th is  d i s soc i a t ed  m o d e l  is u n s a t i s -  
f ac to ry .  This  m o d e l  also seems  i m p r o b a b l e  b e c a u s e  
i t  is l i k e l y  t ha t  e n e r g y  could  be  ga ined  by  the  
r e a c t i o n  

Cul § �9 Vc-- �9 Cul § Cus- �9 Cu~ § 

Here the energy of the system can be decreased by a 

Cu atom moving from an interstitial position 

( w h i c h  m a y  r e p r e s e n t  a s t r a i n )  in to  a v a c a n c y  
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w h e r e  i t  can  fo rm b o n d s  to  t he  s u r r o u n d i n g  S 
a toms.  

Mode l  (V)  i n v o l v e s  o x i d a t i o n  of t he  ZnS  as can  
be  seen  b y  w r i t i n g  t h e  f o r m a l  s teps  n e c e s s a r y  to 
c o n v e r t  m o d e l  ( I I )  in to  m o d e l  (V) .  

%S2 
2Cus-.VA++~ 2Cu~ ~ VA ) 2Cus ~ Cus + 
In the first step, each Cuj  acceptor transfers its 
electron back to the V~ ++ donor. A neutral S atom 
from the atmosphere then fills the VA. Then one of 
the Cus ~ atoms acts as a donor, giving an electron to 
the other Cus ~ which acts as an acceptor. The Cu, + 
then is a substitutional Cu (with d shell filled), 
with both electrons missing from one of its bonds to 
a neighboring S atom. This model is attractive be- 
cause no vacancies or interstitial atoms are neces- 
sary. In addition, when associated in neighboring 
positions, the pair of Cu atoms may lower the en- 
ergy of the system by the resonance represented by 
the equation 

Cuj  �9 Cus § ~- Cue § �9 Cuj 

This resonance might result in a set of energy levels 
quite different from those of a hypothetical system 
with Cu/ and Cuj separated, with no resonance 
occurring. These levels might account for the pe- 
culiar properties of the orange center. The weakness 
of this model is the fact that the orange centers are 
stable to firing in a reducing atmosphere, a condition 
which should inhibit the necessary oxidation step 
shown above. 

Conclusions 
1. The  emiss ion  of s e l f - c o a c t i v a t e d  Z n S : C u  con-  

sists  of a s ingle  b r o a d  b a n d  p e a k i n g  a t  1.84 e.v.; t he  
p r e s e n c e  of o the r  emis s ion  b a n d s  can  be  a t t r i b u t e d  
to c o a c t i v a t o r  t y p e  i m p u r i t i e s .  

2. A n  ana logous  s i l v e r - a c t i v a t e d  p h o s p h o r  can  
b e  p r e p a r e d  w i t h  an  emiss ion  p e a k  a t  1.97 e.v. 

3. The  pos i t i on  of  t h e  s e l f - c o a c t i v a t e d  Z n S : C u  
emiss ion  p e a k  does  no t  c h a n g e  w i t h  c r y s t a l  s t r u c -  
ture ,  b u t  does  sh i f t  w i t h  CdS add i t ion .  

4. O r a n g e  cen t e r s  a r e  i n sens i t i ve  to ox id i z ing  
and  r e d u c i n g  a t m o s p h e r e s .  

5. O r a n g e  cen te r s  do no t  f o r m  in t he  p re sence  
of t r aces  of o x y g e n o u s  i m p u r i t i e s  in  t he  f i r ing a t -  
m o s p h e r e ;  once f o r m e d  a t  l l 0 0 ~  h o w e v e r ,  t h e y  
a r e  s t ab l e  to these  i m p u r i t i e s  a t  1100 ~ or  lower .  

6. T h e  o r a n g e  c e n t e r  is p r o b a b l y  c o m p l e t e l y  as -  
socia ted ,  has  a g r o u n d  l eve l  a b o u t  0.4 e.v. f r o m  the  
top  of t he  f i l led b a n d  a n d  a t r a p p i n g  l eve l  a b o u t  0.5 
e.v. b e l o w  t h e  b o t t o m  of  t h e  c onduc t i on  band .  
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Phthalocyanine 
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ABSTRACT 

The electrical resistance of samples of powdered copper-phythalocyanine, 
plat inum phthalocyanine, highly chlorinated copper-phthalocyanine, and of 
two polymers of copper-phthalocyanine were measured at various temperatures 
in a nitrogen atmosphere. 

All of the compounds showed semiconductive behavior. The highly chlo- 
r inated copper-phthalocyanine and the platinum-phthalocyanine had approxi- 
mately the same resistance as the copper-phthalocyanine, whereas both 
polymers had lower resistances--one of the polymers having a resistance of 
about 10 -~ that  of copper-phthalocyanine at various temperatures. Some the- 
oretical implications of the above facts are mentioned in this report. 

In 1935 and 1936 Robertson (1) repor ted  the crys-  
tal  s t ruc ture  of several  meta l  subs t i tu ted  ph tha lo -  
cyanines, as well  as ph tha locyanine  itself. These 
compounds are w e l l - k n o w n  pigments  which are 
s t ruc tu ra l ly  re la ted  to the n a t u r a l l y  occurr ing por -  
phyrins.  The s t ructures  of ph tha locyanine  and cop- 
per ph tha locyanine  are  shown in Fig. 1. 

Va r t anyan  (2) and Eley (3),  work ing  independ-  
ently,  found the exponent ia l  re la t ionship  be tween  
conduct ivi ty  and the reciprocal  of the  t empera tu re  
for phthalocyanines ;  f rom this and other  observa-  
tions, they each concluded tha t  phtha locyanines  act 
l ike intr insic  semiconductors.  

K le i tman  (4) repor ted  t empera tu re -conduc t iv i ty  
measurements  for single crysta ls  of ph tha locyanine  
and copper phthalocyanine,  as well  as absorpt ion 
spectra  and photoconduct iv i ty  measurements  of 
"smeared  films" of phthalocyanine.  He compared  

LJ kJ 

FROM 

o ~c\ O iJ 
/ N H  "~NH t - C - N H ~  

0 

P H T H A L O C Y A N I N E  

FROM NH ,F NHp - C - N H  z 

I I  

0 WITH CuC'~ 

C O P P E R  P H T H A L O C Y A N D N E  

Fig. 1. Structural formulas and starting compounds 

"energy gaps" de te rmined  f rom the different  meas-  
urements ,  in addi t ion to making  a photosensi t ive  
point  contact rectifier f rom a pressed pi l l  of ph tha lo-  
cyanine.  

Many, Harnik,  and Gerl ich (5) made  rough cal-  
culations of the "mobi l i ty"  of the carr iers  in ph tha lo -  
cyanine,  copper phthalocyanine ,  and many  other 
po lynuclear  organic mater ia ls .  The values  they  est i -  
mated  were  1 cm2/v/sec for ph tha locyan ine  and 10 
cmVv/sec  for the copper subs t i tu ted  compound. 

In this work,  t empera tu re -conduc t iv i ty  measu re -  
ments  have been made  on powder  samples of copper 
ph tha locyanine  and a number  of re la t ives  of these 
compounds differing only in c rys ta l l ine  a r r angemen t  
or molecular  s t ructure.  

The results  on each ma te r i a l  can be expressed by 
a re la t ion of the form 

Er ~ (I"o e -e l2kT 

where  ~ m a y  be considered the  apparen t  energy gap 
and Zo, the  conduct ivi ty  ex t rapo la t ed  to infinite t em-  
pe ra tu re  which may  be p resumed  to depend on the  
to ta l  ca r r ie r  concentrat ion and on the car r ie r  mobi l -  
ity. The var ious  mate r ia l s  a re  thus convenient ly  
compared in terms of these parameters .  

The compounds s tudied besides copper ph tha lo-  
cyanine were  chlor inated  copper phthalocyanine ,  
p la t inum phthalocyanine ,  and  the two polymers  of 
copper phthalocyanine .  This was done in an a t t empt  
to discover what  effect the  differences be tween the 
compounds might  have on the "energy gap" and 
" re la t ive  mobi l i ty"  of the carriers .  I t  was fel t  that  
through this, some insight  into the na tu re  of the con- 
duct iv i ty  might  be gained. 
Chlorinated copper ph thalocyanine . - -The  chlor i -  
na ted  copper ph tha locyan ine  molecule  has chlorine in 
place of the hydrogens  which sur round  the molecule. 
On the average,  15 out of the 16 hydrogens  were  re -  
p laced by  chlorine. If the energy gap or mobi l i ty  de-  
pends on ac t iv i ty  at  the  edges of the molecule, the  
rep lacement  of the hydrogen  should vas t ly  affect it. 

141 
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4.3A" 

7" ?NE 

COPPER PHTHALOCYANINE 

COPPER P H T H A L O C Y A N I N E  

b PLANE 

P L A T I N U M  P H T H A L O C Y A N I N E  

Fig. 2. Geometric positioning of molecular planes in crystal 

Platinum phthaIocyanine.--The p l a t i n u m  p h t h a l o -  
c y a n i n e  di f fers  in  c r y s t a l l i n e  a r r a n g e m e n t  f rom the  
copper  c o m p o u n d  in t h a t  the  ang le  w i t h  the  b p l a n e  
(see Fig.  2) di f fers  f r o m  t h a t  of t he  l a t t e r  c o n s i d e r -  
ab ly .  Thus,  if  t he  e n e r g y  gap  or  m o b i l i t y  d e p e n d s  on 
specific a toms  in one m o l e c u l e  in  a " s t a c k "  be ing  
l i ned  u p  w i t h  specific a t o m s  of a n e i g h b o r  in f ron t  
of or  b e h i n d  it, the  v a r i a t i o n  in ang le  shou ld  g r e a t l y  
affect  it. 

.ooc ~ . . . .  o 
FROM ~ 4- NN I -  C -- NHIr t;vr 

HOOC COOH 

Y, 
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! \ I 

, , ) 
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COPPER PHTHALOCYANrNE POLYMER 

Fig. 3. Structure of polymer and starting compounds 

Polymers.--The p o l y m e r s  (see Fig.  3) d i f fe red  f rom 
the  m o n o m e r  in size; the  mo lecu le s  of t he  f o r m e r  
p r o b a b l y  " s t a c k i n g "  ju s t  as t he  l a t t e r .  As  in  t he  
c h l o r i n a t e d  compound ,  if t he  a c t i v i t y  w e r e  edge  to  
edge,  some v e r y  s u b s t a n t i a l  effects shou ld  be  n o t e d  
on e n e r g y  gap  and  mob i l i t y .  

Thus,  i t  was  fe l t  t h a t  t h e  c o m p a r i s o n s  d e s c r i b e d  
a b o v e  w o u l d  p r o v i d e  some e a r l y  ind ica t ions  of t he  
n a t u r e  of the  cha rge  m o t i o n  f rom m o l e c u l e  to 
molecu le .  

Exper imenta l  Results 

Copper-phthalocyanine.--The first  s t ep  was  to 
t a k e  r e s i s t ance  vs. t e m p e r a t u r e  m e a s u r e m e n t s  on 
m u l t i p l y  v a c u u m - s u b l i m e d  c o p p e r - p h t h a l o c y a n i n e  
c r y s t a l  p o w d e r .  The  p u r p o s e  of th is  m e a s u r e m e n t  
was  to c o m p a r e  the  r e su l t s  w i t h  ex i s t i ng  m e a s u r e -  
m e n t s  and  thus  t es t  t he  p r o c e d u r e  a n d  e q u i p m e n t  
used  in th is  w o r k  (see Fig.  4) .  The  s a m p l e s  m e a s u r e d  
we re  a l l  loose p o w d e r s  u n d e r  low c o m p a c t i o n  p r e s -  
su re  ( a b o u t  8 p s i ) .  I t  was  n o t e d  t h a t  t he  r e s i s t ance  
d id  not  v a r y  a p p r e c i a b l y  w i t h  m i n o r  p r e s s u r e  v a r i a -  
t ions.  The  r e s i s t ances  g iven  t h r o u g h o u t  w e r e  for  
s a mp le s  20 m m  in d i a m e t e r  and  a p p r o x i m a t e l y  1 
m m  th ick .  The  e l ec t rodes  w e r e  gold  disks .  To avo id  
i r r e g u l a r i t i e s  of m e a s u r e m e n t s  d u r i n g  the  f irst  r u n  
(4) ,  the  s a m p l e s  w e r e  h e a t e d  d i r e c t l y  up  to 340~ 

in a n i t r o g e n  a t m o s p h e r e ;  t h e n  the  r e s i s t ances  w e r e  

m e a s u r e d  w h i l e  t he  t e m p e r a t u r e  was  d e c r e a s i n g  
c o n s t a n t l y  at  a r a t e  of a b o u t  1 0 ~  in i n t e r v a l s  
of 10~ (Fig .  5, c u r v e  a ) .  M e a s u r e m e n t s  t a k e n  
d u r i n g  c o n s t a n t l y  i nc r e a s ing  t e m p e r a t u r e  showed  
s l i gh t ly  h i g h e r  r e s i s t ances  (Fig .  5, c u r v e  b ) .  F o r  
f inal  d a t a  the  s a m p l e s  w e r e  r e h e a t e d  to at  l eas t  
t h r e e  d i f fe ren t  t e m p e r a t u r e s - - f o r  t he  sake  of accu -  
r acy  each  of t he se  t e m p e r a t u r e s  was  m a i n t a i n e d  for  
a p p r o x i m a t e l y  ha l f  an hou r  be fo re  t he  r e s i s t ance  
was  m e a s u r e d .  This  m e t h o d  led  to r e a d i n g s  (Fig .  5 
c u r v e  c) w h i c h  l ay  b e t w e e n  those  of t he  f irst  two  
runs .  G r a p h i c a l l y  a l l  l i n e a r  cu rves  in  t he  log a vs. 
1/T d i a g r a m  s h o w e d  the  s ame  slope,  w h i l e  t h e i r  r e -  
s i s tances  d i f fe red  b y  a cons t an t  f ac to r  due  to t e m -  
p e r a t u r e  lags in  the  sample .  There fo re ,  t he  m i d d l e  
c u r v e  was  cons ide red  to be  t he  mos t  a c c u r a t e  one. 

I t  shou ld  be  m e n t i o n e d  t ha t  c o p p e r - p h t h a l o c y a n i n e  
s y n t h e s i z e d  f rom d i f fe ren t  m a t e r i a l s  ( p h t h a l i c  acid,  
p h t h a l a m i d e ,  p h t h a l o n i t r i l e )  s h o w e d  the  s a m e  s e m i -  
c onduc t i ve  behav io r .  The  on ly  de v i a t i ons  w e r e  due  

~OLO 6(xD SUARO QUARTZ 
E~  RINS 

~ SAM~.g 

Ri lCROMI  H I l lER  

R~eeo 

i J <"':.:g. 

Fig. 4. Measurement apparatus 
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Fig. 5. Resistance of Cu-phthalocyanine vs. reciprocal of 
temperature. 

to poor  p u r i t y  of t he  p i g m e n t .  Even  a f t e r  t he  first  
v a c u u m  s u b l i m a t i o n  ce r t a i n  i r r e g u l a r i t i e s  w e r e  
s o m e t i m e s  found,  w h i l e  t he  r e su l t s  a f t e r  a second  
and  t h i r d  s u b l i m a t i o n  w e r e  a l w a y s  in  good a g r e e -  
ment .  

In  o r d e r  to s t u d y  the  mos t  e f fec t ive  pu r i f i ca t ion  
m e t h o d s  for  n o n s u b l i m a b l e  p h t h a l o c y a n i n e s ,  a se r ies  
of pu r i f i ca t ion  e x p e r i m e n t s  w e r e  p e r f o r m e d  on non -  
s u b l i m e d  c o p p e r - p h t h a l o c y a n i n e .  E v e n  m u l t i p l e  r e -  
p r e c i p i t a t i o n  or  r e c r y s t a l l i z a t i o n  f rom c o n c e n t r a t e d  
su l fu r i c  ac id  p r o v e d  to be  insufficient .  B r i n g i n g  the  
s a m p l e  up  to  400~ and  ho ld ing  i t  t h e r e  for  s e v e r a l  
hours  in n i t r o g e n  a t m o s p h e r e  r e s u l t e d  in a p roduc t ,  
of w h i c h  the  r e s i s t ance  vs. t e m p e r a t u r e  m e a s u r e -  
m e n t s  w e r e  in  good a g r e e m e n t  w i t h  those  of sub -  
l i m e d  c o p p e r - p h t h a l o c y a n i n e .  H o u r l y  checks  showed  
a cons t an t  a p p r o a c h  to t h e  i dea l  curve ,  w h i c h  was  
r e a c h e d  a f t e r  5 hr .  A f u r t h e r  h e a t i n g  of up  to 10 h r  
b r o u g h t  no change .  

Chlorinated copper-phtha~ocyanine.--Highly ch lo -  
r i n a t e d  ( a b o u t  15 C l - a t o m s  p e r  p h t h a l o c y a n i n e  
m o l e c u l e )  c o p p e r - p h t h a l o c y a n i n e  (du  Pon t  M o n a s -  
t r a l  F a s t  G r e e n  G)  was  pur i f i ed  c a r e f u l l y  at  first  
b y  t r e a t m e n t s  w i t h  HC1 a n d  NaOH.  I n  add i t ion ,  t h e  
p r o d u c t  was  e x t r a c t e d  w i t h  bo i l ing  alcohol .  A t r e a t -  
m e n t  a t  350~ in v a c u u m  st i l l  gave  some s u b l i m a -  
t ion of a w h i t e  m a t e r i a l .  A f t e r  some hour s  the  first  
r e s i s t ance  vs. t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  t a k e n  
(Fig .  6, c u r v e  a ) .  F u r t h e r  h e a t  t r e a t m e n t  in  v a c u u m  
up to 500~ h o w e v e r ,  r e s u l t e d  in an  a p p r o a c h  of 
th is  c u r v e  t o w a r d  the  n o r m a l  c o p p e r - p h t h a l o c y a n i n e  
log t l  ove r  1/T curve .  (F ig .  6, c u r v e  b, c ) .  S ince  a 
s u b l i m a t i o n  of c o p p e r - p h t h a l o c y a n i n e  was  f o u n d  in 
the  tube ,  i t  is a s s u m e d  t h a t  c h l o r i n a t e d  c o p p e r -  
p h t h a l o c y a n i n e  sp l i t s  off some or  a l l  of i ts  ch lo r ine  
a toms.  The  res idue ,  also, l ooked  m u c h  b l u e r  t h a n  
t h e  o r i g i n a l  s a m p l e  and  h a d  c h a r a c t e r i s t i c s  g iven  in 
c u r v e  d of Fig.  6. 

Thus,  for  th is  compound ,  i nd i ca t ions  w e r e  t h a t  
decompos i t i on  a c c o m p a n i e d  pu r i f i ca t ion  and  the  d a t a  
o b t a i n e d  shou ld  be  u n d e r s t o o d  to be  t h a t  of a p a r -  
t i a l l y  d e c h l o r i n a t e d  molecu le .  In  genera l ,  i t  m a y  be  

( i)  C . L 0 ~ * . * T [ 0  

(2) C~ - pHTHAL0CY JNINE 

I 
1.4 l e  I I  z o  2.2 Z 4  ~ S  ~ 

I O 0 0 / T  

Fig. 6, Comparison of results for Cu-phthalocyanine with its 
chlorinated counterpart. 

sa id  tha t  c h l o r i n a t e d  c o p p e r - p h t h a l o c y a n i n e  shows  
the  s a m e  a c t i v a t i o n  e n e r g y  as  c o p p e r - p h t h a l o c y a n i n e  
i t se l f  and  a b o u t  1/10 the  r e s i s t ance  (see Fig.  6) .  

Platinum-phthalocyanine.--By x - r a y  e x a m i n a t i o n  
of p l a t i n u m - p h t h a l o c y a n i n e  c rys t a l s ,  R o b e r t s o n  (1)  
f o u n d  t h a t  t he  m o l e c u l a r  s t r u c t u r e  of p l a t i n u m -  
p h t h a l o c y a n i n e  is v e r y  s i m i l a r  to the  o t h e r  p h t h a l o -  
cyan ines .  As  for  i ts  c r y s t a l l i n e  s t ruc tu re ,  h o w e v e r ,  
even  t h o u g h  the  mo lecu le s  a r e  a r r a n g e d  in a s i m i l a r  
" s t a c k e d "  fashion ,  t h e y  a r e  at  an  ang le  to the  (b)  
p l a n e  of on ly  26.5 ~ i n s t e a d  of 44.2 ~ as in  c o p p e r -  
p h t h a l o c y a n i n e .  A l l  the  o t h e r  p h t h a l o c y a n i n e s  e x a m -  
ined  w e r e  s i m i l a r  to the  coppe r  in th i s  respect .  

In  o r d e r  to s t u d y  the  effect of the  c r y s t a l  s t r u c -  
t u r e  on s e m i c o n d u c t i v e  p r o p e r t i e s  of p h t h a l o c y a n i n e s ,  
some re s i s t ance  vs. t e m p e r a t u r e  m e a s u r e m e n t s  on 
m u l t i p l y  s u b l i m e d  p l a t i n u m - p h t h a l o c y a n i n e  w e r e  
made .  Resu l t s  a r e  g iven  in Fig .  7 and  c o m p a r e d  w i t h  

; 

/, t 
~~ ,00~ . . . . . . . .  

Fig. 7, Comparison of results for Cu-phtholocyanine with 
Pt-pht halocyanine. 
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Fig. 8. Comparison of results for Cu-phtholocyonine mono- 
mer with two polymers. 

those of coppe r -ph tha locyan ine .  As the  difference 
in  abso lu te  res i s tance  va lues  is small ,  the conclus ion 
was  reached  tha t  the  angle  w i th  the (b)  p l a n e - -  
which  governs  the  way  atoms in  one molecule  l ine  
up w i th  those in  another ,  b e h i n d  or in  f ron t  of i t - -  
has no i m p o r t a n t  inf luence  on the  mob i l i t y  of the 
charge carr iers .  

A s l ight  difference in  slope of bo th  curves  is not  
ve ry  surpr i s ing ,  as the  same effect was  k n o w n  for 
ph tha locyan ine ,  m a g n e s i u m - p h t h a l o c y a n i n e ,  and  
s imi la r  compounds  w h e n  compared  wi th  each o ther  
or wi th  coppermphthalocyanine .  Thus,  a ce r ta in  in -  
f luence of the cen t ra l  a tom on the  b a n d  gap is to be 
expected.  

P o l y m e r  c o p p e r - p h t h a ~ o c y a n i n e . - - A ] t h o u g h  it  is 
no t  possible to give defini te  s t a t emen t s  abou t  the  
s t r uc tu r e  of the  po lymer  ph tha locyan ines ,  chemical  
and  phys ica l  e x a m i n a t i o n s  ind ica te  tha t  the four  
ca rboxy l  groups  of p ryomel l i t i c  acid react  wi th  
mo l t en  u rea  in  a w a y  s imi la r  to the  reac t ion  of the  
two ca rboxy l  groups  of ph tha l i c  acid w h e n  ph tha lo -  
c y a n i n e  is formed.  In  this  way  a p o l y m e r  ph tha lo -  
cyan ine  is bu i l t  up. A combina t ion  of e l e m e n t a r y  
ana lys i s  and  theore t ica l  ca lcu la t ions  lead to the  i nd i -  
ca t ion  of a mode l  of at  leas t  t en  closely packed  
p h t h a l o c y a n i n e  molecules .  

Since fo rmer  expe r imen t s  have  shown  tha t  the  
reac t ion  t e m p e r a t u r e  has cons iderab le  inf luence on 
this  k ind  of p h t h a l o c y a n i n e  condensa t ion  and  also 
affects the  po lymolecu la r i ty ,  two pa ra l l e l  condensa -  
t ions  were  s tar ted,  one at  250~ and  the o ther  at 
350~ 

Compar i son  of  the  250 ~ p o l y m e r  and the  350 ~ 
p o l y m e r . - - A l l  of the  e x p e r i m e n t s  led to the  conc lu-  
sion t ha t  the  250 ~ p o l y m e r  had  a h ighe r  mo lecu l a r  
weight  t h a n  the  350 ~ po lymer .  The chief ind ica t ions  
were  res i s tance  vs. t e m p e r a t u r e  m e a s u r e m e n t s ,  vis-  
cosity m e a s u r e m e n t s  in  solut ion,  and  c o p p e r - a n a l y -  
ses. A f u r t h e r  conf i rmat ion  migh t  be expected  f rom 
to ta l  e l e m e n t a r y  analysis .  The i m p o r t a n c e  of the  

Table I 

~o 
(ee.).v ~o (ohm-cm) -I 

Compound (ohms) • 10 -8 

Copper phthalocyanine  1.79 0.83 3.82 
P la t inum phthalocyanine  1.52 13.92 0.229 
Chlorinated copper 

phthalocyanine 1.86 0.09 35.0 
Lower polymer (350~ 0.95 31.9 0.I0 
Higher polymer (250~ 0.81 50.2 0.063 

lat ter ,  however ,  is r a the r  smal l  since the  da ta  for 
C, H, N, and  O show smal l e r  changes  w i th  the  po ly -  
mo lecu la r i t y  t h a n  the  copper  data.  

Res is tance  vs.  t e m p e r a t u r e  m e a s u r e m e n t s . - - F i g u r e  
8 shows tha t  bo th  the  slope and  conduc t iv i ty  for the  
350 ~ po l yme r  lie b e t w e e n  respec t ive  da ta  for the  
250 ~ p o l y m e r  and  the m o n o m e r  c o p p e r - p h t h a l o -  
cyanine .  The compar i son  of the  b a n d  gaps of the  
three  compounds  shows tha t  they  a re  subjec t  to an  
expected decreas ing  sequence  (7-10) .  

According  to the  resul ts  of the  copper  analysis ,  
the two po lymers  should be cons idered  as t ight  
molecu la r  nets. This  conf igura t ion  resul t s  in  a n u m -  
ber  of ne w  resonance  possibi l i t ies  which  are r e spon-  
sible for the compound ' s  e x t r e m e l y  da rk  color. 

Resul ts  ind ica te  tha t  the ene rgy  gaps of such 
po lymers  decrease  as the  n u m b e r  of condensed  r ings  
and  hence  the re sonance  possibi l i t ies  increase.  A 
s imi la r  resu l t  has been  ob ta ined  in  s tudies  by  
A k a m a t u  and  Inokuch i  (7-10)  who found  lower  
ac t iva t ion  energies  for such h igher  condensed  aro-  
mat ics  as v io l an th rons  and  i sov io lan th rone  t h a n  for 
an th racene .  I t  appears  tha t  the  increase  in  the  n u m -  
ber  of condensed  r ings  resul ts ,  in  general ,  in  a 
decreas ing  ene rgy  gap. 

Comparative Results 
In  Tab le  I are  l is ted for each of the  ma te r i a l s  the  

va lues  of e and  ~o, together  w i th  ~o, the ex t rapo la ted  
sample  res i s tance  cor respond ing  to t = ~ .  A com-  
par i son  of these va lues  ind ica tes  no vas t  difference 
in  ~o. It  is t r ue  tha t  the  ch lo r ina ted  subs t i t u t ed  
compound  has abou t  10 t imes  the  ~o of the  u n s u b -  
s t i tuted,  and  the h igh p o l y m e r  a va lue  60 t imes  
lower  t h a n  the  monomer ,  bu t  these  differences are 
t hough t  to be m u c h  smal l e r  t h a n  would  be expected  
if the  ac tua l  m e c h a n i s m  of charge  t r ans f e r  were  
a l tered.  

S ince  the  car r ie rs  are  p r o b a b l y  p i -e lec t rons ,  whose 
dens i ty  is rough ly  p ropor t iona l  to the dens i ty  of the  
mater ia ls ,  and  s ince these densi t ies  v a r y  on ly  s l ight ly  
compared  to the va r i a t i on  of ~o'S observed,  the  r e l a -  
t ive va lues  for ~o mi gh t  also be cons idered  a good 
ind ica t ion  of the r e l a t ive  va lues  of car r ie r  mobi l i ty .  

Manuscript  received Jan. 11, 1957. This paper  was 
prepared for del ivery before the San Francisco Meet- 
ing, May 1-5, 1956. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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The Concentration of Hydrogen in Nickel under Hydrogen Ion 
Bombardment 

J. Morrison and J. J. Lander 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

Concentrat ions of hydrogen dissolved in nickel under  hydrogen ion bom- 
ba rdment  have been measured using a nickel  diffusion tube as the cathode in 
a glow discharge. No increase above the normal  was observed when clean 
nickel was bombarded.  Increases of several orders of magni tude  were ob- 
ta ined in the range near  200~ when the nickel was coated with nickel  oxide 
or ba r ium oxide. It  is believed that energetic ions penetra te  the outer surfaces 
of these materials  efficiently and are then trapped in  the interior  by surface 
barriers.  These data show that  normal  values of concentrat ion cannot be 
applied to nickel  and probably  many  other metals operat ing under  hydrogen 
ion bombardment  if their surfaces are contaminated.  

It  has been  found  tha t  h igh concen t ra t ions  of hy -  
d rogen  can  be p roduced  in  ZnO by  h y d r o g e n  ion 
b o m b a r d m e n t  (1) .  For  example ,  b o m b a r d m e n t  at 
200~ wi th  hyd rogen  ions can  p roduce  a concen-  
t r a t i on  five orders  of m a g n i t u d e  h igher  t h a n  the con-  
cen t r a t i on  ob ta ined  w h e n  an  equa l  n u m b e r  of n o r m a l  
h y d r o g e n  molecules  s t r ike  the  surface.  This behav io r  
resul t s  f rom two factors:  (a) ions of sufficient ve loci ty  
p e n e t r a t e  efficiently a sur face  ba r r i e r  to n o r m a l  re -  
action, and  (b) the  b a r r i e r  to escape of dissolved 
hyd rogen  is high. In  genera l  it is expec ted  tha t  in 
sys tems where  such surface  ba r r i e r s  are high,  r e la -  
t ive ly  la rge  i n t e r n a l  p ressures  of h y d r o g e n  can  be 
gene ra t ed  by  h y d r o g e n  ion b o m b a r d m e n t .  

In  the  work  on ZnO concen t ra t ions  of h y d r o g e n  
were  d e t e r m i n e d  by  m e a s u r e m e n t s  of conduct iv i ty .  
This was  possible  because  hyd rogen  forms a donor  
w i th  conven i en t  proper t ies .  In  this  work  s t eady-  
s ta te  diffusion rates  of hyd rogen  t h rough  a Ni t ube  
u n d e r  h y d r o g e n  ion b o m b a r d m e n t  were  measured .  

In  the  s teady s ta te  the  q u a n t i t y  of h y d r o g e n  flow- 
ing t h r o u g h  such a t ube  is 

Q = C D t A / d  (I)  

where  Q is the q u a n t i t y  in  cc m m  (a cc m m  is 1 cc 
at  1 m m  pres su re ) ,  C is the concen t r a t i on  in  cc m m / c c  
of Ni, D the  diffusion coefficient in  cm2/sec, t the 
t ime  in  seconds, A the  area  of the  t ube  in  cm", and  
d the  th ickness  of the  t ube  in  cm. The concen t ra t ion  
at  the  exi t  side is a ssumed  to be r e l a t i ve ly  low. 
B o m b a r d m e n t  by  h y d r o g e n  ions was  accompl ished 
by  us ing  the Ni t ube  as ca thode in  a glow discharge.  

This work  has shown  the  i m p o r t a n c e  of oxide 
films on Ni u n d e r  h y d r o g e n  ion b o m b a r d m e n t .  Large  

increases  in  c onc e n t r a t i on  of h y d r o g e n  in  Ni were  
ob ta ined  wi th  NiO on Ni a nd  wi th  BaO on Ni. Fo l -  
lowing  the  p rev ious  work  on ZnO, it  is proposed tha t  
the  surfaces  of these oxides a re  easi ly  p e n e t r a t e d  by  
energe t ic  ions, bu t  they  act  as effective ba r r i e r s  to 
the escape of h y d r o g e n  molecules .  No increase  in  
concen t r a t i on  was detec ted  w h e n  the  Ni was  "clean."  

Apparatus 
The work  was car r ied  on w i th  the  sys tem shown 

schemat ica l ly  in  Fig. 1. H y d r o g e n  f rom a t a n k  was  i n -  
t roduced  t h r ough  a s top-cock to a sp i ra led  t ube  of Ni. 
This  Ni spi ra l  was  fo rmed  of six t u r n s  of approx i -  
m a t e l y  3 cm d i ame te r  f rom t u b i n g  m e a s u r i n g  45 
mi ls  outs ide  d i ame te r  and  2 mi ls  wa l l  th ickness .  A n  
electrode of 60 mi l  Ni rod was  m o u n t e d  pa ra l l e l  to 
the  spira l  and  about  1 cm d i s t an t  f rom the  top of 
the  spiral .  A n  oil m a n o m e t e r  us ing  Octoil  S and  a 
P i r a n i  gauge  were  used to me a su r e  the  hyd rogen  
pressure .  A smal l  cold t r ap  was  in  the  l ine  n e a r  the  
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Fig. 1. Schemat ic  of  exper imen ta l  appara tus  
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Fig. 2. Diffusion coefficient and normal concentration of 
hydrogen in Ni as a function of temperature .  

t ube  con t a in ing  the  Ni spiral .  This  pa r t  of the sys tem 
could be evacua ted  to a good fore p u m p  pressure  
before f lushing and  fi l l ing wi th  hydrogen .  

One of the  ends of the  spira l  was sealed and  the  
other  end  connec ted  to the  gas m e a s u r i n g  sys tem in  
which  a smal l  Hg diffusion p u m p  was used to evac-  
ua te  the ins ide  of the  Ni tub ing .  The gas r emoved  
was  p u m p e d  by  a Toepler  p u m p  into a ca l ib ra ted  
vo lume.  

Techniques of Measurement 
Quantity of gas.--The q u a n t i t y  of gas collected in  

a 3 - m i n  i n t e r v a l  was m e a s u r e d  in  the  ca l ib ra ted  
vo lume.  Af te r  m e a s u r e m e n t  it was p u m p e d  a w a y  
th rough  a sys tem to which  a mass  spec t romete r  and  
an  ioniza t ion  gauge were  sealed. The b a c k g r o u n d  
p ressure  in  this  v a c u u m  sys tem was 2-3 x 10 -~ mm.  

Temperature.--Change in  the  average  t e m p e r a -  
t u r e  of the Ni spi ra l  was  d e t e r m i n e d  by  m e a s u r i n g  
its change  in  res i s tance  w i th  a ca l ib ra ted  a m m e t e r  
and  vo l tmete r .  A curve  was d r a w n  us ing  da ta  ob-  
t a ined  f rom the I n t e r n a t i o n a l  Cri t ical  Tables  for the  
t e m p e r a t u r e  coefficient of res i s t iv i ty  and  the  ob-  
served va lue  of res is tance  of the  sp i ra l  at  room 
t empera tu r e .  The sp i ra l  was hea ted  by  e i ther  the  
glow discharge,  by  pass ing  c u r r e n t  t h rough  it, or by  
a comb ina t i on  of the  two. 

Blank determination.--The gas evolved by the  Ni 
sp i ra l  and  associated e q u i p m e n t  at room t e m p e r a -  
tu re  af ter  i t  had  been  outgassed and  condi t ioned  was  
collected for a 3 - m i n  period. This q u a n t i t y  was  n e a r  
0.01 cc m m  and  was  r e l a t i ve ly  steady.  This f igure is 
also n e a r  the  l imi t  of sens i t iv i ty  of the  appa r a t u s  
since it  corresponds  to 3 m i n  of Hg on the m e a s u r i n g  
pipet .  The b l a n k  was f r e q u e n t l y  checked, no t  on ly  
w i t h  the  Ni at  room t e m p e r a t u r e  b u t  also w h e n  it  
was at m u c h  h igher  t e m p e r a t u r e s  in  h y d r o g e n  at 
v e r y  low pressure .  

Pressures of water vapor.--Four different  p res -  
sures of wa t e r  vapor  were  used d u r i n g  the  exper i -  

m e n t a l  de t e rmina t ions .  A drop of w a t e r  was  placed 
in  the cold t rap  located n e a r  the e x p e r i m e n t a l  tube.  
L iqu id  Ni was  used  to a t t a in  w h a t  is cal led zero 
pressure .  A CaCI~ ba th  at - -51~ was used to hold 
the p ressure  of wa te r  vapor  at  0.026 mm.  A n  
a lcohol- ice  m i x t u r e  was used to a t t a in  a t e m p e r a -  
t u r e  of - -24~ a nd  a vapor  p ressure  of 0.53 mm.  
F i n a l l y  an  ice wa te r  ba th  at 0~ gave a vapor  pres -  
sure  of 3.8 mm.  

Oxide l~lms.--During the  course of these  s tudies  
it was  found  des i rab le  to oxidize the  Ni sp i ra l  and  
la te r  a Ba film which  was deposi ted on the c lean  Ni. 
The Ni was hea ted  to abou t  400~ in  a i r  to ob ta in  
a v is ib le  NiO film. This could be r e move d  by  hea t -  
ing in  hydrogen .  The  evapora ted  Ba was  conver ted  
to a v is ib le  oxide film by  admiss ion  of air. 

Diffusion coe~cient.--Exploratory m e a s u r e m e n t s  
of in i t i a l  t r ans i en t s  gave va lues  f rom which  h y d r o g e n  
diffusion coefficients were  calculated.  These were  in  
a g r e e m e n t  wi th  E u r i n g e r  (2) ,  and  Hi l l  and  J o h n s o n  
(3) .  The i r  va lues  have  been  used to d r a w  the curve  
g iven  in  Fig. 2 which  has been  used in  the  ca lcu la -  
t ions of concent ra t ion .  

Cencentration.--Hydrogen concen t r a t i on  was cal-  
cu la ted  f rom the s teady state  q u a n t i t y  of gas f lowing 
t h r ough  the  t u b e  us ing  Eq. ( I ) .  The concen t r a t i on  is 

1.36 x 10 -6 Q 
C ~ cc m m / c c  Ni (II)  

D 

where  the  va lues  t = 180 sec, A = 20.5 cm ~, d 
0.0050 cm have  been  subs t i tu ted .  Resul ts  of m e a s u r e -  
m e n t s  m a d e  wi th  h y d r o g e n  at 0.67 m m  of Hg, no 
b o m b a r d m e n t  a nd  var ious  t e m p e r a t u r e s  are g iven  
in  Fig. 2. These are to be  compared  w i th  va lues  
g iven  by  Ba r r e r  (4) ,  wh ich  have  been  corrected to 
0.67 m m  of h y d r o g e n  by  a s suming  tha t  c o n c e n t r a -  
t ion  is p ropo r t i ona l  to the  square  root of h y d r o g e n  
pressure .  The au thors '  va lues  are lower  by  a factor  
of abou t  two. The reason  for this  d i sc repancy  was 
not  discovered.  The resul t s  were  v e r y  r ep roduc ib le  
and  i n d e p e n d e n t  of the c leanl iness  of the Ni tub ing .  

Results of Hydrogen Bombardment 
"'Clean" nickeL--After the concen t r a t i on  of n o r -  

ma l  hyd rogen  was  d e t e r m i n e d  the effect of a glow 
discharge  in  d ry  h y d r o g e n  was  studied.  The resul t s  
were  no t  reproducib le .  The re  was a t e n d e n c y  for 
l a rge  quan t i t i e s  of h y d r o g e n  to flow d u r i n g  an  in i t i a l  
per iod of b o m b a r d m e n t ,  b u t  on pro longed  b o m b a r d -  
m e n t  the flow wou ld  u l t i m a t e l y  drop to t ha t  ob ta ined  
w i t hou t  the discharge.  Since the  effect of b o m b a r d -  
m e n t  should  be to c lean the  surface  of the Ni by  
chemica l  r educ t ion  and  by  spu t te r ing ,  it  was  con-  
c luded tha t  the  in i t i a l  effects were  due  to surface  
c o n t a m i n a t i o n  and  tha t  effects due to b o m b a r d m e n t  
of c lean  Ni were  too smal l  to be measured .  

Nickel plus nickel oxide.--Since the re  was  no i n -  
crease in  concen t r a t i on  u n d e r  h y d r o g e n  ion b o m -  
b a r d m e n t  of c lean  Ni at t e m p e r a t u r e s  up  to 182~ 
it was  decided to b o m b a r d  oxidized Ni. A n  objec t ive  
was to d e t e r m i n e  if the  in i t i a l  resul t s  could be re -  
pea ted  and  made  reproducib le .  B o m b a r d m e n t  of 
oxidized Ni in  the same t e m p e r a t u r e  r a nge  increased  
the in i t i a l  flow bu t  aga in  the  flow could not  be  m a i n -  
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ta ined.  D u r i n g  these  tests l iqu id  n i t r o g e n  had  been  
on the cold t rap.  The l iqu id  n i t r ogen  was removed,  
a few drops of wa t e r  were  p laced  in  the  t r ap  and  
it was s u r r o u n d e d  by  an  a lcohol- ice  bath.  H y d r o g e n  
was admi t t ed  to a p ressure  of 0.67 m m  and  the  glow 
discharge  s tar ted.  I m m e d i a t e l y  the quan t i t i e s  col- 
lected were  m u c h  la rger  t h a n  those collected at  the 
same t e m p e r a t u r e  in  the absence  of the  d ischarge  
and  the  resul t s  ob ta ined  were  reproducib le .  A p p a r -  
en t l y  the two condi t ions  necessa ry  for this h igher  
concen t r a t i on  were  the  oxide film and  enough  w a t e r  
vapor  or o ther  oxidiz ing gas to m a i n t a i n  the oxide 
in  the presence  of the  r educ ing  act ion of the glow 
discharge.  The flow of h y d r o g e n  th rough  the  Ni was 
m e a s u r e d  for a r ange  of t e m p e r a t u r e s  and  pressures  
of wa t e r  vapor  as wel l  as d i f ferent  c u r r e n t  densi t ies  
of the  glow discharge.  

Nickel plus barium oxide.--The t ube  con ta in ing  
the Ni sp i ra l  was opened and  two 5-rag Ba get ters  
were  a t tached  to the  uppe r  e lectrode wi th  t u n g s t e n  
wires.  They  were  in  such a posi t ion,  one on each 
side of the  tube,  tha t  w h e n  flashed the  Ba evolved  
coated most  of the  tub ing .  The sys tem was p u m p e d  
and  the Ni b rough t  to a c lean  state. The  get ters  were  
flashed u n t i l  the re  was  a v is ib le  film of Ba on the  
glass walls .  Af te r  ox ida t ion  a t h in  whi te  film of BaO 
could be  seen on the  Ni. It  was found  tha t  the oxide 
had no effect on the n o r m a l  flow of hydrogen ,  bu t  
tha t  u n d e r  b o m b a r d m e n t  h igher  concen t ra t ions  were  
found  t h a n  wi th  NiO on Ni. In  all  these tests wi th  
BaO dry  h y d r o g e n  was used and  the resul ts  were  
reproducib le .  

I t  was found  tha t  a series of cyclic t r e a t m e n t s  such 
as hea t ing  to 600~176 and  b o m b a r d i n g  at  h igh 
c u r r e n t  densi t ies  p roduced  a s ta te  r e su l t ing  in  con-  
cen t r a t ions  th ree  to four  t imes  g rea te r  t h a n  those 
found  previous ly .  However ,  this was  an  u n s t a b l e  
condi t ion  and  could be m a i n t a i n e d  for on ly  a few 
minu tes .  

Summary of Results 
Temperature.--A r ep re sen t a t i ve  p ic tu re  of the 

ove r - a l l  resul t s  is shown  in  Fig. 3, where  the con-  
cen t r a t i on  in  cc m m / c c  of Ni is p lo t ted  as a func t ion  
of the  rec iprocal  of t empe ra tu r e .  The  lowest  curve  
shows the  re fe rence  l ine  or the  concen t r a t i on  of hy -  
drogen  molecules  by  0.67 m m  of dry  hydrogen .  The 
o ther  two curves  show the  concen t ra t ions  ob t a ined  
wi th  b o m b a r d m e n t  by  hyd rogen  ions u n d e r  the con-  
d i t ions  noted.  In  the t e m p e r a t u r e  r ange  s tudied  the re  
is a defini te  increase  in  concen t r a t i on  as the t e m -  
p e r a t u r e  is lowered.  The  BaO on Ni resu l t ed  in  
somewha t  h igher  concen t r a t i on  t h a n  for NiO on Ni. 

Water vapor pressure.--The effect of wa te r  vapor  
on the concen t r a t i on  of h y d r o g e n  ions in  the  sys tem 
NiO on Ni is shown c lear ly  in  Fig. 4 where  curves  
for the  increase  in  concen t r a t i on  (• are  p lo t ted  
for t e m p e r a t u r e s  of 115 ~ and  182~ Effects of p res -  
sures  h ighe r  t h a n  abou t  4 m m  could not  be de te r -  
m ined  because  a p roper  glow could no t  be m a i n -  
ta ined.  

The ques t ion  migh t  be ra ised as to the effect of the  
wa t e r  vapor  a lone  on the Ni. This  condi t ion  was  
s tudied  and  at 3-4 m m  pressure  of wa te r  vapor  and  
t e m p e r a t u r e s  as h igh as 450~ no reac t ion  was  ob-  
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served which  resu l ted  in  the diffusion of hyd rogen  
th rough  the Ni. At  24 m m  pressure  of w a t e r  vapor  
a nd  450~ the  diffusion of h y d r o g e n  was  observed  
bu t  it  was comple te ly  s topped if the Ni was oxidized 
vis ibly.  

Current density of glow discharge.--The effect of 
the c u r r e n t  dens i ty  of the d ischarge  on the  concen-  
t r a t ion  is shown  in  Fig. 5. C onc e n t r a t i on  increased  
l i n e a r l y  w i th  inc reas ing  c u r r e n t  dens i ty  at low cur -  
r en t  densi t ies  bu t  s a tu ra t ed  u l t ima te ly .  For  BaO 
on Ni in  dry  h y d r o g e n  at a p re s su re  of 0.67 mm,  
s a tu r a t i on  was observed  in  the r ange  f rom 0.1 to 
0.5 m a / c m  ~. 

Conclusions 
1. In  order  to re la te  resul t s  ob ta ined  by  ion b o m -  

b a r d m e n t  wi th  n o r m a l  concen t ra t ion ,  concen t ra t ions  
are compared  for equal  n u m b e r s  of a toms s t r ik ing  
the  surface.  On this  basis  b o m b a r d m e n t  has i n -  
creased the  concen t r a t i on  by  abou t  four  orders  of 
m a g n i t u d e  in  the r ange  nea r  100~ 
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concentration. 

2. B o m b a r d m e n t  also produces  a r eve r sa l  in  the  
t e m p e r a t u r e  coefficient of concen t ra t ion .  The  differ-  
ence in  slopes is a m e a s u r e  of the  b a r r i e r  to escape 
of hydrogen .  This b a r r i e r  is found  to be abou t  0.35 
e.v. for bo th  NiO and  BaO on Ni u n d e r  the  condi t ions  
of these exper imen t s .  

3. Because no effect was observed  wi th  c lean  Ni, 
it is concluded there  is no large  b a r r i e r  to the  escape 
of h y d r o g e n  f rom a c lean  Ni surface.  

4. I t  is i n t e re s t ing  to no te  t ha t  in  f lowing th rough  
the  sys tem the  h y d r o g e n  mus t  pass t h rough  the ox-  
ide to Ni in terface .  If a h igh b a r r i e r  to flow exis ted  
here  the  ve ry  large  increases  in  concen t r a t i on  could 
not  have  been  obta ined .  

5. These e x p e r i m e n t s  do not  te l l  the  s tate  of h y -  
d rogen  in  the  films. I t  is not  u n l i k e l y  tha t  pa r t  or all  
of the film of BaO was conver ted  to Ba(OH)~ by  

b o m b a r d m e n t ,  s ince this  is a r e l a t i ve ly  s table  com-  
pound  u n d e r  the  condi t ions  of these exper imen t s ,  
and  because  the smal l  a m o u n t  of oxygen  r equ i r ed  to 
form the  hyd rox ide  was  p r o b a b l y  p r e se n t  in  the  sys-  
tem. Whe r e  NiO was the s t a r t ing  m a t e r i a l  r e l a t ive ly  
h igh pressures  of w a t e r  were  r e q u i r e d  to p roduce  the  
enhanced  diffusion rates,  and  u n d e r  these condi t ions  
Ni(OH).~ is expected  to form. Thus  the t r an spo r t  
m e c h a n i s m  in  bo th  sur face  films is be l ieved  to have  
been  p ro ton  m i g r a t i o n  in  imper fec t  hydroxides .  I t  is 
be l ieved  (because  of the  work  w i th  ZnO)  tha t  p ro -  
ton m i g r a t i o n  in  the  oxides can  also take  place. 

6. These resul t s  show condi t ions  for c onc en t r a t -  
ing m u c h  la rger  quan t i t i e s  of h y d r o g e n  in  Ni t h a n  
can be ob ta ined  by  exposure  to n o r m a l  hydrogen .  
F r o m  these da ta  it is c lear  tha t  n o r m a l  va lues  of 
concen t r a t i on  canno t  be appl ied  to Ni and  p r o b a b l y  
m a n y  other  meta l s  opera t ing  u n d e r  h y d r o g e n  ion 
b o m b a r d m e n t  if the i r  surfaces  are con tamina ted .  

Manuscript  received Aug. 27, 1957. This paper  was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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Iron and Phosphate Slag from Byproduct Ferrophosphorus 
J. M. Potts, W. C. Scott, Jr., J. U. Campbell, and J. A. Wilbanks 

Tennessee Valley Authority, Wilson Dam, Alabama 

ABSTRACT 

A process and furnace were developed for convert ing byproduct  ferro- 
phosphorus into high-grade iron for metal lurgical  purposes and phosphatic 
slag that  might be used as a fertil izer or animal-feed supplement.  The process 
consists in cont inuously smelt ing ferrophosphorus with calcined, siliceous iron 
ore and bu rn t  l ime in an electric furnace. The furnace has a two-component  
l ining: walls of graphite, which resist corrosion by mol ten phosphate slag, and 
a hear th  of magnesite,  which resists attack by iron of low phosphorus content. 
In  pi lot-plant  tests in a 2-meter diameter  by 1.5-meter furnace  operated at a 
power input  of 350 kw, best results were obtained with about 100 v between 
the two electrodes. The product  i ron contained 0.5% P and the slag contained 
22% citrate-soluble P~Os. 

The Tennessee  Val ley  A u t h o r i t y  has deve loped  a 
process and  a f u rnace  for the  u t i l i za t ion  of b y p r o d -  
uct  f e r rophosphorus  in  the  p roduc t ion  of h i g h - g r a d e  
i ron  for me ta l l u rg i ca l  purposes  and  phosphat ic  slag 
tha t  should  be sa t is factory  for use as fer t i l izer  or 
a n i m a l - f e e d  supp lemen t .  The  process invo lves  sme l t -  
ing fe r rophosphorus ,  si l iceous i ron  ore, and  b u r n e d  
l ime in  an  electric furnace .  The reac t ion  approx i -  
mates  the  fo l lowing equa t ion :  

6Fe_~P q- 5FelOn. 3SiO2 q- 15CaO 
22Fe q- 3 (5CaO.P~O~.SiO~) (I)  

This process was  ident i f ied a n u m b e r  of years  ago 
(5) .  However ,  it  was  not  cons idered  t echn ica l ly  l e a -  

sible at  tha t  t ime  because  of the  severe a t t ack  of the  
m o l t e n  i ron  and  slag on the  l i n ing  of the  furnace .  No 
s ingle  r e f r ac to ry  mater ia l ,  i n c l ud i ng  r a m m e d  m a g -  

nesite,  magnes i t e  brick,  chrome ore, z i rcon brick,  

and  graphi te ,  resis ted the corrosive ac t ion  of both  

the slag and  iron.  Work  by  the  B u r e a u  of Mines  (2) 

and  others  (3) i n t e re s t ed  in  process ing fe r rophos-  
phorus  also fai led to define a sa t i s fac tory  re f rac tory .  

In  recen t  work  here,  t he  r e f r ac to ry  p r o b l e m  was 
solved th rough  the  use of a t w o - c o m p o n e n t  f u rnace  
l in ing .  Graphi te ,  wh ich  is r e s i s t an t  to corros ion by  
m o l t e n  phospha te  slag, was  used to l ine  the  wal ls  of 
the  furnace ,  a nd  magnes i te ,  which  resists  a t t ack  by  
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Fig. 1. Furnace crucible used in the production of iron and 
phosphate slag from byproduct ferrophosphorus. 

i ron  of l ow-phosphorus  content ,  was used to l ine  the  
hear th .  

This paper  brief ly describes the  n e w  p i l o t - p l a n t  
fu rnace  and  the  resul t s  of tests m a d e  for the  p r oduc -  
t ion of i ron  and  phospha te  slag. 

The Furnace 
A sect ional  v iew of the new  p i l o t - p l a n t  f u rn a c e  is 

shown in  Fig. 1. The  ins ide  d i ame te r  of the  fu rnace  
was 2 mete r s  and  the dep th  was  1.5 meters .  The side 
wal l  was made  of 30-cm th ick  g raph i t e  shapes, 
which  were  suppor ted  on the hea r th  w i th  d ry  joints .  
Ove r l app ing  sp r i ng - loaded  bands  held the shapes in  
place. A w a t e r - s p r a y  r ing  was located a r o u n d  the 
top of the  fu rnace  and  a wa te r - co l l ec t ion  t rough  was  
located jus t  above the hea r th  section. 

The hear th ,  which  was  con ta ined  in  a steel shell, 
consisted of 7.6 cm of f i rebr ick in  the  bo t tom and  
a round  the  sides of the  steel shell, 22.9 cm of m a g -  
nesi te  brick,  and  15.2 cm of r a m m e d  magnes i te .  At  
the walls ,  the  r a m m e d  magnes i t e  ex tended  25.4 cm 
above the  floor of the  hea r th  to a p p r o x i m a t e l y  the  
s l a g - t a p p i n g  level.  I t  was  recognized tha t  a smal l  
a rea  of the  magnes i t e  l i n ing  wou ld  be exposed to 
mo l t en  slag; however ,  it  was an t i c ipa ted  tha t  the  ex-  
pected h igh  ra te  of heat  t r ans f e r  to the ad jacen t  
g raphi te  wou ld  p r e v e n t  excessive corrosion.  

The t app ing  block for slag was m a d e  f rom a sec- 
t ion  of 30-cm graph i t e  electrode w i th  a 5 -cm taphole  
in  the  center .  It  was fitted wi th  a wa te r -coo led  
b ronze  t app ing  monkey .  The t a p p i n g  block for me t a l  
was m a d e  f rom magnes i t e  b r i ck  and  was  w a t e r  
cooled. 

Two 30-cm graph i t e  electrodes were  located on 
76-cm centers  an  equa l  d is tance  f rom the  fu rnace  
cen te r  l ine.  S ing le -phase  power  was  suppl ied  to the  
fu rnace  t h rough  a vo l tage  regula tor ,  an  a u t o t r a n s -  
former ,  and  a power  t r ans fo rmer .  The electrodes  

Table I. Compositions of raw materials used in pilot-plant tests 

A n a l y s i s ,  % b y  w e i g h t  

l ~ e r r o p h o s p h o r u s  L i m e  C a l c i n e d  i r o n  o re  

P 24.4 CaO 95.0 Fe~O.~ 78.3 
Fe 68.6 CO~ 1.1 FeO 3.8 
Mn 3.0 MgO 1.5 SiO2 13.3 
Ti 2.4 SiO~ 0.9 P20.~ 1.4 
Si 1.3 AI~O, 0.3 CaO 0.1 
S 0.3 Fe_~O.~ 0.1 H~O ~0.1 

Igni t ion loss 1.1 Other 3.0 

were  connec ted  to opposite ends  of the  secondary  
w i n d i n g  of the  power  t r ans fo rmer .  Opera t ion  wi th  
50 to abou t  100 v b e t w e e n  electrodes,  or 25 to abou t  
50 v b e t w e e n  each electrode and  ground,  was  possi-  
ble. The electr ical  sys tem used has been  descr ibed 
p rev ious ly  in  an  ar t icle  on the  p i l o t - p l a n t  p roduc -  
t ion of a l u m i n u m - s i l i c o n  al loy (4) .  

Pilot-Plant Tests 
Procedure.--Six tests, which  to ta l led  563 hr  of 

operat ion,  were  made  wi th  the n e w  furnace .  The 
r a w  mate r i a l s  consis ted of f e r rophosphorus  con t a in -  
ing 24.4% P, l ime  con t a in ing  95% CaO, and  calc ined 
i ron  ore con t a in ing  59% Fe (Tab le  I ) .  Calc ined  i ron  
ore was used because,  in  exp lo ra to ry  tests, u n c a l -  
cined ore caused boi l ing  of the slag and  poor f u rnace  
operat ion.  The ore was ca lc ined in  a 0 .76-meter  
d i ame te r  by  12-mete r  long gas-fired, p i l o t - p l a n t  
ro t a ry  k i l n  at a t e m p e r a t u r e  of 1300~ The  fe r ro -  
phosphorus  and  the  ca lc ined i ron  ore were  crushed 
to m i n u s  11/2 in. before be ing  used. The  l ime was  
purchased  as m i n u s  1-in.  mater ia l .  The ma te r i a l s  
were  p r e m i x e d  in  the  des i red propor t ions  before  be -  
ing charged  to the  furnace .  

The power  i n p u t  was kept  at abou t  350 kw. Al -  
though  this power  i npu t  m a y  have  been  somewha t  
less t h a n  op t imum,  the pi lot  p l a n t  was no t  equ ipped  
to hand le  the l a rger  quan t i t i e s  of m o l t e n  slag and  
i ron  tha t  would  have  been  p roduced  wi th  more  
power.  

Best resul ts  were  ob ta ined  wi th  abou t  100 v be -  
t w e e n  electrodes.  Opera t ion  also was sa t i s fac tory  
wi th  75 v. W h e n  less t h a n  75 v were  used, the  elec-  
t rodes rode too low in  the fu rnace  and  caused boi l -  
ing of the  slag. Also, ca rbon  f rom the  electrodes was  
absorbed  by  the  i ron  wi th  the  resu l t  tha t  dephos-  
phor iza t ion  was poorer  because  of p r e f e r en t i a l  oxi -  
da t ion  of the  carbon.  

The f u r na c e  opera ted  con t inuous ly  and  was  
charged t h r ough  a feed chute  as r equ i r ed  to keep the  
level  nea r  the top. Mol ten  slag and  i ron  were  t apped  
at  2 -h r  in te rva ls .  The slag, at  abou t  1620~ was  
tapped  into a ca s t - i ron  chil l  p a n  in  which  i t  was pe r -  
mi t t ed  to cool before  it was g round  to the  desired 
size. The i ron  was t apped  in to  a p r ehea t ed  c r ane -  
type  ladle  and  then  was cast in to  34-kg pigs. 

Effect of Burden Composition 
Equa t ion  (I)  ind ica tes  that ,  for dephosphor iza t ion  

of fe r rophosphorus ,  the s to ichiometr ic  r e q u i r e m e n t  
of i ron  oxide is tha t  necessary  to oxidize the  phos-  
phorus  to P205. Also, the equa t ion  calls for 5 moles  
CaO and  1 mole  SiO~ per  mole  of P~Oo, which  is the  
re la t ionsh ip  for s i l icocarnot i te  (6) .  Since the  p ro -  
por t ion  of SiO.~ suppl ied  in  the  charge m a t e r i a l  was 
in  excess of 1 mole  per  mole  of P~O~, it  was  assumed  
tha t  1 mole  of CaO should be p rov ided  per  mole  of 
SiO~ and  4 moles should  be p rov ided  per  mole  of 
P._,O5. However ,  in  the p i l o t - p l a n t  tests, excesses of 
i ron ore and  l ime were  r equ i r ed  to ob ta in  sat isfac-  
tory  fu rnace  opera t ion  and  products  of the  desired 
chemical  composit ion.  Exp l o r a t o r y  tests showed tha t  
135% of the  s to ichiometr ic  p ropor t ion  of i ron  ore 
was requi red ,  and  this  a m o u n t  was  used in  mos t  of 
the  s u b s e q u e n t  work.  
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Figure  2 shows tha t  the phosphorus  content of the 
iron decreased to 0.5 % as the propor t ion  of l ime was 
increased to about  110% of the stoichiometric  re -  
quirement .  When the propor t ion  of l ime was in-  
creased to above 120% of stoichiometric,  the vis-  
cosity of the slag in the furnace increased,  wi th  the 
resul t  that  furnace operat ion was poor and the phos-  
phorus content  of the iron increased.  

F igure  3 shows tha t  the c i t ra te  solubi l i ty  of the 
P~O5 in the slag was at  a m a x i m u m  of 98% when it 
contained 120% of the CaO requi red  to form silico- 
carnot i te  and was over  95% when the CaO content  
was in the range 105 to 135% of stoichiometric.  

Operating Results 
Best resul ts  were  obtained when the furnace was 

opera ted  at 75-100 v and 350 kw and the charge  was 
propor t ioned to contain 110% of the s toichiometr ic  
amount  of l ime requi red  to provide  4 moles of CaO 
per  mole of P~O.~ and 1 mole of CaO per  mole of SiO~, 
and 135% of the s toichiometr ic  amount  of iron ore 
requi red  to oxidize the phosphorus present .  Data  
from a typical  test  are given in Table II. By weight,  
the charge contained 1.8 metr ic  tons of calcined iron 
ore (59% Fe)  and 1.3 metr ic  tons of l ime (95% 
CaO) per  metr ic  ton of fer rophosphorus  (24.4% P) .  
F rom this charge, the products,  per  ton of fer rophos-  
phorus,  were:  1.3 tons of iron containing 0.8% P and 
2.5 tons of slag containing 22.1% P~O~ of which 99% 
was soluble in neu t ra l  ammonium ci t ra te  solution 
when the slag was ground to pass an 80-mesh screen. 
Presumably ,  0.3 ton was lost as spi l lage of raw ma-  
ter ia ls  and products.  Power  consumption averaged 
1761 k w h r  and electrode consumption averaged  29.1 
kg per  metr ic  ton of fer rophosphorus  charged. 

The graphi te  l ining of the furnace showed very  
l i t t le  a t tack  by  mol ten  slag. The magnes i te  hear th  
was sa t is factor i ly  res is tant  to a t tack  by mol ten  iron 
of low phosphorus content. No apparen t  damage  to 
the hea r th  was observed af ter  tests in which the iron 
produced contained less than  1% of phosphorus.  
However,  af ter  one test  in which the composit ion of 
the charge was not control led sa t is fac tor i ly  and 12 
of 40 taps contained more than 1% phosphorus,  

Table II. Summary of data on production of phosphate slag and iron from byproduct ferrophosphorus 

Length of period, hr 
Total time of operation, hr 
Operating time, % 
Charge proportions, kg 

Lime 
Ore 
Ferrophosphorus 

O p e r a t i n g  Condi t ions  

117.5 
110.4 

94.0 

1275 
1800 
1000 

Electrode voltage (between electrodes) 
Current, amp 
Electrode current density, amp/cm ~ 

Average kva 
Average kw 
Power factor 

O p e r a t i n g  Resul t s  

Iron composition,% 
229 Fe 99.0 C 
322 P 0.8 Cr 
179 Si 0.01 Mo 

1275 Mn 0.07 Sn 
1800 S 0.01 Pb 
760 Cu <0.10 Zn 
236 Ti <0.02 Ni 
443 

1941 

5.2 
29.1 
1540 
1620 
1316 
2467 

Consumption oi charge 
Lime, kg /hr  
Ore, kg /hr  
Ferrophosphorus, kg /h r  
Lime, kg/metr ic  ton of ferrophosphorus charged 
Ore, kg/metr ic  ton of ferrophosphorus charged 
Ferrophosphorus, kg/metr ic  ton of iron produced 

Iron production rate, kg /h r  
Slag production rate, kg /hr  
Power consumption, kwhr/metr ic  ton of 

ferrophosphorus charged 
Graphite electrode consumption 

kg/hr  
kg/metr ic  ton of ferrophosphorus charged 

Temperature of iron as tapped, ~ 
Temperature of slag as tapped, ~ 
Iron recovery, kg/metr ic  ton of ferrophosphorus charged 
Slag recovery, kg/metr ic  ton of ferrophosphorus charged 

Slag composition, % 
SiO2 12.0 MgO 
Fe20~ 12.1 MnO 
CaO 49.2 ALOs 
P~O5 22.1 TiO2 
C.I. P~O~ 0.2 F 

As 

101.5 
3644 

5.0 

369.9 
350 

0.946 

0.07 
0.03 
0.01 

<0.10 
<0.10 
<0.40 
<0.10 

0.9 
2.0 
2.7 
1.1 
0.02 

<0.001 
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d r i l l i ngs  of the  h e a r t h  s h o w e d  t h a t  i t  h a d  been  p e n e -  
t r a t e d  a b o u t  8 cm b y  the  me ta l .  
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Electrolytic Production of Sodium Perchlorate Using 

Anodes 

Lead Dioxide 

Joseph C. Schumacher, David R. Stern, and Paul R. Graham 

American Potash & Chemical Corporation, Whittier, California 

ABSTRACT 

Lead dioxide was investigated as an anode substitute for platinum in the 
production of sodium perchlorate. Rod shaped deposits were prepared on 
nickel and platinum clad tantalum wires. The plate was dense, heavy, metallic- 
like in appearance and not too fragile for ordinary handling. The first phase 
of experimentation was performed in small laboratory cells to determine ap- 
proximate electrolyses data. Larger bench-scale production cells were also 
run simulating plant operating conditions. Lead dioxide anodes produce so- 
dium perchlorate at high cumulative current efficiencies. One lead dioxide 
anode was used in cell operation for 3,000 hr. Cumulative current efficiency 
for a given anodic current density is a function of the cathode material, 
cathodic current density, and the additive used. Perchlorate can be produced 
using nickel, copper, stainless steel, and carbon steel cathodes. Energy re- 
quirements, under identical experimental conditions, indicate that stainless 
steel and nickel are the best cathode materials. A current efficiency of 91.5% 
was obtained with a stainless cathode at anodic and cathodic current densities 
of 15.5 a m p / d m  ~ and of 7.25 a m p / d m  ~, respect ively.  No unusua l  meta l l ic  con- 
t amina t ion  could be detected in the  ammonium perch lora te  p r e p a r e d  f rom the  
sodium perchlorate .  

I n c r e a s e d  d e m a n d  for  NaC104 as an  i n t e r m e d i a t e  
for  the  p r o d u c t i o n  of a m m o n i u m  and  p o t a s s i u m  p e r -  
ch lo ra t e s  r e s u l t e d  in a s ea r ch  for  a r e p l a c e m e n t  for  
t h e  P t  anode.  P r e v i o u s  i nves t i ga t i ons  h a v e  s h o w n  
tha t  PbO2 m i g h t  be  a s a t i s f a c t o r y  s u b s t i t u t e  for  Pt .  
L e a d  d i o x i d e  e l ec t rodes  in va r i ous  sizes and  shapes  
m a y  be  p r e p a r e d  f r o m  su i t ab l e  e l e c t ro ly t i c  b a t h s  
(1 -4 ) .  The  r o d - s h a p e d  e l ec t rodes  used  in these  e x -  
p e r i m e n t s  w e r e  p r e p a r e d  b y  p l a t i n g  PbO~ on Ni  and  
P t  c lad  Ta  wi res .  P l a t i n u m  c lad  Ta  as a conduc to r  
on w h i c h  to depos i t  t he  PbO.~ h a d  the  a d v a n t a g e  of 
be ing  co r ros ion  r e s i s t a n t  to t he  HNO3 l i b e r a t e d  d u r -  
ing  e l ec t ro ly s i s  f r o m  t h e  Pb(NO~)~ e l ec t ro ly t e .  The  
PbO2 depos i t  is dense,  h e a v y ,  and  m e t a l l i c  in a p p e a r -  
ance.  P e r c h l o r a t e s  can  be  p r o d u c e d  on PbO~ depos i t s  
f r om 8-10 m m  t h i c k  (4) .  Th in  depos i t s  a r e  f r a g i l e  
and  e rode  eas i ly  d u r i n g  e lec t ro lys i s .  W h e n  a t h i c k -  
ness of a t  l eas t  20 m m  is ob t a ined ,  t he  e l e c t r o d e  is 
no t  too f r a g i l e  for  o r d i n a r y  h a n d l i n g  and  e ros ion  is 
not  s ignif icant .  

The  o v e r - a l l  c h e m i c a l  e q u a t i o n  for  t he  e l ec t ro -  
c h e m i c a l  o x i d a t i o n  of c h l o r a t e  to p e r c h l o r a t e  has  
been  r e p o r t e d  b y  o the r  i n v e s t i g a t o r s  ( 5 -9 ) .  

The  i n v e s t i g a t i o n  was  d i v i d e d  in to  two  phases .  
The  first  d e a l t  w i t h  e x p l o r a t o r y  e x p e r i m e n t s  in  
s m a l l  l a b o r a t o r y  cel ls  de s igned  to d e t e r m i n e  f eas i -  
b i l i ty ,  to a p p r o x i m a t e  e l ec t ro ly se s  da ta ,  and  to e v a l -  
u a t e  d i f fe ren t  ca thodes  w i t h  s m a l l  PbO~ anodes .  On 
t h e  bas i s  of t h e s e  e x p e r i m e n t s ,  l a r g e r  cel ls  w e r e  o p -  
e r a t e d  s i m u l a t i n g  a c t u a l  p l a n t  condi t ions .  The  f irst  
p h a s e  of t he  i n v e s t i g a t i o n  is r e f e r r e d  to as l a b o r a t o r y  
cel l  e x p e r i m e n t a t i o n  and  the  l a t t e r  phase  as b e n c h -  
scale  p roduc t i on .  

T h r e e  m e t h o d s  for  m e a s u r i n g  c u r r e n t  efficiencies 
h a v e  been  used  b y  o t h e r  i n v e s t i g a t o r s  and  w e r e  used  
in th is  s tudy .  T h e y  w e r e :  

Gas collection.--If a s t a n d a r d  cou lombic  cel l  w i t h  
P t  e l ec t rodes  c on t a in ing  a 5% N a O H  e l e c t r o l y t e  is 
connec t ed  in  ser ies  w i t h  a p e r c h l o r a t e  cell ,  t h e  r a t i o  
of  gas  v o l u m e s  in  t he  cou lombic  cel l  to t h a t  of t h e  
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perch lo ra te  is 3: 2. Thus,  the  gas vo lumes  f rom the  
coulombic  and  pe rch lo ra te  cells give an  a p p r o x i m a t e  
measu re  of the  i n s t a n t a n e o u s  c u r r e n t  efficiency. This 
m a y  not  be too accura te  if there  are  apprec iab le  side 
react ions.  

Chlorate depletion.--If side reac t ions  are neg l ig i -  
ble, t h e n  the  NaC10, d i sappea r ing  can be used as an  
a p p r o x i m a t i o n  to c u r r e n t  efficiency. 

Perchlorate determination.--This m e a s u r e m e n t  is 
the  most  accura te  d e t e r m i n a t i o n  of c u r r e n t  effi- 
ciency, bu t  necess i ta tes  a t ime  consuming  perch lo-  
ra te  analysis .  Moreover ,  this  is a c u m u l a t i v e  and  not  
an  i n s t a n t a n e o u s  c u r r e n t  efficiency. 

Gas col lect ion and  chlora te  dep le t ion  are easi ly  
and  r ap id ly  ob ta ined  and  m a y  ind ica te  the  t r e n d  of 
a var iab le .  Gas col lect ion was  u t i l i zed  for the  smal l  
l abo ra to ry  cells, recogniz ing  tha t  i t  was  on ly  an  ap -  
p rox ima t ion ,  which  wou ld  be checked by  di rect  
ana lyses  la te r  on the  bench- sca l e  p roduc t ion  cell. 

Da ta  ob ta ined  by  ana lyses  on  the  bench - sca l e  cell 
ind ica te  tha t  inefficiencies due  to side reac t ions  are 
of smal l  m a g n i t u d e  w i th  some cathodes and  tha t  the  
c u r r e n t  efficiency m e a s u r e m e n t  used for the  l a bo r a -  
tory  cells has some va l id i ty .  

Laboratory Cell 
Cell co.nstruction.---Laboratory cells were  con-  

s t ruc ted  of 1/s in. Luci te .  They  were  cy l indr ica l  in  
shape, 21/2 in. I.D. x 5 in. high.  The electrodes,  a 
t he rmomete r ,  and  a ~/4 in. d i ame te r  x 1 ~/2 in. gas ou t -  
let  t ube  were  sealed t h r o u g h  the  cell cover. A r u b -  
ber  gasket  was fit ted to a 1/2 in. f lange a r o u n d  the  
top of the  cells. Wing  nu t s  t h rough  the  flange secured 
the  cover, c rea t ing  a gas - t igh t  fi t t ing. 

Evolved  gas was d i rec ted  to 50 ml  bure ts .  Volumes  
were  m e a s u r e d  by  the d i sp lacemen t  of wa t e r  in  the  
burets .  

E lec t ro ly te  levels  in  bo th  cells were  m a i n t a i n e d  
1 in. f rom the  top;  th is  gave a smal l  equa l  vo lume.  
Elect rolys is  t ime,  whi le  the  gases were  be ing  col- 
lected, was  short.  Since a ra t io  of vo lumes  was u t i -  
lized, no correct ions  for p ressure  and  t e m p e r a t u r e  
were  necessary ;  it  was  a s sumed  tha t  the bu re t s  r e -  
m a i n e d  u n d e r  iden t ica l  condit ions,  even  though  vo l -  
umes  of d i f ferent  m a g n i t u d e  were  involved.  

Lead dioxide  was employed  as the anode  in  the  
l abo ra to ry  cell except  for the  in i t i a l  exper imen t s .  A 
Pt  anode  was used in  these e x p e r i m e n t s  to es tabl ish  
re fe rence  data.  Two cathodes connec ted  in  pa ra l l e l  
were  used. The  in i t i a l  concen t r a t i on  of the  e lec t ro-  
ly te  was  a p p r o x i m a t e l y  500 g/1 of r e a ge n t  grade  
NaC10~ wi th  var ious  addi t ives .  New elec t ro ly te  was 
used for each series of exper imen t s .  

T e m p e r a t u r e s  of bo th  cells were  cont ro l led  wi th  
e x t e r n a l  w a t e r  cooling w i t h i n  5~ 

Experimental procedure.---The coulombic  and  l ab -  
o ra to ry  cell were  connec ted  in  series to a Se rectifier.  
C u r r e n t  and  vol tage  across the  l a b o r a t o r y  cell were  
m e a s u r e d  d u r i n g  electrolysis .  These  cells were  op-  
e ra ted  un t i l  the  coulombic  cell had  evolved 50 ml  of 
gas. Compar i son  of this v o l u m e  to tha t  evolved  f rom 
the l abo ra to ry  cell  gave  the  c u r r e n t  efficiency. Each  
e x p e r i m e n t  was  m a d e  u n d e r  a cont ro l led  c u r r e n t  
densi ty .  The pH of the  e lec t ro ly te  was  cont ro l led  
w i t h i n  a g iven  r a nge  a nd  was  ad jus t ed  w i th  HC1 or 
NaOH. 

The cells were  opera ted  a sufficient l eng th  of t ime  
af ter  r each ing  t h e r m a l  e q u i l i b r i u m  to pu rge  the  
dead air  space. D u r i n g  this  t ime  gas was  evolved to 
the  a tmosphere .  W h e n  a s teady  ra te  of evo lu t ion  
existed,  the  gas was collected in  the  bu re t s  a nd  da ta  
recorded d u r i n g  the  col lect ion of the  gas samples.  
C u r r e n t  was va r i ed  f rom 1.33 to 5.30 amp, whi le  the  
vo l tage  across the l abo ra to ry  pe rch lo ra te  cell cov- 
ered the  r ange  of 4.0-6.1 v. A t e m p e r a t u r e  r ange  of 
20~176  was inves t iga ted .  

Experimental Results 
To es tab l i sh  re fe rence  data,  the in i t i a l  exper i -  

me n t s  u t i l ized a P t  anode in  the  l a b o r a t o r y  perch lo-  
r a t e  cell. Af te r  this, e xpe r i me n t s  were  conduc ted  
us ing  PbO~ as the anode  w i th  Cu, ca rbon  steel, Ni, 
and  s ta inless  steel  as the  cathodes.  Var iab les  ob-  
served were  c u r r e n t  efficiency, c u r r e n t  densi ty ,  cell 
t empe ra tu r e ,  e lec t ro ly te  concen t ra t ion ,  pH, cathode 
mater ia l ,  and  addi t ives .  Some of these  da ta  are p r e -  
sen ted  in  Tab le  I. The  most  sa t is factory  va lues  of 
cell ope ra t ing  condi t ions  were  selected f rom these 
da ta  for subsequen t  ver i f icat ion in  the la rger  b e n c h -  
scale p roduc t ion  cell. 

Table I. Experimental results of laboratory perchlorate cells 

A n o d i c  
c u r r e n t  I n i t i a l  c o n c e n t r a t i o n  (g / l )  

M a t e r i a l  d e n s i t y  V o l t a g e  C u r r e n t  T e m p  r a n g e  E l e c t r o l y t e  A d d i t i v e  
A n o d e  C a t h o d e  ( a m p / d i n  2) (vol ts)  ( a m p )  (~ p H  NaC10~ N a F  Na2Cr207 

C u r r e n t *  
e f f i c iency  

(%) 

Pt Carbon 31.0 5.2 2.90 20-25 6.0 484.5 - -  5 
steel 

PbO~ Carbon 15.5 4.6 2.46 30-35 6.5 484.5 - -  5 
steel 

PbO~ Copper 15.5 4.4 4.71 30-35 6.0 484.5 - -  5 
PbO~ Copper 15.5 5.0 1.47 35-40 6.5 500.0 0.5 - -  
PbO~ Nickel 7.25 4.0 1.33 35-40 6.5 500.6 0.5 - -  
PbO~ Nickel 15.5 5.0 1.47 35-40 6.5 493.5 - -  - -  
PbO~ Nickel 15.5 5.0 1.47 35-40 6.5 493.5 0.5 - -  
PbO~ Nickel 15.5 5.3 1.47 35-40 6.5 493.5 1.5 - -  
PbO~ Nickel 15.5 5.2 1.47 35-40 6.5 493.5 Saturated - -  
PbO~ Nickel 15.5 4.9 2.65 35-40 6.5 500.6 0.5 - -  
PbO~ Nickel 23.25 5.8 2.21 35-40 6.5 493.5 0.5 - -  
PbO2 Stainless 31.0 6.1 5.30 25-30 6.5 495.2 0.5 - -  

steel (302) 

92.8 

37.7t 

36.3 
92.4 
93.5 
84.8 
92.3 
92.7 
93.0 
93.7 
92.7 
97.5t 

* A p p r o x i m a t e  i n s t a n t a n e o u s  c u r r e n t  e f f i c i ency  b a s e d  on  g a s  co l lec t ion  t e c h n i q u e .  
t D i s c o l o r a t i o n  of  e v o l v e d  cel l  g a s e s  d u r i n g  e l e c t r o l y s i s  i n d i c a t e d  t h a t  s ide  r e a c t i o n s  w e r e  t a k i n g  p lace .  
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Conclusions.--Examination of the  da ta  in  Tab le  I 
indica tes  tha t  the  fo l lowing conclus ions  m a y  be 
made :  

1. Sod ium perch lo ra te  can  be m a d e  by  e lec t ro ly-  
sis u s ing  a PbO~ anode wi th  Cu, ca rbon  steel, Ni, or 
s ta inless  steel  cathodes.  

2. C u r r e n t  efficiencies appear  to be h igher  wi th  
Ni, s ta inless  steel, and  Cu cathodes t h a n  wi th  car -  
bon  steel. 

3. Data  ob ta ined  wi th  ca rbon  steel a re  no t  con-  
c lusive because  of side react ions.  

4. Sod ium fluoride appears  to be  a be t t e r  add i t ive  
t han  sod ium dichromate .  The  m i n i m u m  effective 
NaF  concen t r a t i on  is 0.5 g/1. 

5. Data  ob ta ined  wi th  a PbO2 anode,  Ni cathodes,  
and  a NaF  add i t ive  ind ica te  tha t  the c u r r e n t  effi- 
c iency is p rac t ica l ly  i n d e p e n d e n t  of c u r r e n t  densi ty ,  
t empe ra tu r e ,  and  pH in  the  r a n g e  of va r i ab l e s  i n -  
vest igated.  A n  i n s t a n t a n e o u s  c u r r e n t  efficiency of 
93.7% was ob ta ined  at an  anodic  c u r r e n t  dens i ty  of 
15.5 a m p / d m  ~. 

6. Lower  vol tages  appear  to be possible us ing  
PbO.., anodes.  

Bench-Scale Production Cell 
The first phase  of the  i nves t iga t ion  had  set up 

sufficient des ign  cr i te r ia  to proceed wi th  the  con- 
s t ruc t ion  of a l a rger  u n i t  which  could be opera ted  
s emicon t inuous ly  and  for longer  periods of t ime.  Al l  
the  va r i ab les  could be eva lua t ed  based on the cu r -  
r e n t  efficiency, which  could be d e t e r m i n e d  by  a d i -  
rect  chemica l  analysis .  In  order  to proceed wi th  this  
uni t ,  l a rger  PbO,  anodes  were  made.  

Bench-scale cell construction.--The cell was a 
4 - l i t e r  r e s in  reac t ion  ke t t le  wi th  a bo t tom out le t  
(Fig. 1). C u r r e n t  was  p rov ided  by  a Se rectif ier  
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and  vol tages and  c u r r e n t  m e a s u r e m e n t s  obta ined .  
T e m p e r a t u r e  was  cont ro l led  by  c i r cu la t ing  wa te r  
t h r ough  a glass coil i m m e r s e d  in  the  e lectrolyte .  
W h e n  pH cont ro l  was  necessary,  18% HC1 was 
added.  

The  anode consisted of a rod-shaped ,  rough  su r -  
faced PbO.~ electrode a nd  was  i m m e r s e d  in  solut ion 
so that ,  at a c u r r e n t  of 26 amp,  the  anodic  c u r r e n t  
dens i ty  was 15.5 a m p / d m  2. This  v a l u e  was  m a i n -  
t a ined  cons tan t  in  all  exper imen t s .  It  p roved  to be 
the best  va l ue  ob ta ined  in  the sma l l e r  l abo ra to ry  
cells and  s imula tes  a p p r o x i m a t e  p l a n t  opera t ing  
condit ions.  Cathodes  were  U - s h a p e d  me t a l  rods of 
v a r y i n g  d iamete r s  by  15 in. in  length .  The  anode,  
cathodes, cooling coil, and  t h e r m o m e t e r  were  i n -  
ser ted th rough  the  top of the  cell in to  the  electrolyte .  
A n  electr ical  connec t ion  was m a d e  at the  top of the 
anode  w i th  a A g - p l a t e d  Cu clamp.  Cathodes  were  on 
3 in. cen te r  to cen te r  spacing,  wi th  the  anode  cen-  
te red  b e t w e e n  t h e m  or 1~/2 in. f rom the  cathodes. 
F igu re  2 is a p ic tu re  of a typ ica l  PbO~ anode wi th  
the  cathodes used. 

E lec t ro ly te  could be r e move d  f rom the bo t tom of 
the cell a nd  r e t u r n e d  to the  top to i n s u r e  adequa te  
mix ing .  

Experimental procedure.--At the  start ,  the  cell 
was filled wi th  4 l i ters  of so lu t ion  con t a in ing  ap -  
p r o x i m a t e l y  500 g/1 NaC10~ plus  the  addi t ive.  The  
pH and  t e m p e r a t u r e  were  recorded.  A va l ue  of 6.9 
was cons idered  to be the  m a x i m u m  l imi t i ng  pH 
whi le  the  t e m p e r a t u r e  was cont ro l led  w i t h i n  the  
r a nge  of 30~176 C u r r e n t  was ad jus t ed  to the  de-  
s ired anodic  c u r r e n t  densi ty ,  and  vol tage  noted.  

E lec t ro ly te  was r e move d  d u r i n g  electrolysis  f rom 
the  bo t tom of the  cell and  r e t u r n e d  t h r ough  the top. 
A bou t  2 l i ters  were  r emoved  in  f rom 2 to 3 m i n  in  
500 ml  inc rement s .  This  served to keep the  e lec t ro-  
ly te  wel l  c i rcu la ted  and  was  repea ted  every  hal f  
hour.  Af te r  r ec i r cu la t ion  was completed,  a 100 ml  
sample  was secured and  the  pH measured .  This  s a m -  
ple was  r e t u r n e d  to the cell and  the  pH adjus ted ,  if 
necessary.  

A 15 ml  sample  was t a ke n  for chemica l  ana lys i s  
every  2 hr  af ter  rec i rcu la t ion .  T h e n  15 ml  of m a k e -  
up so lu t ion  were  added to m a i n t a i n  cons t an t  volume.  

The  add i t ion  of m a k e - u p  so lu t ion  is impor t an t ,  
s ince no dras t ic  concen t r a t i on  changes  in  the  e lec t ro-  
ly te  could be in t roduced .  D u r i n g  the  in i t i a l  phases  of 
the  e x p e r i m e n t  the m a k e - u p  so lu t ion  con ta ined  300 
g/1 NaC10~. This  so lu t ion  was used u n t i l  the  concen-  
t r a t ion  of the e lec t ro ly te  in  the cell d ropped  to 150 

Fig 1. Internal arrangement of bench-scale production cell Fig. 2. Typical Pb02 anode-nickel cathodes 
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Fig. 3. Effect of PbO2 conductor wire. Electrolysis conditions: 
anodic C. D. = 15.5 amp/din=; cathodic C. D. = 7.25 
amp/dme; temp. range : 30~ cell voltage = 5.2-5.3 
v; pH : 5.2-5.7; NaF conc. = 0.5 g/ I .  Anode: solid circle, 
PbO~ plated on Ni wire; open circle, PbO2 plated on Pt clad Ta; 
open triangle, PbO~ plated on Ni wire. 
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Fig. 4. Effect of nickel cathodes on cumulative current 
efficiency. Electrolysis conditions: anodic C. D. = 15.5 
amp/dm~; cathodic C. D. = 7.25 amp/rim2; temp. range 
35~176 cell voltage ---~ 5.0 v; pH = 5.3; NoF conc. = 
0.5 g/I; anode: rough surface rod-shaped, 2.06 cm dia. x 
45.72 cm long; cathode: two U-shaped Ni rods, 0.95 cm dia. 
x 38.10 cm long. 

g/1 of chlorate .  F r o m  this  point ,  m a k e - u p  so lu t ion  of 
150 g/1 was  added  u n t i l  the  concen t r a t i on  dropped  to 
100 g/1. T h e n  so lu t ion  ad jus ted  to the  chlora te  com-  
posi t ion  of the  e lec t ro ly te  was added  u n t i l  the  com- 
p le t ion  of the  expe r imen t .  

Eve ry  2 hr  a 15 m l  sample  was ana lyzed  i m m e d i -  
a te ly  for its sodium: chlor ide  and  chlora te  concen t r a -  
tions. Since the  pe rch lo ra te  d e t e r m i n a t i o n  was t ime  
consuming ,  samples  were  t a k e n  on ly  every  4 hr  for 
analyses .  

E x p e r i m e n t s  were  car r ied  out  for 52 hr  c o n t i n u -  
ously, except  w h e n  side reac t ions  or ch lora te  a n a l y -  
ses ind ica ted  tha t  the  ob ta ined  efficiencies were  too 
low. 

Experimental Results 

Two dif ferent  PbO~ anodes were  used in the  ex-  
p e r i m e n t s  w i th  the  bench - sca l e  p roduc t ion  cell. One  
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Fig. 5. Effect of stainless steel cathodes on cumulative cur- 
rent efficiency. Electrolysis conditions: onodic C. D. : 15.5 
omp/dm2; cathodic C. D. : 7.25 omp/dm~; temp. range 
: 35~176 cell voltage = 4.75 v; pH = 5.7; NoF c o n c . :  
0.5 g / I ;  anode: rough surface rod-shaped, 2.06 cm dio. x 
45.72 cm long; cathode: two U-shaped stainless steel (302) 
rods, 0.95 cm dio. x 38.10 cm long. 

Table II. Experimental results of bench-scale production cells 

C a t h o d e  F i n a l  b C u m u l a t i v e  
c u r r e n t  c o n c e n t r a t i o n  c u r r e n t  U n i t  
d e n s i t y  V o l t a g e  C u r r e n t ~  T i m e ,  ( g / l )  e f f i c i e n c y  e n e r g y  c 

C a t h o d e  ( a m p / d m = )  A d d i t i v e  ( v o l t s )  ( a m p )  ( h r )  K w - H r  N a C i O 4  N a C l O s  ( % )  ( k w - h r / l b )  

N i c k e l  21.4 N a F  ~ 5.1 26.0 41.6 5.51 510 50 83.0 1.23 
Nickel 21.4 NaF and 5.3 26.0 52.0 7.16 240 280 31.1 3.38 

Na~Cr~O7 ~ 
Nickel 7.25 NaF 5.0 26.0 38.6 5.02 514 50 88.2 1.11 
S t a i n l e s s  21.4 N a F  5.2 26.0 49.2 6.52 493 50 68.0 1.50 
s t e e l  (302)  
S t a i n l e s s  7.25 N a F  4.75 26.0 37.6 4.64 505 50 91.5 1.04 
s t e e l  (302)  
S t a i n l e s s  7.25 N a F  and  4.75 26.0 24.0 2.96 235.5 287.6 66.0 1.43 
s t e e l  (302)  Na2Cr~O/ 
C o p p e r  21.4 N a F  5.7 26.0 42.8 6.36 492 50 78.5 1.47 
C a r b o n  21.4 N a F  5.1 26.0 52.0 6.89 264 214 34.2 2.96 
s t e e l  
C a r b o n  14.1 Na2Cr~O7 g 4,9 26.0 48.0 6.13 68 445 9.9 10.23 
s t e e l  

= A n o d i c  c u r r e n t  d e n s i t y  = 1 5 .5  a m p / d i n  2. 
V o l u m e  = 4 l i t e r s .  

c C o m m e r c i a l  p r o d u c t i o n  r e q u i r e s  1 . 5 - 1 . 9  k w - h r / l b  a t  6 . 2 - 6 . 8  v ,  a n d  a n o d i c  c u r r e n t  d e n s i t i e s  o f  3 1 . 1 - 5 2  a m p / d i n 2  ( 1 1 ) .  
d N a F  a s  a n  a d d i t i v e  = 0 .5  g / 1  concentrat ion.  
e N a ~ C r 2 0 7  c o n c e n t r a t i o n  = 0 .5  g / 1 .  
f N a 2 C r 2 0 7  c o n c e n t r a t i o n  ~ 0 . 0 0 3  g / L  
# N a 2 C r 2 0 r  c o n c e n t r a t i o n  = 5 .1  g / 1 .  



Vol. 105, No. 3 P R O D U C T I O N  O F  S O D I U M  P E R C H L O R A T E  155 

Table Ill. Spectrographic analyses of unpurified ammonium percblorate 

C a t h o d e  m a t e r i a l  N i c k e l  S t a in l e s s  s t ee l  (302) Copper  

Major constituent* ** Sodium Sodium Sodium 
Intermedia te  const i tuent  Potassium Potassium Potassium 
Minor const i tuent  Approximate  % Approximate  % Approximate  % 

Calcium 0.10 0.10 0.10 
A l u m i n u m  0.05 0.05 0.01 
Iron 0.05 0.01 0.005 
Magnesium 0.01 None found None found 
Silicon 0.01 0.01 None found 
Bar ium 0.01 0.01 0.01 
Chromium 0.005 0.001 0.001 
Copper 0.005 0.01 0.005 
Vanadium 0.005 0.001 0.001 
Nickel 0.005 None found None found 
Manganese 0.001 None found None found 
Lead 0.001 Trace Trace 
Wt of Ash (g) 1.62 1.39 3.03 

* M o t h e r  l i q u o r  h o l d - u p .  
** Based  on  s p e c t r o g r a p h i c  ana lyses  of ash.  

anode  consis ted of PbO~ p la ted  on  P t  clad Ta  a nd  the  
o ther  was  p la ted  on Ni wire.  E x p e r i m e n t a l  resul t s  
ob ta ined  w h e n  PbO~ is p la ted  on these two dif ferent  
conductors  are  p resen ted  in  Fig. 3. W h e n  sod ium di-  
ch romate  was  used as an  addi t ive,  a t h in  ye l low 
deposi t  was  fo rmed  on the  surface  of the  PbO.~ anode.  
Cathodes  were  cons t ruc ted  of Ni, Cu, ca rbon  steel, 
and  302 s tainless  steel. The effects of cathodic cu r -  
r en t  dens i ty  and  addi t ives  were  also inves t iga ted .  
Some e x p e r i m e n t a l  resu l t s  are  p r e sen t ed  in  Tab le  II. 

A typ ica l  resul t ,  us ing  Ni cathodes,  i l l u s t r a t i ng  the  
change  in  e lec t ro ly te  concen t r a t i on  as a f unc t i on  of 
t ime  and  the  c u m u l a t i v e  c u r r e n t  efficiency is p r e -  
sented  in  Fig. 4. F i g u r e  5 p resen t s  resul t s  wi th  s t a in -  
less steel  cathodes.  

Sod ium perch lo ra te  p roduced  in  these bench - sca l e  
e x p e r i m e n t s  was conver ted  to a m m o n i u m  perch lo -  
ra te  to d e t e r m i n e  p u r i t y  and  for e v a l u a t i o n  purposes.  
On ly  the  first crop of u n w a s h e d  crys ta ls  was  selected 
for chemica l  and  spec t rographic  analyses .  Tab le  I I I  
p resen t s  spec t rographic  da ta  on the  a m m o n i u m  pe r -  
ch lora te  prepared ,  and  indica tes  t ha t  no u n u s u a l  
q u a n t i t y  of meta l l i c  impur i t i e s  was  in t roduced  into 
the perchlora te .  

Conclusions.--The fo l lowing conclus ions  m a y  be 
reached f rom the  expe r imen ta t i on ,  u t i l i z ing  PbO_o 
anodes as a subs t i tu t e  for P t  in  the  p roduc t ion  of 
sod ium perch lora te :  

1. Lead  dioxide  anodes  p roduce  sod ium pe rch lo -  
ra te  at h igh c u m u l a t i v e  c u r r e n t  efficiencies. 

2. The  c u m u l a t i v e  c u r r e n t  efficiency for a g iven  
anodic  c u r r e n t  dens i ty  is a f unc t i on  of ch lora te  con-  
cen t ra t ion ,  the cathode mate r ia l ,  the  cathodic cu r -  
r en t  densi ty ,  and  the  addi t ive  used. 

3. The wire  on  which  the PbO~ was p la ted  for an  
anode appears  to have  no effect on the  p roduc t ion  of 
sod ium perchlora te .  

4. Sod ium perch lo ra te  can be p roduced  us ing  
cathodes of Ni, Cu, s ta inless  steel, and  ca rbon  steel. 
However ,  efficiencies w i t h  ca rbon  steel  are  ve ry  low. 

5. Sod ium d ich roma te  has a d e t r i m e n t a l  effect on 
the c u r r e n t  efficiency by  fo rming  a th in  deposi t  on 
the surface  of the PbO~ anode.  

6. Decreas ing  the  cathodic c u r r e n t  dens i ty  i n -  
creased the c u r r e n t  efficiency w h e n  u t i l i z ing  Ni and  
s ta inless  steel cathodes.  

7. One  PbO,  anode was used in  the cell opera t ion  
for 3,000 hr. 

8. A m m o n i u m  perch lo ra te  was p r e p a r e d  f rom 
the  sod ium perch lo ra te  p roduced  in  these exper i -  
ments .  No u n u s u a l  meta l l i c  c o n t a m i n a t i o n  was  p res -  
en t  and  the  a m m o n i u m  perch lo ra te  meets  p resen t  
commerc i a l  specifications. 

9. Compar i son  of ene rgy  r e q u i r e m e n t s  ca lcu la ted  
for iden t ica l  e x p e r i m e n t a l  condi t ions  indicates  t ha t  
Ni a nd  s ta inless  steel are  the best  ca thode ma te r i a l s  
and  tha t  PbO~ offers ene rgy  advan t ages  over  P t  as 
an  anode.  

10. E n e r g y  resul t s  of 1.04 k w - h r / l b  of sod ium 
perch lo ra te  wi th  a c u m u l a t i v e  c u r r e n t  efficiency of 
91.5% were  obta ined .  These  resul t s  were  a t t a ined  
wi th  s ta inless  steel cathodes at a cathodic c u r r e n t  
dens i ty  of 7.25 a m p / d m  2 and  a final sod ium chlora te  
concen t r a t i on  of 50 g/1. 

Manuscript  received May 6, 1957. This paper  was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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Dissolution of Metals in Aqueous Acid Solutions 

II. Depolarized Dissolution of Mild Steel 

A. C. Makrides and N. Hackerman 

Department  of Chemistry,  University of Texa~, Aust in,  Texas 

ABSTRACT 

Dissolution rates of mild steel cylinders rotated in 2N HC1 solutions con- 
ta in ing ferric chloride, benzoquinone,  and tolu-p-quinone are reported. At 
high velocities the dissolution rate depends l inear ly  on velocity of rotation. 
The dissolution rate also depends on the roughness of the metal  surface. 

In  a p rev ious  pape r  (1) c u r r e n t - p o t e n t i a l  r e l a -  
t ions for d isso lu t ion  of mi ld  steel  in  acid solut ions  
c o n t a i n i n g  depolar izers  we re  i n t e r p r e t e d  on the  as- 
s u m p t i o n  tha t  d i sso lu t ion  was u n d e r  diffusion con-  
trol.  A k ine t i c  s tudy  of d i s so lu t ion  is p r e sen t ed  here.  
In  par t i cu la r ,  the  dependence  of ra te  on depolar izer  
concen t ra t ion ,  s t i r r ing  velocity,  t e m p e r a t u r e ,  and  
surface roughness  of the me t a l  is examined .  Resul ts  
are cons is ten t  wi th  the  pos tu la te  tha t  d issolu t ion  is 
l imi ted  by  the ra t e  of diffusion of depolar izer  to the 
in terface .  

Experimental 
The  e x p e r i m e n t a l  a r r a n g e m e n t  and  p rocedure  

have  been  descr ibed p rev ious ly  (1) .  Mild steel cyl -  
inders ,  pol ished wi th  2/0 emery  pape r  an d  de-  
greased wi th  b e n z e n e  in  an  extractor ,  were  ro ta ted  
in  2N HC1 solut ions  c o n t a i n i n g  depolar izer  at  speeds 
up to 11,000 r p m  (1000 cm/sec  l i nea r  ve loc i ty) .  
On ly  the  l a t e ra l  surface  of the cy l inde r  was  ex-  
posed to the  solut ion,  the  top and  bo t tom par t s  as 
wel l  as the edges be ing  covered wi th  paraffin. Al l  
solut ions  were  deae ra ted  by  pass ing  n i t r o g e n  t h r ough  
the  solut ion before  a run .  

The  reac t ion  vessel  was  a 600 m l  beake r  loosely 
fitted w i th  a Luci te  cap. The  cap had  open ings  
t h rough  which  the spec imen  and  a ca lomel  e lectrode 
wi th  a s a tu ra t ed  K C l - a g a r  br idge  were  inser ted .  
The  cen te r  of the cy l inde r  was  2 cm f rom the  cen te r  
of the beaker .  This  a r r a n g e m e n t  was  chosen to 
avoid sepa ra t ion  of flow along the  shaf t  observed  
w h e n  the cy l inde r  was  concent r ic  wi th  the beaker .  

The surface  of the cy l inde r  was  1.5 cm f rom the 
wal l  of the  beake r  and  4 cm f rom the  t ip of a calo-  
me l  e lectrode placed opposite the cy l inde r  an d  n e x t  
to the wa l l  of the  con ta iner .  The top of the  cy l inder  
was i m m e r s e d  to a dep th  of 4 cm w h e n  the cy l inde r  
was s ta t ionary .  The d i ame te r  of the  cy l inders  va r i ed  
f rom 1.70 to 1.90 cm and  the he igh t  of the  la te ra l  
surface exposed to so lu t ion  was  b e t w e e n  1.8 a nd  2.1 
cm. These las t  two d imens ions  were  m e a s u r e d  for 
each run .  

Fer r ic  chlor ide  was of C. P. g rade  and  was  used  
wi thou t  f u r t h e r  pur i f icat ion.  The  qu inones  were  of 
h ighest  commerc ia l  p u r i t y  ava i l ab l e  and  were  twice 
recrys ta l l ized  f rom ethanol .  

Results and Discussion 
Dissolu t ion  ra tes  a re  expressed  in  t e rms  of the  

specific ra te  cons tan t  k, g iven  by  

2.30 V~ x~ 
k ---- log (I)  

A t  x~ -- x 

Here  V8 is the  v o l u m e  of the  so lu t ion  (400 m l ) ,  A 
the p ro jec ted  exposed me t a l  surface  area, x the  
weigh t  loss (mg)  in  t ime  t (sec) ,  and  x~ the cal-  
cu la ted  weigh t  loss for t ~ ~ .  

Genera l ly ,  the  we igh t  loss at the end  of a speci-  
fied t ime  (600 sec) was  m e a s u r e d  and  k ca lcu la ted  
f rom Eq. ( I ) .  In  some cases the  so lu t ion  was a n a -  
lyzed for i ron  at m e a s u r e d  t ime  in t e rva l s  and  k ob-  
t a ined  f rom a first o rder  k ine t i c  plot. 

For  purposes  of discussion a d i f fe ren t ia t ion  is made  
b e t w e e n  resul t s  ob ta ined  at average  d issolu t ion  
ra tes  less t h a n  0.020 m g / s e c / c m  2 of p ro jec ted  area  
and  those at h igher  rates.  Resul ts  for the fo rmer  
i n t e r v a l  are g iven  in  Tables  I and  II and  are p lo t ted  
in  Fig. 1. In  this  range,  k is i n d e p e n d e n t  of in i t i a l  
depolar izer  concen t ra t ion .  At  g rea te r  average  dis-  
so lu t ion  rates,  k increases  w i th  in i t i a l  depolar izer  
concen t ra t ion .  I t  is shown  be low tha t  the d e p e n d -  
ence of k on Co in  the  l a t t e r  case is caused by  ex-  
cessive surface  r o u g h e n i n g  b r ough t  about  by  dis-  
solut ion.  

2O ~ 2 

o ~' co 5 �9 �9 o i 

�9 o Qo 

2 0 0  3 0 0  4 0 0  5 0 0  

VELOGITY I OM / SEC 

Fig. 1. Specif ic rote constant as o funct ion of velocity:  
curve ] ,  ferr ic chlor ide; curve 2, to lu-p-quinone;  curve 3, 
benzoquinone. 
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Table I. Dissolution rates of mild steel cylinders in 2N H CI solutions containing depolarizers; T = 30 • 0.5~ 
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F e r r i c  ch lo r ide  T o l u - p - q u i n o n e  B e n z o q u i n o n e  

Veloc i ty  Conc k.  10~ Veloc i ty  Conc k- 10a Ve loc i ty  Conc k.  103 

(cm/sec)  (moles / l )  (cm/sec)  (cm/sec)  (moles / I )  (cm/sec)  ~cm/sec) (moles / l )  (cm/sec)  

158 0.0431 6.62 147 0.0100 7.88 209 0.0056 13.0 
200 0.0432 8.36 149 0.0100 9.25 210 0.0050 12.6 
210 0.0700 8.60 211 0.0050 11.4 211 0.0094 12.6 
211 0.0102 9.32 212 0.0100 11.5 211 0.0204 13.3 
211 0.0103 9.20 212 0.0200 10.9 211 0.0301 13.1 
211 0.0318 8.50 234 0.0100 12.7 212 0.0108 13.0 
211 0.0446 8.19 250 0.0100 13.4 212 0.0150 12.3 
213 0.0191 8.73 254 0.0100 13.1 213 0.0300 12.6 
232 0.0431 9.83 299 0.0100 15.9 245 0.0100 15.3 
311 0.0432 13.5 300 0.0100 16.8 251 0.0100 15.3 
333 0.0450 13.3 322 0.0049 19.0 253 0.0050 14.6 
339 0.0450 13.6 328 0.0046 17.7 253 0.0050 15.1 
345 0.0194 13.1 332 0.0092 18.7 305 0.0051 19.8 
463 0.0200 17.4 332 0.0098 19.2 312 0.0103 19.6 
472 0.0200 18.2 334 0.0200 18.4 312 0.0106 20.4 
506 0.0200 18.9 424 0.0100 23.4 335 0.0200 20.1 
512 0.0194 18.7 488 0.0050 27.7 339 0.0200 20.2 
512 0.0194 19.4 500 0.0050 26.7 364 0.0050 22.7 
520 0.0312 20.4 506 0.0100 28.6 368 0.0050 22.6 

510 0.0100 28.0 

Table II. Dependence of rate constant on velocity 

E s t i m a t e d  
Depola r ize r*  Slope% In te rcep t~  Deviat ion% * 
2N HC1 so lu t i ons  c o n t a i n i n g  depola r ize rs .  T = 30.0 ~ --~ 0.5~ 

Ferric chloride 3.50 X 104 +1.38 • 10 -~ • • 10 -~ 
Tolu-p-quinone 5.56 X 104 --0.09 • 104 • • 10 -~ 
Benzoquinone 6.39 • 104 --0.70 • 10 -~ • • 10 -* 

Note :  * R a n g e  of  R e y n o l d s  n u m b e r s :  30,000 to  100,000. 
t F r o m  resu l t s  g i v e n  i n  Tab le  I. The  s lope  and  i n t e r c e p t  w e r e  

ca l cu l a t ed  by  t he  leas t  squa res  me thod .  
~; The  e s t i m a t e d  d e v i a t i o n  is g i v e n  b y  S~ (est im) = Sk (1-r'2)1/2 

w h e r e  S~ is t he  s t a n d a r d  d e v i a t i o n  a n d  r t he  c o r r e l a t i o n  co- 
efficient.  The  a v e r a g e  d e v i a t i o n  is -4-6.0% for  f e r r i c  ch lo r ide ,  
•  for  t o l u - p - q u i n o n e ,  and  +4 .0% for  b e n z o q u i n o n e .  

Dependence  oS the  Specific Rate  Cons tant  on Veloc i ty  

Heat  and  mass  t r a n s f e r  in  t u r b u l e n t  flow are of 
cons iderab le  theore t ica l  as wel l  as p rac t ica l  i n t e re s t  
and  have  b e e n  the  sub jec t  of n u m e r o u s  i nves t i ga -  
t ions  (2) .  The  work  of K i n g  and  col labora tors  (3) ,  
of A g a r  (4) ,  and  of Eisenberg,  Tobias,  and  Wi lke  
(5, 6) is of p a r t i c u l a r  in te res t  s ince it is d i rec t ly  ap-  
p l icable  to the ro t a t ing  c y l i n d e r - t u r b u l e n t  flow 
system. 

Agar  (4) has suggested  tha t  the  effective th ick-  
ness,  8, of the  b o u n d a r y  l aye r  at the  solid sur face  is 
g iven  by  an  express ion  of the form 1 

L 
8 -~  (R,,) -~ (Pr)  -~ ( I I )  

Here  L is the charac ter i s t ic  length ,  the  d iamete r ,  d, 
of the  cy l inder  in  this  case; B, a, and  fl are  con-  
s tan ts ;  (R~) is the  Reyno lds  n u m b e r ;  and  (Pr )  
P r a n d t l ' s  n u m b e r .  The  las t  two are  g iven  by  

Vd 
(R~) -- (I]1) 

1,' 

(Pr )  -- (IV) 
D 

1 T he  e f fec t ive  t h i c k n e s s  of t he  b o u n d a r y  l a y e r  is e q u i v a l e n t  to 
t h a t  c a l c u l a t e d  on  t he  bas is  of a m o d e l  of  a s t a t i o n a r y  l a y e r  of 
l i q u i d  a d j a c e n t  to the  solid.  T h r o u g h  th i s  layer ,  the  c o n c e n t r a t i o n  
of d i f f u s i n g  species  is  a s s u m e d  to c h a n g e  l i n e a r l y  w i t h  d i s t ance  
f r o m  a v a l u e  o f  zero, a t  t he  sur face ,  to  t h a t  i n  t he  b u l k  os t he  so lu -  
t ion.  6 is  not ,  i n  gene ra l ,  e q u a l  to t he  p h y s i c a l  t h i c k n e s s  o f  t h e  h y -  
d r o d y n a m i c  b o u n d a r y  layer ,  b u t  i t  is  r e l a t ed  to t h i s  th i ckness .  

w h e r e  v is the  k i n e m a t i c  viscosi ty  a nd  D the  diffu-  
sion coefficient. Equa t i on  ( I I )  assumes  tha t  for 
forced convec t ion  8 is i n d e p e n d e n t  of the c o n c e n t r a -  
t ion  of diffusing species a nd  tha t  e lec t rolyt ic  t r a n s -  
por t  is negl ig ible .  Aga r  (4) notes  tha t  exper i -  
m e n t a l l y  

8 = (const )  V -~ (V) 

where  0.5 < q < 1.0. If  a reac t ion  is cont ro l led  by  
diffusion 

k = D/8 (VI)  

and  Fig. 1 shows tha t  i n  this  case q [ a n d  hence  a 
in  Eq. ( I I ) ]  is un i ty .  

Comparison w i t h  Resul t s  o] Prev ious  Invest igators  
The l inea r  dependence  of k on veloci ty  of s t i r r ing  

found  wi th  the  p r e s e n t  sys tem is in  a g r e e m e n t  w i th  
the  resul t s  of K i n g  a nd  co -worke r s  (3) and  of 
F r a n k - K a m e n i t s k i i  a nd  co -worke r s  (7) ,  bu t  is, at  
first sight, in  v a r i a n c e  w i th  the  resul t s  of Roald and  
Beck (8) ,  and  of Eisenberg ,  Tobias,  a nd  Wi lke  (5, 6) 
who find tha t  the ra te  of mass  t r ans f e r  increases  as 
the  0.70 power  of velocity.  The  l a t t e r  au thors  cor-  
re la te  the i r  resul t s  t h r ough  the  f u n c t i o n  i'D ~ ( k / V )  
(P r )  .. . . .  . F r o m  a plot  of j ' ,  vs. Reyno lds  n u m b e r  
they  find 

k : 0.0791 V (R~) -~ (Pr)  .... (VII)  
The  e x p e r i m e n t a l  sys tem s tudied  by  these au -  

thors  (6) was ox ida t ion  and  r educ t ion  of the  f e r r i -  
f e r rocyan ide  couple  at  i n e r t  (n icke l )  electrodes.  

The  veloci ty  e x p o n e n t  g iven  in  Eq. (VII)  is a 
"bes t  va lue"  for the  r a n g e  of Reynolds  n u m b e r  
1,000 to 100,000 (6) .  Ac tua l ly ,  the  e x p o n e n t  de-  
pends  on Reyno lds  n u m b e r .  Thus ,  the  slope of the  
cor re la t ion  c u r ve  (j% vs R~) was  --0.32 for  the  i n -  
t e rva l  R~ = 1,000 to 10,000, wh i l e  i t  was  on ly  --0.23 
for R~ = 30,000 to 100,000 [Tab le  II  of ref. (6 ) ] .  To 
be exact,  therefore ,  compar i sons  m u s t  be  m a d e  in  
the  same r a nge  of Reynolds  n u m b e r s .  

In  the work  repor ted  here,  Reynolds  n u m b e r  
va r i ed  f rom 30,000 to 100,000. A least  squares '  ana l -  
ysis of the da ta  of Eisenberg ,  Tobias,  a nd  Wi lke  (6) 
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in th is  i n t e r v a l  shows  t h a t  t h e  l i m i t i n g  r a t e s  for  
r e d u c t i o n  and  o x i d a t i o n  d e p e n d  on t h e  0.72 and  0.77 
p o w e r  of ve loc i ty ,  r e spec t i ve ly .  

T a b l e  I I  g ives  an  a n a l y s i s  of  t he  d a t a  of T a b l e  I 
b y  the  l eas t  squa re s  me thod .  A s  no ted  above ,  a 
l i n e a r  r e l a t i o n  ex is t s  b e t w e e n  k a n d  V. The  poss i -  
b i l i t y  t h a t  a l o g - l o g  f u n c t i o n  g ives  a b e t t e r  fit w a s  
e x a m i n e d  a n d  r e j ec t ed .  In  t he  case  of FeCL,  for  e x -  
ample ,  t he  c o r r e l a t i o n  coefficient  was  0.988 fo r  a 
l i nea r  r e l a t i o n  a n d  0.92 for  a l o g a r i t h m i c  one.  

H y d r o d y n a m i c  cons ide ra t ions ,  b a s e d  on a m o d e l  
of a l i qu id  l a y e r  of  f ini te  t h i c k n e s s  t h r o u g h  w h i c h  
convec t ive  d i f fus ion  is absen t ,  show t h a t  for  t he  
l i m i t i n g  case  of l a r g e  R e y n o l d s  a n d  P r a n d t l ' s  n u m -  
be r s  t h e  r a t e  of mass  t r a n s f e r  is l i n e a r l y  r e l a t e d  to 
the  flow ve loc i t y  (7) .  H o w e v e r ,  i t  is u n l i k e l y  t h a t  
t he  R e y n o l d s  and  P r a n d t I ' s  n u m b e r s  i n v o l v e d  h e r e  
a r e  suff ic ient ly  l a r g e  to  a t t a i n  th is  case?  I n  t he  a b -  
sence of c o m p l i c a t i n g  effects,  t he  d i s so lu t ion  r a t e  is 
e x p e c t e d  to i nc rea se  as  t he  0.70 to 0.80 p o w e r  of 
ve loc i ty  (6) .  The  h i g h e r  v a l u e  of  t he  ve loc i t y  e x -  
p o n e n t  m u s t  t h e r e f o r e  be  a t t r i b u t e d  e i t he r  to a d i f -  
f e r ence  in g e o m e t r i c a l  a r r a n g e m e n t ,  or  to an  effect 
of the  d i s so lu t ion  process  on the  h y d r o d y n a m i c  
cond i t ions  u n d e r  w h i c h  mass  t r a n s f e r  occurs .  

Hydrodynamic conditions.--The di f fe ren t  ve loc i t y  
e x p o n e n t s  f o u n d  in  th i s  w o r k  a n d  t h a t  of E i senbe rg ,  
Tobias ,  and  W i l k e  (5, 6) m a y  be  the  r e s u l t  of d i f fe r -  
en t  g e o m e t r i c  a r r a n g e m e n t s .  These  au tho r s  (5, 6) 
u sed  c y l i n d e r s  concen t r i c  w i t h  t h e  w a l l  ( o u t e r  cy l -  
i n d e r ) ,  a l e n g t h  to d i a m e t e r  r a t i o  f rom 3.0 to 11.6, 
and  c o m p l e t e  end-baf f l ing .  In  th is  w o r k  the  c y l i n d e r  
was  no t  concen t r i c  w i t h  the  vesse l  and  t h e  l e n g t h  to 
d i a m e t e r  r a t i o  was  1.0 to 1.2. 

The  d i f fe rences  n o t e d  a b o v e  a re  p r o b a b l y  no t  r e -  
spons ib l e  for  the  d i f f e r en t  ve loc i t y  e x p o n e n t s  ob -  
se rved .  T h e  l e n g t h  to d i a m e t e r  ra t io ,  l/d, does  no t  
a p p e a r  to be  s ignif icant .  E i senberg ,  Tobias ,  and  
W i l k e  (5, 6) f o u n d  no effect  fo r  an  a lmos t  fou r fo ld  
c h a n g e  in th i s  ra t io .  If ,  as p o i n t e d  ou t  be low,  a co r -  
r e l a t i o n  exis t s  b e t w e e n  d i s so lu t ion  r a t e  and  f r i c t ion  
fac to rs  d e r i v e d  f r o m  m e a s u r e m e n t s  of the  d r a g  on 
c y l i n d e r s  r o t a t i n g  in fluids,  the  e x p e r i m e n t s  of 
T h e o d o r s e n  a n d  Reg ie r  (9)  also s u p p o r t  the  v i e w  
tha t  the  l/d r a t i o  is w i t h o u t  inf luence.  These  a u -  
thor s  (9)  found  no effect on the  d e p e n d e n c e  of the  
d r a g  coefficient,  ] /2 ,  on R, fo r  a change  of l/d f r o m  
20:1 to 3: 1. F u r t h e r ,  the  f u n c t i o n a l  d e p e n d e n c e  of 
f/2 on Rr was  t h e  s ame  for  c y l i n d e r s  and  disks,  ~ 
w h i c h  sugges t s  t h a t  even  e x t r e m e  v a r i a t i o n  of the  
l/d r a t i o  does  no t  a l t e r  t he  ve loc i t y  dependence .  

The  effect of baff l ing and  of concen t r i c  a r r a n g e -  
m e n t  is m o r e  diff icul t  to e v a l u a t e .  E i senbe rg ,  Tobias ,  
and  W i l k e  (5, 6) f o u n d  no d e p e n d e n c e  on the  gap  
b e t w e e n  t h e  r o t a t i n g  c y l i n d e r  and  the  ou te r  t u b e  
(gaps  of 0.5-12.5 c m ) .  H o w e v e r ,  a l l  of t h e i r  e x -  
p e r i m e n t s  w e r e  done  w i t h  a concen t r i c  a r r a n g e -  
ment .  I t  has  been  sugges t ed  (8)  t h a t  i n c r e a s e d  b a f -  

2 These  s t a t e m e n t s  r e f e r  to s m o o t h  surfaces .  A s  s h o w n  b e l o w ,  t he  
ra te  of mass  t r a n s f e r  m a y  become  a l i n e a r  f u n c t i o n  of v e l o c i t y  a t  
r e l a t i v e l y  s m a l l  R e y n o l d s  n u m b e r s  i f  t h e  su r face  is h y d r o d y n a m -  
i ca l ly  rough .  

:1 T h e o d o r s e n  a n d  R e g i e r  (9) f ind  fo r  c y l i n d e r s  1/x/~- -- 4.07 logx/~ 
= --0.6 + 4.07 l o g R r  a n d  fo r  d i sks  1 / X / ~  -- 4.07 log~/$--~ ~ --2.05 + 
4.07 logRx, w h e r e  ]~ and  R~ r e f e r  to  the  d r a g  coeff ic ient  a n d  R e y n -  
olds  n u m b e r  a t  a d i s t ance  x f r o m  the  cen te r  of t he  disk.  Rr  is  
R e y n o l d s  n u m b e r  based  on  the  r a d i u s  of t he  cy l inde r .  

fling g ives  va lue s  of  t he  v e l o c i t y  e x p o n e n t  c loser  to  
un i ty .  On th is  basis ,  our  r e su l t s  shou ld  h a v e  s h o w n  
p r o b a b l y  a sma l l e r ,  r a t h e r  t h a n  l a rge r ,  ve loc i ty  
e x p o n e n t .  

P r o p o s e d  c o r r e l a t i ons  [see ( 1 4 - 1 7 ) ]  b e t w e e n  h e a t  
or  mass  t r a n s f e r  and  h y d r o d y n a m i c  p a r a m e t e r s  a r e  
b a s e d  g e n e r a l l y  on R e y n o l d s '  a n a l o g y  (13) and  as -  
sume  the  v a l i d i t y  of t h e  m o m e n t u m  t r a n s f e r  t h e o r y  
of t u r b u l e n c e .  W i t h  o t h e r  theor ies ,  e.g., t he  v o r t i c i t y  
t r a n s f e r  t h e o r y  (10) ,  t h e r e  is no  d i r e c t  c o r r e l a t i o n  
b e t w e e n  the  v e l o c i t y  and  t e m p e r a t u r e  d i s t r i bu t ions .  
I t  is p r o b a b l e  t h a t  the  success  of p r o p o s e d  r e l a t i o n s  
is to be  a s c r i b e d  to t h e  fac t  t h a t  t he  m o m e n t u m  
t r a n s f e r  t h e o r y  g ives  the  co r rec t  v e l o c i t y  d i s t r i b u -  
t ion  n e a r  a w a l l  (11) .  

E v e n  in  cases  w h e r e  the  v e l o c i t y  d i s t r i b u t i o n  in 
t h e  core  of t he  f low ag rees  w i t h  t he  v o r t i c i t y  t r a n s -  
fe r  t heo ry ,  R e y n o l d s  a n a l o g y  m a y  s t i l l  be  a p p l i c a -  
ble.  A n  e x a m p l e  is t he  sYstem of  concen t r i c  c y l i n -  
ders .  E i senbe rg ,  Tobias ,  a n d  W i l k e  (5, 6) f ind t h a t  
an  e x t e n d e d  R e y n o l d s '  a n a l o g y  ( the  C h i l t o n - C o l -  
b u r n  a n a l o g y )  desc r ibes  c o r r e c t l y  t he  d e p e n d e n c e  
of the  mass  t r a n s f e r  coefficient  on R e y n o l d s  n u m b e r .  
T h e  w o r k  of T a y l o r  (10)  a n d  of P a i - S h i h  I (12) 
shows  t h a t  in  th is  case, t h e  m o m e n t u m  t r a n s f e r  
t h e o r y  fa i l s  in  t he  core  of t he  flow. H o w e v e r ,  in  t he  
n e i g h b o r h o o d  of t he  wal l ,  t h e  m o m e n t u m  t r a n s f e r  
t h e o r y  is v a l i d  and  t h e  sk in  f r i c t i on  coefficient  is 
g iven  b y  a yon  K ~ r m ~ n  l o g a r i t h m i c  e q u a t i o n  (9, 10, 
12).  These  o b s e r v a t i o n s  s u p p o r t  t h e  v i e w  t h a t  t he  
t y p e  of  core  f low is of s e c o n d a r y  i m p o r t a n c e  w h e n  
mass  t r a n s f e r  is c o n t r o l l e d  b y  t h e  h y d r o d y n a m i c  
cond i t ions  n e a r  a wal l .  I f  th i s  suppos i t i on  is cor -  
rect ,  t he  n a t u r e  of s e c o n d a r y  flows, the  p re sence  of 
o t h e r  su r faces  a t  d i s t ances  of t he  o r d e r  of 1000 
t imes  the  t h i cknes s  of t h e  b o u n d a r y  l aye r ,  a con-  
cen t r i c  or  eccen t r i c  a r r a n g e m e n t ,  and  the  e x t e n t  of 
end -ba f f i i ng  a r e  no t  e x p e c t e d  to inf luence  the  r a t e  
of mass  t r ans f e r .  

One  poss ib l e  d i f f icul ty  w i t h  d i s so lu t ion  e x p e r i -  
m e n t s  m a y  be  m e n t i o n e d  here .  Dis so lu t ion  is f r e -  
q u e n t l y  a c c o m p a n i e d  b y  e v o l u t i o n  of h y d r o g e n .  A l -  
t h o u g h  d e p o l a r i z e r s  r e d u c e  h y d r o g e n  evo lu t ion ,  i t  
is u n l i k e l y  t h a t  t h e y  s u p p r e s s  i t  en t i r e ly .  The  s t i r -  
r i ng  effect  of b u b b l e s  m o v i n g  in t he  b o u n d a r y  l a y e r  
m u s t  t h e r e f o r e  b e  cons ide red .  

Roa ld  and  Beck  (8)  f o u n d  for  m a g n e s i u m  d i s -  
so lv ing  in HC1 so lu t ions  t h a t  t he  s t i r r i n g  effect of 
b u b b l e s  was  n e g l i g i b l e  at  s m a l l  d i s so lu t ion  r a t e s  b u t  
b e c a m e  d o m i n a n t  a t  h igh  ra tes .  The  d i s so lu t ion  r a t e  
a t  w h i c h  the  s t i r r i n g  effect  of  h y d r o g e n  first  b e -  
comes  d e t e c t a b l e  i nc reases  w i t h  s t i r r i n g  ve loc i ty .  A t  
150 c m/ se c ,  th is  r a t e  is e q u i v a l e n t  to 1.9 cc HJcm-~/ 
min.  The  m a x i m u m  r a t e  of h y d r o g e n  evo lu t i on  in 
the  e x p e r i m e n t s  r e p o r t e d  h e r e  was  0.01 cc H2/cm'~ 
m i n ?  S ince  the  r a t e  he r e  is 100 t imes  s m a l l e r  t h a n  
the  r a t e  t h r e s h o l d  f o u n d  b y  R o a l d  and  Beck  (8) ,  i t  
m a y  be  conc luded  t ha t  s t i r r i n g  b y  b u b b l e s  is n e g l i -  
gible .  

I t  is b e l i e v e d  t h a t  t he  l i n e a r  d e p e n d e n c e  of r a t e  
on ve loc i t y  u s u a l l y  f o u n d  in d i s so lu t ion  e x p e r i m e n t s  
is t he  r e su l t  of su r f ace  r o u g h e n i n g  caused  b y  the  

A n  u p p e r  b o u n d  fo r  t he  r a t e  of h y d r o g e n  e v o l u t i o n  is g i v e n  by  
t he  r a t e  in  so lu t i ons  w i t h o u t  depo la r i ze r s .  Th i s  is c a l c u l a t e d  f r o m  
the  d i s s o l u t i o n  r a t e  in  2N HC1. 
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d i s so lu t ion  process .  E i senbe rg ,  Tobias ,  a n d  W i l k e  
(6)  took  spec ia l  pa ins  to p r e p a r e  s m o o t h  sur faces .  
In  t he  p r e s e n t  s t u d y  i t  was  imposs ib l e  to avo id  s u r -  
face  r o u g h e n i n g  d u r i n g  a run .  S u r f a c e  i r r e g u l a r i -  
t ies  of h e i g h t  c o m p a r a b l e  to t he  t h i cknes s  of t he  
l a m i n a r  s u b l a y e r  g ive  r i se  to a " h y d r o d y n a m i c a l l y  
r o u g h "  sur face .  The  r a t e  is e x p e c t e d  t hen  to be  a 
l i n e a r  func t ion  of ve loc i t y  w h e n  a c r i t i ca l  v a l u e  of 
R e y n o l d s  n u m b e r  is exceeded .  The  effect of su r f a c e  
roughnes s  on r a t e  of mass  t r a n s f e r  is cons ide r e d  b e -  
low. 

M a s s  t ransSer  i n  t u r b u l e n t  f l o w . - - P r o p o s e d  cor -  
r e l a t i ons  (14-17)  b e t w e e n  r a t e s  of h e a t  or  mass  
t r a n s f e r  and  h y d r o d y n a m i c  p a r a m e t e r s  a r e  g e n e r -  
a l l y  based  on R e y n o l d s '  a n a l o g y  w h i c h  sugges t s  t h a t  
in t u r b u l e n t  flow m o m e n t u m  a n d  h e a t  a r e  t r a n s -  
f e r r e d  in  t he  s a m e  w a y  (13) .  R e y n o l d s '  a n a l o g y  
fa i ls  for  f luids for  w h i c h  P r a n d t l ' s  n u m b e r  is not  
u n i t y  because  of the  ex i s t ence  of a l a y e r  n e a r  the  
wa l l  t h r o u g h  w h i c h  the  t r a n s f e r  of h e a t  a n d  m o -  
m e n t u m  b y  conduc t ion  and  v i scos i ty  is i m p o r t a n t .  
K h r m ~ n ' s  e x t e n s i o n  (16) of R e y n o l d s '  a n a l o g y  l eads  
to t he  fo l l owing  exp re s s ion  for  the  r a t e  of hea t  
t r a n s f e r  

2 
1 / k ~  = -~- + 5 ~ / 2 / f  [ ( P r - - 1 )  + l n { 1 + 0 . 8 3 ( P r - - 1 ) ) ]  

(VIII) 
where 

Q. 
kH 

V ( T o  --  T ~ ) c p  

w i t h  Qo the  r a t e  of h e a t  t r a n s f e r  p e r  un i t  a r e a  of t he  
wal l ,  To the  t e m p e r a t u r e  at  t h e  wa l l ,  T,~ the  m e a n  
t e m p e r a t u r e  for  t he  r eg ion  of flow cons idered ,  c the  
specific h e a t  capac i ty ,  a n d  p dens i ty .  

F o r  s m a l l  va lue s  of P r a n d t l ' s  n u m b e r  ( P r ~ l - 1 0 ) ,  
Eq. (VI I I )  is in  r e a s o n a b l y  good a g r e e m e n t  w i t h  
e x p e r i m e n t  (11) .  A t  l a r g e  v a l u e s  of P r a n d t l ' s  n u m -  
ber ,  h o w e v e r ,  Eq. (VI I I )  r educes  to 

1 2 

- -  --  -t- 5 V~2/ f  ( P r )  ( V I I I a )  
k .  I 

The  i n d i c a t e d  l i n e a r  d e p e n d e n c e  of 1 / k .  on ( P r )  
for  cons t an t  f / 2  is c o n t r a r y  to o b s e r v a t i o n  (17) .  
Good  a g r e e m e n t  w i t h  e x p e r i m e n t  is o b s e r v e d  w i t h  

I 
k ,  : - ~  (Pr)(~-~' ( I X )  

w h e r e  fl ~ 0.35. C o l b u r n  (17) a n d  Ch i l t on  a n d  Col -  
b u r n  (18) use  fl = 1/3, w h i l e  E i senbe rg ,  Tobias ,  and  
W i l k e  (5, 6) f ind f r o m  mass  t r a n s f e r  e x p e r i m e n t s  
w i t h  c y l i n d e r s  fl = 0.356. 

T h e o d o r s e n  a n d  Reg ie r  (9)  f ind for  r o t a t i n g  c y l -  
i nde r s  w i t h  smoo th  su r f aces  

1 
- -  --  1.72 q- 5.76 log R~N/II2  (X)  
x/f/2 

As p o i n t e d  ou t  b y  E i senbe rg ,  Tobias ,  and  W i l k e  
(5) ,  Eq. (X)  is c lose ly  a p p r o x i m a t e d  b y  

I / 2  = 0.0794 R,  -~~ ( X a )  

in t he  r a n g e  1000_--< Re <_-- 100,000. S u b s t i t u t i o n  of 
th is  v a l u e  of f / 2  in  an  e q u a t i o n  for  mass  t r a n s f e r  
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s i m i l a r  to Eq. ( I X )  g a v e  good a g r e e m e n t  w i t h  e x -  
p e r i m e n t  (5, 6) .  

F o r  r o u g h  surfaces ,  T h e o d o r s e n  a n d  Reg ie r  (9)  

find X/f~2 to be  a func t ion  of r e l a t i v e  r o u g h n e s s  a n d  
i n d e p e n d e n t  of R~ once a c r i t i ca l  v a l u e  of Re is e x -  
ceeded  ~ 

1 
- - _ _  --  1.25 -t- 5.76 log (d /E)  ( X I )  
,J]/2 

w h e r e  d is the  d i a m e t e r  of the  c y l i n d e r  and  �9 t he  
he igh t  of s u r f a c e  i r r e g u l a r i t i e s .  ~ The  v a l u e  of e a t  
w h i c h  r e l a t i o n  ( X I )  ho lds  is g iven  b y  

e /L  -->__ 3.3 

w h e r e  L is the  f r i c t i on  l e n g t h  

L = v lV~ = v lx /~olp  

w i t h  V, t he  f r i c t i on  ve loc i ty ,  ~o the  s h e a r  p e r  un i t  
a r e a  a t  t he  sur face ,  and  p t he  dens i ty .  

Bu t  

d / L  = R~ ~ / f / 2  
and  f rom ( X a )  

d / L  ~-- 0.282 R~ ~ 

A t  the  l owes t  Re used  h e r e  (30,000) and  w i t h  
d = 1.8 cm 

R -0~ L ~ 3 . 5 5  (d )  ~ ~ 1 . 0  • 10 -3cm 

If  su r f a c e  i r r e g u l a r i t i e s  of h e i g h t  

e _>-- 3.3 L _--> 3.3 • 10 -~cm 

a re  p re sen t ,  t he  C h i l t o n - C o l b u r n  a n a l o g y  p r e d i c t s  
a l i n e a r  d e p e n d e n c e  on v e l o c i t y  s ince  s u b s t i t u t i o n  in 

k f 
k~ = --  ( P r )  ...... 

V 2 

of T h e o d o r s e n  a n d  R e g i e r ' s  v a l u e  for  f / 2  gives  

k = (1.25 q- 5.76 log  [d /e] ) -2  ( P r )  . . . .  V ( X I I )  

Microscopic  e x a m i n a t i o n  a f t e r  po l i sh ing  of t he  
c y l i n d e r s  used  he re  s h o w e d  tha t ,  on  the  a v e r a g e ,  
t he  h e i g h t  of su r f a c e  i r r e g u l a r i t i e s  w a s  a b o u t  
1 x 10 -3 cm. E x a m i n a t i o n  a f t e r  a r u n  r e v e a l e d  i r -  
r e g u l a r i t i e s  of he igh t  5 to 15 x 10 -3 cm. As  shown  
be low,  i t  is p r o b a b l e  t h a t  su r f a c e  r o u g h e n i n g  oc-  
curs  in  t he  first  m i n u t e  of a run .  T a k i n g  as  an  a v e r -  
age  he igh t  10 x 10 -3 cm, the  v a l u e  of S/2 is 0.00493 
and  ~ 

k = 0.00493 ( P r )  . . . . .  V ( X I I a )  

A n  a c c u r a t e  c o m p a r i s o n  of the  p r e s e n t  r e su l t s  
w i t h  Eq. ( X i l a )  is no t  poss ib l e  b e c a u s e  r e l i a b l e  
va lue s  for  the  d i f fus ion  coefficients a r e  l ack ing .  
G e n e r a l  a g r e e m e n t  w i t h  Eq. ( X I I a )  was  f o u n d  u s -  
ing  e s t i m a t e d  va lue s  for  t he  d i f fus ion  coefficients 
( T a b l e  I I I ) .  I t  shou ld  be  n o t e d  t h a t  t h e  c a l c u l a t e d  

T h i s  r e s u l t  r e f e r s  to a " s a t u r a t i o n "  c o n d i t i o n  f o r  t h e  s p a c i n g  of 
s u r f a c e  i r r e g u l a r i t i e s .  I n  t h i s  case  t h e  d r a g  coef f i c i en t  r e m a i n s  c o n -  
s t a n t  a n d  e q u a l  to  i ts  c r i t i c a l  v a l u e .  A s a t u r a t i o n  c o n d i t i o n  ex i s t s  
w i t h  s p e c i m e n s  u n d e r g o i n g  d i s s o l u t i o n .  

OA s i m i l a r  e q u a t i o n  h a s  b e e n  f o u n d  b y  N i k u r a d s e  (19) f r o m  e x -  
p e r i m e n t s  w i t h  p ipes .  

7 F o r  e = 5x10-3 cm,  ] / 2  = 0.00392,  w h i l e  f o r  e = 15x10 -3 cm,  
f / 2  = 0 . 0 0 5 8 0 .  
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Table III .  T = 30.0 ~ • 0.5oc 

O b s e r v e d  D. 10~ C a l c u l a t e d  (~) 
Depo la r i ze r  s lope  (cm2/sec) ( v /D)  (4) s lope 

Ferr ic  chlor ide  3.50 • 10 -~ 3.51 2.48 • l0 S 3.2 • 10 -~ 
Tolu-p-quinone 5.56 • 10 -'~ 7.0 -o 1.24 • 10 ~ 5.0 • 10 ~ 
Benzoquinone 6.39 • 10 ~ 8.0 ~ 1.09 • 10 ~ 5.5 • 1O -~ 

~ )  E s t i m a t e d  f rom the  da t a  of  K i n g  a n d  W e i d h e n h a m m e r  (20). 
S ince  D~,eC] 8 d e p e n d s  on the  HC1 concen t r a t i on ,  t he  e s t i m a t e  g i v e n  
m a y  be in  e r ro r  app rec i ab ly .  

(e) E s t i m a t e d  f r o m  the  d i f fus ion  coeff ic ient  of h y d r o q u i n o n e .  
(3) The  v a l u e  g i v e n  is t h a t  fo r  h y d r o q u i n o n e  (21). T h e  v a l u e  fo r  

b e n z o q u i n o n e  is p r o b a b l y  less. 
(4) The  k i n e m a t i c  v i scos i ty  used  (0.87 x I0-2 cm~/sec) is  f o r  2N 

HC1 so lu t ions .  The  v a l u e  of p for  so lu t i ons  c o n t a i n i n g  depo la r i ze r s  a t  
c o n c e n t r a t i o n s  e m p l o y e d  he re  is  e s t i m a t e d  to  d e v i a t e  less t h a n  2% 
f r o m  th i s  va lue .  

(5) C a l c u l a t e d  f r o m  Eq. ( X n a ) .  

s lopes  in T a b l e  I I I  a r e  u n c e r t a i n  w i t h i n  r a t h e r  w i d e  
l imi ts .  

Surface Roughness and Dissolution Rate 
F i g u r e  2 shows w e i g h t  loss in  600 sec as a f u n c -  

t ion of ve loc i ty .  The  l i n e a r  i nc rea se  of w e i g h t  loss 
w i t h  ve loc i ty  is c o n t r a r y  to e x p e c t a t i o n  s ince  i t  
sugges t s  t h a t  the  ve loc i t y  e x p o n e n t  in  Eq. (V)  is 
c o n s i d e r a b l y  g r e a t e r  t h a n  un i ty .  E x a m i n a t i o n  of t he  
c y l i n d e r s  a f t e r  each  r u n  showed  t h a t  a t  the  h i g h e r  
ve loc i t ies ,  the  su r f ace  h a d  b e c o m e  e x c e e d i n g l y  
rough.  N u m e r o u s  e l o n g a t e d  p i t s  a p p e a r e d .  The i r  
long d i m e n s i o n  was  a p p r o x i m a t e l y  p a r a l l e l  to the  
ax i s  of t he  c y l i n d e r  and  t h e i r  w i d t h  was  a b o u t  1/30 
to 1/40 t h e i r  l ength .  T h e i r  d e p t h  va r i ed ,  b u t  was  
g e n e r a l l y  of the  o r d e r  of  t e n t h s  of a m i l l i m e t e r .  I t  
was  a p p a r e n t  t ha t  d u r i n g  the  r u n  t h e  su r f ace  a r e a  
h a d  i n c r e a s e d  g rea t ly .  

Su r f ace  i r r e g u l a r i t i e s ,  in  a d d i t i o n  to t he i r  effect 
on flow cond i t ions  d i scussed  in t he  p r e v i o u s  sect ion,  
m a y  a l t e r  bo th  t h e  ( a p p a r e n t )  m a g n i t u d e  a n d  the  
( a p p a r e n t )  v e l o c i t y  d e p e n d e n c e  of  r a t e  cons tan t s  
c a l c u l a t e d  w i t h  t he  a id  of Eq. ( I ) .  

S u r f a c e  i r r e g u l a r i t i e s  of h e i g h t  c o m p a r a b l e  to t he  
t h i ckness  of t h e  l a m i n a r  s u b l a y e r  m a y  change  the  
ef fec t ive  su r f ace  a r e a  of t he  cy l inde r .  In  us ing  
Eq. ( I )  i t  was  a s s u m e d  t h a t  t he  c r o s s - s e c t i o n a l  a r e a  
for  d i f fus ion was  e q u a l  to t h e  p r o j e c t e d  g e o m e t r i c  
area .  This  m a y  not  be  t r ue  for  h y d r o d y n a m i c a l l y  
r o u g h  sur faces .  Consequen t ly ,  k ' s  c a l c u l a t e d  f rom 
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Fig. 2. Weight loss as a function of velocity: curve 1, 
O.020M tolu-p-quinone; curve 2, 0 .0431M ferric chloride; 
curve 3, O.020M benzoquinone. 

Eq. ( I ) ,  w h i c h  m a y  be  t e r m e d  " a p p a r e n t  r a t e  con-  
s tan t s" ,  m a y  be  n u m e r i c a l l y  l a r g e r  t h a n  t h e  ac tua l  
r a t e  cons tan t s  for  r o u g h  surfaces .  

The  e x t e n t  of su r f ace  r o u g h e n i n g  is, in genera l ,  a 
func t ion  of d i s so lu t ion  r a t e  a n d  of t he  m e t a l  spec i -  
m e n  and  i ts  m e t a l l u r g i c a l  h i s to ry .  If, t he re fo re ,  in 
a n y  g iven  ve loc i t y  a n d  c o n c e n t r a t i o n  i n t e r v a l ,  t he  
e x t e n t  of su r f ace  roughnes s  i nc reases  w i t h  d i s so lu -  
t ion  ra te ,  the  ef fec t ive  su r f a c e  a r e a  m a y  be  a f u n c -  
t ion of ve loc i ty ,  a n d  t h e  a p p a r e n t  d e p e n d e n c e  of k 
on ve loc i ty  g r e a t e r  t h a n  e x p e c t e d  f r o m  flow cond i -  
t ions  a lone.  

In  t he  ve loc i t y  i n t e r v a l  150-550 c m/ se c ,  a n d  for  
the  r a n g e  of c o n c e n t r a t i o n s  g iven  in  T a b l e  I, t h e  
specific r a t e  c o n s t a n t  was  i n d e p e n d e n t  of i n i t i a l  d e -  
p o l a r i z e r  concen t r a t i on ,  and ,  consequen t ly ,  also i n -  
d e p e n d e n t  of d i s so lu t ion  ra te .  The  ef fec t ive  su r f ace  
a r e a  was  t h e r e f o r e  cons t an t  a n d  the  su r f ace  r o u g h -  
ness a p p r o x i m a t e l y  t he  s a m e  in a l l  cases. The  su r -  
face  r o u g h e n i n g  o b s e r v e d  in  th is  i n t e r v a l  p r o b a b l y  
occu r r ed  in  a p p r o x i m a t e l y  the  first  m i n u t e  of a r u n  
d u r i n g  w h i c h  t i m e  the  d i s so lu t ion  r a t e  is g rea tes t .  

In  gene ra l ,  i t  was  f o u n d  t h a t  for  a v e r a g e  d i s -  
so lu t ion  r a t e s  ( in  600 sec)  less  t h a n  0.020 m g / s e c /  
cm '~ of p r o j e c t e d  area ,  specific r a t e  cons t an t s  c a l cu -  
l a t e d  f r o m  Eq.  ( I )  w e r e  i n d e p e n d e n t  of i n i t i a l  d e -  
p o l a r i z e r  concen t r a t ion .  The  oppos i t e  was  t r ue  for  
r a t e s  g r e a t e r  t h a n  0.025 to 0.030 mg/sec/cm-o of p r o -  
j e c t ed  area .  I t  shou ld  be  n o t e d  t ha t  a t  a n y  g iven  
ve loc i ty ,  the  a v e r a g e  d i s so lu t ion  r a t e  i nc reases  w i t h  
concen t r a t i on .  A c c o r d i n g l y ,  in  compi l i ng  Tab le  I, 
the  c o n c e n t r a t i o n  r anges  w e r e  r e s t r i c t e d  to va lues  
g iv ing  a v e r a g e  d i s so lu t ion  r a t e s  less t h a n  the  s t a t ed  
l i m i t i n g  va lue .  

Experiments with roughened cylinders.--The r a t e  
of d i s so lu t ion  was  d e t e r m i n e d  as a func t ion  of t i m e  
a t  the  h i g h e r  ve loc i t i e s  b y  w i t h d r a w i n g  s m a l l  p o r -  
t ions  of t he  so lu t ion  a n d  a n a l y z i n g  for  i ron  (Fig .  3) .  
W i t h  i n i t i a l l y  p o l i s h e d  cy l inde r s ,  t h e  specific r a t e  
cons tan t ,  g iven  b y  the  s lope  of t he  log x J ( x ~ -  x) 
vs. t curve ,  i n c r e a s e d  c o n t i n u o u s l y  at  s m a l l  t imes  and  
e v e n t u a l l y  b e c a m e  cons t an t  ( c u r v e  1, Fig.  3) .  I f  t he  
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Fig. 3. First order kinetic plot with 0.043] M ferric chloride: 
curve 1, polished specimen, V ~ 820 cm/sec, curve 2, 
roughened specimen, V ~ 820 crn/sec; curve 3, roughened 
specimen, V ~ 200 cm/sec; curve 4, roughened specimen, 
V ~ 3 t 2  cm/sec. The log x|174 - -  x) values have been 
corrected for volume changes during the run. 
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cy l inder  was  used aga in  w i thou t  pol ishing,  cu rve  2 
was obta ined .  The slope was cons t an t  t h r o u g h o u t  
the t ime  i n t e r v a l  s tud ied  and  was equa l  to the  slope 
of curve  1 at  la rge  t imes.  I t  is a p p a r e n t  tha t  in  the  
fo rmer  case the  effective sur face  a rea  increased  
d u r i n g  the  course of the  r u n  u n t i l  i t  a t t a ined  a con-  
s t an t  value .  This  va lue  was  no t  changed  by  re -  
pea t ing  the  r u n  w i th  the  r o u g h e n e d  cyl inder .  

Cy l inde r s  whose  surface  had  b e e n  r o u g h e n e d  by  
r u n s  at  820 cm/sec  in  0.0431M FeCI,, were  used 
wi thou t  r epo l i sh ing  at sma l l e r  velocities.  Curves  3 
and  4 of Fig. 3 gave for the  r a t e  cons tan t s  k~oo ---- 41.0 
x 10 3 cm/sec  and  ks~ = 61.5 x 10 -' cm/sec .  The  va lue  
of k ob ta ined  wi th  roughened  cy l inders  at  820 c m /  
sec ( c u r v e  2, Fig. 3) was  140 x 10 -~ cm/sec .  

EfIective surface area for dissolut ion.--In the  ve -  
loci ty i n t e r v a l  150 to 550 cm/sec  and  for average  
d issolu t ion  ra tes  less t h a n  0.020 m g / s e c / c m  ~, ob-  
served va lues  of k agree  w i t h i n  20% wi th  those cal-  
cu la ted  f rom Eq. (XI Ia )  (see Tab le  IV) .  I t  is ev i -  
dent ,  therefore ,  t h a t  the  effective surface  a rea  for 
d isso lu t ion  is, in  this  case, essen t ia l ly  equa l  to the  
pro jec ted  surface  a rea  used in  Eq. ( I ) .  

At  h igh velocit ies and  d isso lu t ion  rates,  the ap-  
p a r e n t  va lues  of k are l a rger  t h a n  calculated,  even  
af ter  a l lowance  is m a d e  for t he  increase  in  the f r ic -  
t ion  coefficient because  of inc reased  roughness .  
F r o m  Eq. (XI)  w i th  E ~ 0.05 cm, 

f /2  ~ 0.01 
and  f rom (XII )  

k ~ 0.01 (Pr) .... V (XI Ib )  

Values  of k ca lcula ted  f rom ( X I I b )  are compared  
w i th  observed  va lues  in  Tab le  IV. The  observed  
( a p p a r e n t )  va lues  are f rom 2.9 to 3.2 t imes  l a rger  
t h a n  ca lcu la ted  f rom Eq. ( X I I b ) .  This  resu l t  agrees 
wi th  the au thors '  i n t e r p r e t a t i o n  of the  d isso lu t ion  
r a t e - t i m e  curves  (Fig. 3) .  

The  sugges t ion  tha t  w i th  roughened  spec imens  
the effective surface  area  is l a rger  t h a n  the  pro-  
jec ted a rea  is no t  i ncons i s t en t  w i th  the  phys ica l  i n -  
t e rp r e t a t i on  of the  h y d r o d y n a m i c  b o u n d a r y  layer.  
In  K ~ r m ~ n ' s  mode l  (9) ,  the  th ickness  of the l a m i n a r  
sub l aye r  is about  l l . 5 ( L ) .  Whi le  i r r egu la r i t i e s  of 
the order  of 3 (L)  cause  the  f r ic t ion  coefficient to 
become i n d e p e n d e n t  of R~, they  do no t  change,  ap-  
pa ren t ly ,  the  effective a rea  for d isso lu t ion  f rom tha t  
of a h y d r o d y n a m i c a l l y  smooth  surface.  I r r e g u l a r i -  
ties of he ight  l a rger  t h a n  12 (L) m a y  a l ter  howeve r  
the  effective surface  area. The  la rge  a p p a r e n t  va lues  
of k observed  wi th  r o u g h e n e d  cy l inders  ind ica te  
that ,  in  this case, the ra t io  of the  effective to the  
pro jec ted  area  is abou t  3. 

M E T A L  D I S S O L U T I O N  IN A C I D  S O L U T I O N S  

2C 

Table IV. CF~cl~ = 0.0431M 

P o l i s h e d  c y l i n d e r s  R o u g h e n e d  c y l i n d e r s  

V e l o c i t y  k ( o b s )  k ( t a l c )  * k ( o b s )  k ( c a l e )  ** 

( c m / s e c )  ( c m / s e c )  ( c m / s e c )  ( c m / s e c )  ( c m / s e c )  

200 8.2.10 -8 6.4-10 -~ 41.0" 10 -~ 12.8-104 
318 12.5.10 -~ 10.2" 10 -~ 61.5.104 20.5.10 -'~ 
820 (27.2-104) 140 .10 -~ 52.5-10 -8 

* C a l c u l a t e d  f r o m  E q .  ( X I I a ) .  
** C a l c u l a t e d  f r o m  E q .  ( X n h ) .  
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Fig. 4. The specific rate constant as a function of tempera- 
ture: 0 .0431M FeCI~, V = 312 cm/sec. 

Temperature  Coefficient 

Figu re  4 shows the  t e m p e r a t u r e  dependence  of 
the specific ra te  cons t an t  at  312 cm/sec  in  0.0431M 
FeCI~ solutions.  The A r r h e n i u s  ene rgy  of ac t iva t ion  
is 6100 cal. 

The  observed  t e m p e r a t u r e  dependence  is w i t h i n  
the  r a nge  expected for diffusion cont ro l led  react ions.  
It  is in  good a g r e e m e n t  w i th  the va lues  5500 cal (V = 
33 cm/sec,  0.050M FeCI~) and  6100 cal (V----167 
cm/sec ,  0.025M FeC18) repor ted  by  A b r a m s o n  and 
K i n g  (22).  

Conclusions 
1. The dependence  of d isso lu t ion  ra te  on s t i r r ing  

velocity,  depolar izer  concen t ra t ion ,  a nd  t e m p e r a -  
tu re  indica tes  d i f fus ion-con t ro l l ed  kinet ics .  

2. The specific r eac t ion  ra te  cons tan t  depends  on 
the s t i r r ing  veloci ty  to a power  close to un i ty .  This  
is p r o b a b l y  a resu l t  of the effect of surface  i r r egu -  
la r i t ies  on flow condi t ions  n e a r  the surface.  

3. W h e n  surface  i r r egu la r i t i e s  or he igh t  com-  
p a r a b l e  to the th ickness  of the  l a m i n a r  s u b l a y e r  are 
present ,  the effective surface  area  for d issolu t ion  
m a y  be l a rge r  t h a n  the  pro jec ted  geometr ic  area.  
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Anodic Polarization of Titanium in Nonaqueous Base Etching 
Solutions 

Morris Eisenberg 1 and Robert E. DeLaRue 

Stanford Research Institute, Menlo Park, CaliSornia 

ABSTRACT 

Results of systematic studies of the anodic polarization of t i tanium in essen- 
t ially nonaqueous electrolytic etching baths of hydrogen fluoride are described. 
Solvents included ethylene glycol, dioxane, and te t rahydrofuran.  A direct 
method using nickel reference electrodes was employed. The studies covered 
a cur ren t  density range from 0 to 100 m a / c m  2 at temperatures  ranging from 
25 ~ to 65~ Plots of current  density vs. net  anode polarization show an inter-  
esting rapid rise of the polarization (by an incrementa l  change ranging  from 
1.3 to 4.1 v) at a "critical" current  density whose value depends on bath 
composition and temperature.  The critical cur rent  density, which varied from 
6.5 to 15 ma /cm 2 (when working with ascending current  densities),  has been 
found, in the course of experiments  designed to test the applicabil i ty of 
Faraday 's  law, to correspond to a point at which chemical (local action) 
attack by the hydrofluoric acid is essentially el iminated and the l inear  rate of 
anode dissolution corresponds to the requi rements  of Faraday ' s  law. 

For a completely nonaqueous solution ( including both HF and H~SO~) a 
cathodic polarization curve was also determined.  A l inear  relat ionship between 
the polarization and the current  density was found and interpreted to be due 
both to the dissolution of the t i t an ium cathode and to the hydrogen discharge 
process. 

For  each of the six solutions studied, the parameter  L/k  (dE/dI) was eval- 
uated and  compared with the observed nonuni fo rmi ty  of the etching as ma n i -  
fested by electropolishing in areas of high current  density. This parameter  was 
found to be a valuable  criterion of the uni formi ty  of current  dis t r ibut ion only 
wi th in  the range of conditions at which a desirable anodic process can take 
place. Anodic polarization and dissolution rate studies offer a valuable  method 
for de terminat ion  of the opt imum conditions for anodic etching of t i t an ium 
without  causing hydrogen embri t t lement .  

In  s tudies  of e lec t rodepos i t ion  of p ro tec t ive  coat-  
ings of Cu and  Ni on Ti and  Zr, it has been  found  
tha t  the  u sua l  methods  for r emova l  of the oxide film 
do not  necessar i ly  assure  sa t i s fac tory  adhes ion  of the 
coat ings  to the  u n d e r l y i n g  subs t ra te .  F u r t h e r m o r e ,  
the  cohesive forces b e t w e e n  Ti and  coat ings of Cu or 
Ni cannot  be expected to be la rge  in  v iew of the 
di f ferent  c rys ta l  s t ruc tu res  of the  meta l s  involved .  
The room t e m p e r a t u r e  s table  phase  of Ti ( a lpha )  
has a hexagonal ,  c lose-packed  s t r uc tu r e  wi th  la t t ice  
cons tan t s  a = 3.228A a n d  c = 5.120A. On the  o ther  
hand,  Cu and  Ni have  f ace -cen te red  cubic s t ruc tu res  

1 P r e s e n t  addres s :  L o c k h e e d  MSD,  Pa lo  Al to ,  Ca l i fo rn ia .  

wi th  lat t ice cons tan ts  of 3.608A and  3.517A, respec-  
t ively.  To ob ta in  an  acceptab le  adherence ,  Colner,  
Fe in le ib ,  and  Reding  (1) found  it  necessa ry  to p ro -  
duce e lec t ro ly t ica l ly  a pocke t - t ype  r o u g h e n i n g  of 
the Ti sur face  in  o rder  to assure  a mechan i ca l  b o n d -  
ing by  means  of key ing  and  anchor ing  of the deposit  
on the Ti subs t ra te .  On this  basis  an  essen t ia l ly  
mechan ica l  " a s -p l a t ed"  adhes ion  was  sought.  H y -  
drofluoric acid solut ions  p roved  necessary  for elec- 
t ro ly t ic  etching,  a nd  to reduce  the  local  act ion of 
the  b a t h  Colner  a nd  co -worke r s  had  to resor t  to 
essen t ia l ly  n o n a q u e o u s  ba ths  wi th  smal l  a m o u n t s  of 
w a t e r  added to increase  the  d -c  conduc t iv i ty  of the  
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Fig. 1. Cell and electrodes for polarization studies 

ba th .  In  e t h y l e n e  g lyco l  b a t h s  con t a in ing  as  l i t t l e  as 
6% wa te r ,  t h e y  s t i l l  f o u n d  t ha t  loca l  ac t ion  p e r -  
s i s t ed  up  to c u r r e n t  dens i t i e s  of  18 m a / c m  ~. F r o m  
this  p o i n t  on, a r a t e  of d i s so lu t ion  l i n e a r  w i t h  in -  
c r ea s ing  c u r r e n t  was  obse rved .  

E a r l i e r  w o r k  in  th i s  l a b o r a t o r y  on p r o b l e m s  of 
p r e p a r a t i o n  of Ti su r f aces  for  e l e c t r o d e p o s i t i o n  b y  
m e a n s  of anodic  e t ch ing  has  p o i n t e d  t o w a r d  dif f icul-  
t ies  in o b t a i n i n g  adhes ion  and  t o w a r d  a neces s i t y  for  
e l u c i d a t i n g  the  m e c h a n i s m  of t he  anod ic  e tch ing .  I t  
was  e x p e c t e d  t h a t  a s t u d y  of th is  m e c h a n i s m  w o u l d  
y i e l d  v a l u a b l e  i n f o r m a t i o n  r e l a t i n g  to t he  o p t i m u m  
cond i t ions  for  o b t a i n i n g  the  t y p e  of su r f ace  e t ch ing  
mos t  d e s i r a b l e  for  e l e c t r o d e p o s i t i o n  pu rposes .  

A s y s t e m a t i c  s t u d y  was  i n i t i a t e d  of the  anodic  
p o l a r i z a t i o n  of Ti  in e s sen t i a l l y  n o n a q u e o u s  b a t h s  
e m p l o y i n g  e t h y l e n e  glycol ,  p - d i o x a n e ,  and  t e t r a -  
h y d r o f u r a n .  

E x p e r i m e n t a l  Stud ies  a n d  Resul ts  
A L u c i t e  cel l  was  c o n s t r u c t e d  w i t h  su i t ab l e  e lec -  

t r o d e  a s sembl i e s  d e s i g n e d  to  a l l ow a c c u r a t e  d e t e r -  
m i n a t i o n  of t he  p o l a r i z a t i o n  of s ingle  e l ec t rodes  as 
a f u n c t i o n  of a p p l i e d  c u r r e n t  dens i ty ,  w i t h o u t  p o l a r -  
iz ing the  r e f e r e n c e  e l ec t rodes  (Fig .  1). T h e  r e f e r -  
ence e l ec t rodes  w e r e  b u i l t  in to  t h e  w a l l s  of t h e  cel l  
and  connec t ed  to  t h e  m a i n  c o m p a r t m e n t  b y  m e a n s  
of s m a l l  c a p i l l a r y  openings .  N icke l  w i r e s  w e r e  f o u n d  
to b e  qu i t e  s u i t a b l e  as r e f e r e n c e  e lec t rodes .  Two  
w e r e  u sed  in  the  cel l  w a l l s  n e a r  t he  Ti  a n o d e  and  a 
Ni  c a thode  of t he  s ame  size was  p l a c e d  p a r a l l e l  to 
the  a n o d e  in  t h e  cell .  T i t a n i u m  m e t a l  Ti  75A ~ 
c l eaned  b y  m e c h a n i c a l  a b r a s i o n  and  d e g r e a s i n g  w a s  
e m p l o y e d  t h r o u g h o u t  t he se  e x p e r i m e n t s .  The  e lec -  
t r o d e s  w e r e  m o u n t e d  in  spec ia l  L u c i t e  ho lde r s  (F ig .  
1), a n d  w e r e  i n s u l a t e d  on the  b a c k  side b y  m e a n s  
of e p o x y  res ins .  T h e y  h a d  an  e x p o s e d  su r f ace  a r e a  
of 50 cm ~. The  cel l  was  t h e r m o s t a t e d  in  a l a r g e  ba th .  
A s t i r r e r  w i t h  a cons t an t  speed  of 415 r p m  was  e m -  
p l o y e d  b e t w e e n  the  ca thode  and  t h e  anode  t h r o u g h -  
out  a l l  e x p e r i m e n t s .  S o m e t i m e s  i t  w a s  n e c e s s a r y  to 
e m p l o y  a Ni  ca thode ,  w h i c h  was  p e r f o r a t e d  to f ac i l -  
i t a t e  a b e t t e r  h e a t  t r a n s f e r  t h r o u g h  the  cel l  w h e n  
an  a d d i t i o n a l  s t i r r e r  was  p l a c e d  b e h i n d  it. This  was  
n e c e s s a r y  because  in  t he  d i s so lu t ion  of  Ti, t he  anod ic  

2 Supplied by Titanium Metals Corporation. 
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Fig. 3. Net polarization of Ti anode (Ti 75A) as a function of 
apparent c.d. Solution D-4: 11.9% HF, 6.6% H20, 81.5% 
ethylene glycol. 

r e a c t i o n  is h i g h l y  i r r eve r s i b l e ,  w i t h  an  e s t i m a t e d  
f ree  e n e r g y  for  r e a c t i o n  of --109 k c a l / m o l e  ( for  t h e  
f o r m a t i o n  of t h e  TiFo -~ ion ) .  The  c i r cu i t  is s h o w n  in 
Fig .  2. By m e a n s  of a r o t a r y  swi t ch  i t  was  poss ib l e  
to m e a s u r e  t he  a n o d e  p o t e n t i a l  vs. r e f e r e n c e  1 a n d  
also vs. r e f e r e n c e  2 success ive ly  tw ice  a minu te .  A 
v a r i a b l e  v o l t a g e  b ias  was  e m p l o y e d ,  w h e n  neces -  
sary ,  to m e a s u r e  p o t e n t i a l s  o v e r  5 v. A spec i a l l y  
de s igned  m u l t i r a n g e  p o t e n t i o m e t e r  r e c o r d e d  s i m u l -  
t a n e o u s l y  t he  po t en t i a l s  of  a Ti  anode  aga in s t  bo th  
r e f e r ences  and  t hus  p r o v i d e d  the  bas is  for  c a l c u l a -  
t ion of t he  / R - d r o p  b e t w e e n  r e f e r e n c e  1 and  the  
a n o d e  acco rd ing  to t he  d i r ec t  m e t h o d  (2) .  In  a d d i -  
t ion,  a r e c o r d i n g  o s c i l l o g r a p h  ( B r u s h  BL202)  was  
e m p l o y e d  to r e c o r d  r a p i d  p o t e n t i a l  changes .  A s m a l l  
i r o n - c o n s t a n t a n  t h e r m o c o u p l e  w i t h  a t h in  coa t ing  
of p o l y e t h y l e n e  was  p l a c e d  in  t he  v i c i n i t y  of t h e  
anode ,  t hus  p e r m i t t i n g  t e m p e r a t u r e  m e a s u r e m e n t s  
to be  made .  

The  r e s u l t i n g  d a t a  w e r e  u sed  to ca l cu l a t e  t he  ne t  
a n o d e  po la r i za t ion ,  i.e., t he  d e p a r t u r e  of anode  p o t e n -  
t i a l  a t  va r i ous  set  c u r r e n t  dens i t i es  f r o m  the  zero 
c u r r e n t  p o t e n t i a l  d e t e r m i n e d  p r i o r  to t he  e x p e r i -  
men t .  F i g u r e  3 shows  a t y p i c a l  p lot .  

E s s e n t i a l l y  n o n a q u e o u s  so lu t ions  of I-IF in  e t h y l e n e  
g lyco l  w e r e  used .  The  so lu t ions  w e r e  p r e p a r e d  f r o m  
a ba se  of p u r e  e t h y l e n e  g lyco l  in  w h i c h  gaseous  H F  
h a d  been  d i sso lved .  W a t e r  was  a d d e d  as d e s i r e d  to 
a m a x i m u m  con ten t  of 10 w t  %. The  g lyco l  base  
a s s u r e d  low c h e m i c a l  a t t a c k  of t he  Ti  b y  the  e lec -  
t r o l y t e ;  the  w a t e r  i m p r o v e d  the  d - c  c o n d u c t i v i t y  of  
t he  ba th .  In  one case, h o w e v e r ,  an  e n t i r e l y  n o n -  
aqueous  so lu t ion  was  used  success fu l ly  w i t h  an  
H~SO, a d d i t i o n  s e rv ing  to i m p r o v e  conduc t i v i t y .  The  
compos i t ions  of a l l  so lu t ions  e m p l o y e d  a r e  g iven  in 
Tab le  II .  

P o l a r i z a t i o n  runs  w e r e  c a r r i e d  out  w i t h  bo th  suc-  
ces s ive ly  i n c r e a s i n g  and  success ive ly  d e c r e a s i n g  c u r -  
r en t  dens i t ies .  S l igh t  changes  in  t h e  a n o d e  p o t e n t i a l  
o c c u r r e d  a f t e r  each  c u r r e n t  se t t ing ,  and  w i t h i n  a 
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Table II. Compositions and Properties of Etching Solutions 

D - 4  D - 8  K - 2  M - 5  K - 6  N - 1  

1. Composition: 
% HF 11.9 18.0 11 .5  12.0 11.0 15 
% KF  . . . .  O.5 - -  
% H~O 6.6 6.2 6.2 10.0 6.2 - -  
% H~SO, . . . . .  15 
% Dioxane - -  - -  - -  15.0 - -  - -  
% THF - -  - -  15.0 - -  15 - -  
(Balance e thylene 

glycol) 

2. Rate of chem. 
dissolution at 
55~ at no cur- 
rent  (415 rpm) 

moles ~ 1.35 1 .81 1.80 1 .01 0.0348 0.0157 
• l f f  J cm ~sec 1.39 1 .90  1 .87  1.10 

C.d. at min. 
anode losses 
ma/cm-" 10.5 5.0 12.0 5.0 - -  - -  

n average  (in 
Faraday 's  
Law)  3.11 3.29 3.50 3.63 3.68 3.73 

3. Min. rate  of loss 
by chem. dis- 
solution at 
55~ (calc.) 

moles 
- - X  107 0.15 0.18 0.20 0.08 - -  - -  
cm ~ see 
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Fig. 4. Rise of net anode polar izat ion of Ti (Ti 7SA) at the 
breakthrough c.d. of 10.5 ma /cm 2. Solution D-4: 11 .5% 
HF -f- 6 .2% HsO -I- glycol. Run la ,  T = 43 ~ ___ 1 ~ 
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Fig. ,5. Rise of net anode polar izat ion of Ti (Ti 75A) at the 
"c r i t i ca l "  c.cl. of 16.7 ma /cm ~ (ascending c.d.'s). Solution 
M-S: 12% HF, 10% HsO, 15% dioxane, 6 3 %  ethylene 
glycol. 

m i n u t e  or  two  the  va lues  b e c a m e  constant .  The  r ap id  
r ise  of po t en t i a l  on ascend ing  c u r r e n t  dens i t ies  or 
drop  in  po t en t i a l  on descend ing  c u r r e n t  dens i t ies  
w e r e  i nves t i ga t ed  for  each  r u n  by means  of the  
Brush  r eco rd ing  osci l lograph.  An  e x a m p l e  of this 
r ise  is g iven  in Fig.  4, w h i c h  shows tha t  p r ac t i c a l l y  
t he  en t i r e  change  took p lace  w i t h i n  about  10 sec. As 
shown in this  figure,  such a change  could  t ake  p lace  
w i t h  an ove r shoo t  of as m u c h  as 0.1 v c o m p a r e d  to 
the  final  v a l u e  w h i c h  occur red  a f te r  an add i t iona l  
30 sec. The  c u r r e n t  r e m a i n e d  essen t ia l ly  cons tan t  
du r ing  such a rise. In  o the r  cases, h o w e v e r ,  no such 
ove r shoo t  was  observed ,  as shown in Fig.  5 in wh ich  
so lu t ion  M-5  con ta in ing  15% p - d i o x a n e  was  e m -  
ployed.  H e r e  the  b u l k  of the  po t en t i a l  r ise  occur red  
w i t h i n  25 sec. The  en t i r e  change  f r o m  the  in i t i a l  
cons tan t  v a l u e  to the  final  cons tan t  v a l u e  r a r e l y  ex -  
ceeded  60 sec. No a t t e m p t  was  m a d e  to r ep lo t  the  
shape  of these  p o t e n t i a l  r i s e - t i m e  cu rves  to t he  ba th  
composi t ion ,  as it  is be l i eved  tha t  the  shape of these  
cu rves  depends ,  a m o n g  o the r  factors ,  on the  m a n n e r  
in w h i c h  the  p a r t i c u l a r  app l ied  c u r r e n t  dens i ty  was  

set. 
I t  should  be  no t ed  tha t  the  c u r r e n t  dens i ty  v a l u e  

at  w h i c h  the  sudden  po t en t i a l  r ise  occu r red  ( f rom 
h e r e  on d e n o t e d  as the  c r i t i ca l  c.d.) d e p e n d e d  to a 
smal l  e x t e n t  on the  e x p e r i m e n t a l  p rocedure .  Thus  
in an a u x i l i a r y  e x p e r i m e n t  it was  found  possible  to 
ob ta in  this  po t en t i a l  r ise  at a c.d. s o m e w h a t  be low  
the  one accep ted  as the  cr i t ica l  c.d. H o w e v e r ,  the  
t i m e  i t  took  to a r r i v e  a t  t he  r ise  of po ten t ia l ,  as we l l  
as the  t i m e  pe r iod  for  the  r ise  i tself ,  w e r e  qu i t e  long, 
in one case  as long as 40 min.  Fo r  this  reason  it  was  
dec ided  to accept  a r b i t r a r i l y  as the  c r i t i ca l  c.d. the  
v a l u e  a t  w h i c h  the  r ise  of po t en t i a l  took  p lace  w i t h i n  
a pe r iod  not  exceed ing  5 m i n  a f t e r  the  se t t ing  of  the  

cu r ren t .  This  was  jus t i f ied  by the  fac t  t h a t  the  po -  
t en t i a l  r ise  u sua l l y  took p lace  qu i ck ly  ( w i t h i n  less 
t h a n  1 rain)  w h e n  the  c r i t i ca l  c.d. was  r eached  or  
exceeded .  By  app ly ing  smal l  enough  i n c r e m e n t s  of 
cu r ren t ,  p a r t i c u l a r l y  in t he  r eg ion  a t  w h i c h  the  t r a n -  
s i t ion could  be  e x p e c t e d  (on the  basis of p r e l i m i n a r y  
e x p e r i m e n t s ) ,  i t  was  poss ible  to d e t e r m i n e  the  c r i t i -  
cal  c.d. in a f a i r ly  r e p r o d u c i b l e  m a n n e r .  This  can 
be seen, for  ins tance ,  in Fig.  6, in w h i c h  for  a so lu-  
t ion  con ta in ing  18% H F  the  va r i ous  b r a n c h e s  of the  
po la r i za t ion  cu rves  are  we l l  r ep roduced .  A n  i m p o r -  
t an t  f e a t u r e  of these  cu rves  is t ha t  the  c r i t i ca l  c.d. 
ob ta ined  w i t h  ascend ing  c u r r e n t  was  a lways  h i g h e r  
t h a n  the  v a l u e  ob ta ined  w i t h  descend ing  currents .  
A n o t h e r  i m p o r t a n t  f e a t u r e  is t he  d e p e n d e n c e  of the  
c r i t i ca l  c.d. on the  t e m p e r a t u r e ,  i l l u s t r a t ed  in Fig.  7 
for  t h r e e  t e m p e r a t u r e s :  26 ~ 39.5 ~ and 55.5~ Wi th  
ascend ing  cur ren ts ,  the  co r r e spond ing  cr i t ica l  c.d. 
va lues  a re  11, 17, and 32 m a / c m  ~, r e spec t ive ly .  The  
va lues  of  the  cr i t ica l  c.d. 's ob ta ined  w i t h  descend ing  
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Fig. 6. Net polar izat ion of Ti anode (Ti 75A) as function of 
apparent c.d. Solution D-8: t 8 %  HF, 6 . 2% H~O, 75 .8% 
ethylene glycol. 
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Fig. 7. Net polarization of Ti anode (Ti 75A) as function 
of apparent c.d. Solution M-5: 12% HF, 10% H~O, 15% 
dioxane, 63% ethylene glycol. 

A N O D I C  P O L A R I Z A T I O N  O F  T I T A N I U M  

Table I. Critical Current Densities 

appl ied  cu r r en t s  are lower,  bu t  r e m a i n  in  approx i -  
m a t e l y  the  same ratio.  The  cr i t ical  c.d. increases  
gene ra l l y  w i th  the  chemical  ac t iv i ty  of the  e lec t ro-  
lyte,  which  depends  on its acid and  wa te r  con ten t  as 
wel l  as the  t e m p e r a t u r e  of the  bath .  For  ins tance ,  
w i th  so lu t ion  K - 2  a change  f rom abou t  40 ~ to abou t  
55~ accounted  for a rise in  the cr i t ical  c.d. (on 
ascending  cu r r en t s )  f rom 8.5 to abou t  17 m a / c m  2. 

I n  the  in i t i a l  phase  of these studies,  anodic  po la r i -  
za t ion curves  were  t a k e n  up  to ve ry  h igh c.d.'s w i th  
the  r e su l t  tha t  anodic  l imi t ing  c u r r e n t  p la teaus  were  
ob ta ined  (usua l ly  in  the  reg ion  of 0.05-0.12 a m p / c m  -~ 
depend ing  on the t e m p e r a t u r e  and  the  so lu t ion) .  
The u p p e r  pa r t  of Fig. 12 i l lus t ra tes  the  ach i eve me n t  
of such a l im i t i ng  c.d. p l a t eau  at  0.078 a m p / c m E  
N o r m a l l y  the  anodic  curves  were  not  t a k e n  up to 
the  l im i t i ng  condit ions.  

Values  of cr i t ical  c.d.'s ob ta ined  wi th  a scend ing  
and  descending  appl ied  cu r ren t s  at va r ious  t e m p e r a -  
tures  ( in  the  r ange  25~176  for the  six e lec t ro-  
ly tes  covered by  this  s tudy  are g iven  in  Tab le  I. 

As has a l r eady  been  repor ted  (1) ,  Ti  undergoes  
chemica l  a t tack  even  in  glycol solut ions  of HF  w h e n  
the  appl ied  cu r r en t  is too small .  U n d e r  such condi -  
t ions chemica l  e tch ing  takes  place,  r e su l t i ng  in  a 
u n i f o r m l y  roughened  surface.  However ,  as po in ted  
out previous ly ,  in  p r e p a r i n g  Ti for e lec t rodeposi t ion  
purposes  a deep pocke t - t ype  r o u g h e n i n g  is des i r -  
able.  This  could be  achieved on ly  by  e lect rolyt ic  
e tching  in  low-ac t iv i ty ,  essen t ia l ly  nonaqueous ,  
ba ths  of composi t ion  r e p r e s e n t i n g  a compromise  be-  
tween  a des i rab le  low chemical  ac t iv i ty  and  sat is -  
fac tory  d-c  conduc t iv i ty .  In  such ba ths  Colner  a nd  
co -worke r s  (1) found  it necessa ry  to app ly  a ce r t a in  
m i n i m u m  c.d. to suppress  the  des i rab le  chemica l  
action. This  m i n i m u m  c u r r e n t  increased  wi th  acid 
concen t r a t i on  of the  ba th ,  its wa t e r  content ,  a n d  
t e m p e r a t u r e .  

Since the  cr i t ical  c.d.'s ob ta ined  f rom anodic  po-  
la r iza t ion  curves  showed a s imi la r  dependence  on 
t e m p e r a t u r e  and  acid concen t r a t i on  it  was  suggested 
tha t  these cr i t ical  c.d.'s are  re la ted  or equal  to the  
c u r r e n t  va lues  r equ i r ed  for suppress ing  local  act ion 
by  chemica l  at tack.  

I t  was t hough t  t ha t  s tudies  of the  ra te  of me ta l  
d issolu t ion  as a f unc t i on  of appl ied  c.d. (wi th  p a r -  
t i cu la r  a t t en t i on  to the  low c.d. r ange )  would  lead 
to the  d e t e r m i n a t i o n  of the  m i n i m u m  c u r r e n t  r e -  
qu i r ed  to stop chemica l  a t tack  as the  po in t  beyond  
which the  me ta l  d issolu t ion  proceeds according to a 
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C r i t i c a l  c . d .  T e m p e r a t u r e  
A s c e n d -  D e s c e n d -  A s c e n d -  D e s c e n d -  

i n g  i n g  i n g  i n g  
S o l u t i o n  R u n  N o .  m a / c m  = ~  

D-4 la  6.89 1.78 41 43 
lb  8.14 1.40 39 38.5 
2a 13.7 3.65 53.5 55 
2b 14.9 3.66 54.5 56 

D-8 la  8.83 0.87 25 25 
l b  8.88 0.65 25 25 
2a 16.6 3.76 55 54.5 
2b 20.2 3.79 55.5 54 

K-2 la  8.60 2.82 40.5 43.5 
lb  8.60 2.79 40.5 42.5 
2a 14.80 4.45 55.5 55 
2b 17.20 4.39 57 55.5 

M-5 la  10.3 1.81 25.5 25.5 
lb  11.5 1.91 26 24.5 
2a 16.7 7.17 39.5 39.5 
2b 20.2 7.43 40 39 
3a 27.2 18.2 55 55 
3b 32.7 17.8 55.5 55.5 

K-6 la  0.033 0.061 25 25 
(15 min*)  

2a 0.105 2.76 55 54 
(20 min) (14 min)  

N-1 la  0.028 0.004 23 24 
(18 min)  (21 min)  

2a 1.61"* 1.25 53 55 
2b 0.925-0.687 - -  49.5 - -  
2c 0.924-0.656 - -  49 - -  

* P o t e n t i a l  t r a n s i t i o n  u s u a l l y  o c c u r r e d  w i t h L r ~  1 5 0  s e c  o r  l e s s .  
W h e n e v e r  l o n g e r  t i m e  p e r i o d s  w e r e  i n v o l v e d ,  t h e s e  a r e  i n d i c a t e d  i n  
p a r e n t h e s e s .  

** T h i s  t r a n s i t i o n  r e q u i r e d  o n l y  5 3  s e c ,  o b v i o u s l y  d u e  t o  t h e  o v e r -  
r u n  o v e r  t h e  R u n  l a  c u r r e n t  d e n s i t y  v a l u e .  T h i s  u n d e r s c o r e s  t h e  
i m p o r t a n c e  o f  r e l a t i n g  t h e  c r i t i c a l  c . d .  t o  t h e  t r a n s i t i o n  t i m e .  

l i nea r  Fa rada ic  re la t ionship .  Wi th  this  in  m i n d  ad-  
d i t iona l  e x p e r i m e n t s  we re  u n d e r t a k e n  in  which  Ti 
anodes  were  subjec ted  to a cons tan t  c u r r e n t  at  a 
g iven  t e m p e r a t u r e  and  for per iods  r a n g i n g  f rom i0  
to 20 min .  F r o m  the r e su l t ing  weigh t  losses and  the  
k n o w n  n u m b e r  of coulombs  passed, a check on the 
app l icab i l i ty  of F a r a d a y ' s  l aw was car r ied  out  for 
the  six solut ions  employed  in  these s tudies  (see 
Table  I I ) .  The resul t s  for so lu t ion  D-4, con ta in ing  
11.9% HF, are shown in  Fig. 8 in  the  form of a plot  
of the  ra te  of d isso lu t ion  in  moles / cmVsec  aga ins t  
the appl ied  c.d. Each poin t  in  this  p lo t  r epresen t s  a 
separa te  e x p e r i m e n t  w i th  a n e w  Ti anode.  The ra te  
of m e t a l  d isso lu t ion  by  local chemica l  action,  wh ich  
takes  place w i th  l i be ra t ion  of hydrogen ,  g r adua l l y  
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Fig. 8. Rate of Ti anode dissolution vs. c.d. Solution D-4: 
11.9% HF, 6.6% H~O, 81.5% ethylene glycol. 
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dec reases  un t i l  a m i n i m u m  is r e a c h e d  at  a v a l u e  of 
10 ma/cm" .  F r o m  t h e n  on the  r a t e  of Ti d i s so lu t ion  
fo l lows  a l i n e a r  l a w  inc r ea s ing  w i t h  the  a p p l i e d  c.d. 
a long  a s t r a i g h t  l ine  w i t h  a s lope  c o r r e s p o n d i n g  to  
an  a v e r a g e  n u m b e r  of 3.11 e q u i v a l e n t s  in  F a r a d a y ' s  
l aw.  W i t h  t he  v a l u e  of  th i s  s lope  one can  ca l cu l a t e  
the  a m o u n t  of Ti t h a t  shou ld  h a v e  d i s so lved  i f  no 
o t h e r  p rocess  b u t  t h e  anod ic  d i s so lu t ion  took  p lace .  
E x t r a p o l a t i o n  of t h e  s t r a i g h t  l ine  p o r t i o n  to t h e  zero 
c u r r e n t  ax i s  g ives  t he  v a l u e  of t he  r e s i d u a l  c h e m i c a l  
a t t a c k  w h i c h  s t i l l  pe r s i s t s  a f t e r  t he  anodic  d i s so lu -  
t i on  e s s e n t i a l l y  becomes  the  m a j o r  m e c h a n i s m .  The  
r e su l t s  of such  ca l cu la t ions  a r e  shown  a t  t h e  b o t t o m  
of  Tab le  II .  Us ing  t h e  co r r ec t i on  for  r e s i d u a l  c h e m i -  
cal  a t t ack ,  t he  ne t  t o t a l  c h e m i c a l  r a t e  can  be  ca l cu -  
l a t e d  (as  s h o w n  in Fig .  8 b y  a d a s h e d  l ine )  w i t h  
t h e  a s s u m p t i o n  t h a t  t h e  r e s i d u a l  c h e m i c a l  r a t e  r e -  
m a i n s  cons t an t  once  t h e  Ti  is a n o d i c a l l y  po la r i zed .  
T h e  v a l i d i t y  of th i s  a s s u m p t i o n  is s u b j e c t  to some  
d i spu te .  

F o r  c o m p a r i s o n  the  r a n g e  of c r i t i ca l  c.d. va lue s  
o b t a i n e d  w i t h  t he  s a m e  so lu t ion  a t  the  s a m e  t e m -  
p e r a t u r e  (55~ is i n d i c a t e d  in  Fig.  8. These  v a l u e s  
g e n e r a l l y  co inc ide  w i t h  t h e  c.d. 's  a t  w h i c h  the  anod ic  
e l e c t r o c h e m i c a l  d i s so lu t ion  becomes  the  p r e d o m i -  
n a n t  reac t ion .  

S o m e t i m e s  (see Fig.  9 and  10),  t he  c r i t i ca l  c.d. 
va lues ,  d e r i v e d  f r o m  p o l a r i z a t i o n  runs ,  w e r e  l a r g e r  
t h a n  t h e  c.d. a t  w h i c h  r e v e r s a l  in  t he  r a t e  of d i s so lu -  
t i on  c u r v e  occur red .  Such  dev i a t i ons  w e r e  d u e  to 
t he  d i f fe ren t  t e chn iques  used  in t he  two  t y p e s  of 
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Fig. 9. Rate of Ti anode dissolution vs. c.d. Solution K-2: 
11.5% HF, 6.2% H20,  15% tetrohydrofuran, 67.3% 
ethylene glycol. 
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Fig. 10. Rate of Ti anode dissolution vs. c.d. Solution M-5: 
12% HF, 10% H20, 15% dioxane, 63% ethylene glycol. 

e x p e r i m e n t s .  In  t he  s t u d y  of d i s so lu t ion  ra tes ,  a n e w  
s p e c i m e n  was  used  for  each  po in t ;  h o w e v e r ,  a s ingle  
anode  was  e m p l o y e d  in a p o l a r i z a t i o n  r u n  w i t h  t he  
r e su l t  t h a t  t he  su r f ace  of t h e  anode  was  a l r e a d y  
r o u g h e n e d  w h e n  t h e  c r i t i ca l  c.d. p o i n t  was  r eached .  
If,  as  i t  h a p p e n e d  in  some  runs ,  t h e  r o u g h e n i n g  s ig -  
n i f i can t ly  i n c r e a s e d  the  t r u e  a n o d e  su r f ace  a rea ,  
t he  o b s e r v e d  ( a p p a r e n t )  c r i t i ca l  c.d. va lue s  w e r e  
l a r g e r  t h a n  n o r m a l .  

The  e x p e r i m e n t a l  v a l u e  of 3.11 F a r a d a y s  p e r  mo le  
of me ta l ,  s h o w n  in Fig.  8, sugges t s  t h a t  Ti  d i s so lves  
in t h e  f o r m  of  two  ions, t h e  3-3 and  t h e  3-4 t i t a n i u m  
ions. I t  is b e l i e v e d  t h a t  bo th  of these  ions  c o m p l e x  
r e a d i l y  in  solu t ion ,  f o r m i n g  p r i m a r i l y  TiFo -2 and  
TiFo -~. S ince  the  so lu t ions  e m p l o y e d  in t h e s e  e x p e -  
r i m e n t s  w e r e  e s s e n t i a l l y  s a t u r a t e d  w i t h  a i r ,  a l l  Ti  
w o u l d  e v e n t u a l l y  be  ox id i zed  to t he  3-4 s ta te .  I n -  
deed ,  p r e l i m i n a r y  p o l a r o g r a p h i c  s tud ies  g a v e  on ly  
r e d u c t i o n  w a v e s  for  so lu t i on  s a m p l e s  t a k e n  n e a r  t h e  
a n o d e  a t  t he  end  of a run ,  t hus  i n d i c a t i n g  the  p r e s -  
ence of  r e d u c i b l e  species.  R e d u c t i o n  p o t e n t i a l s  of 
a p p r o x i m a t e l y  0.44 v ( h a l f - w a v e  p o t e n t i a l  vs. t he  
m e r c u r y  pool )  w e r e  o b t a i n e d  w i t h  d i f fus ion  c u r r e n t s  
sugges t i ng  Ti § c o n c e n t r a t i o n s  r a n g i n g  f r o m  3 to 
8 m i l l i m o l e s  p e r  l i te r .  R e d u c t i o n  of  Ti  +~ w o u l d  r e -  
q u i r e  m u c h  h i g h e r  po ten t i a l s .  

I t  shou ld  no t  be  s u r p r i s i n g  t h a t  Ti  can  d i s so lve  
s i m u l t a n e o u s l y  in  t h e  3-3 a n d  the  3-4 s ta te .  I f  t he  
v a l u e s  for  s t a n d a r d  po t e n t i a l s  in  aqueous  so lu t ions  
g i v e n  b y  L a t i m e r  (3)  can  be  used  as an  a p p r o x i m a -  
t ion,  one  f inds t h a t  the  o x i d a t i o n  p o t e n t i a l  for  t he  
f o r m a t i o n  of  t h e  T i F j  ~ ion  is 1.19 v a n d  t h a t  of  t h e  
Ti  +~ ( a n d  p r o b a b l y  of T i F 2 )  f o r m a t i o n  w o u l d  be  
1.21 v. W h i l e  these  v a l u e s  do no t  a p p l y  d i r e c t l y  to 
the  sy s t e ms  e m p l o y e d ,  t h e y  g ive  a f a i r  a p p r o x i m a -  
t ion  of t he  f ree  e n e r g y  and  s t a n d a r d  p o t e n t i a l  r e l a -  
t i onsh ips  t ha t  m i g h t  be  i n v o l v e d  in  t h e  two  d i s so lu -  
t ion  reac t ions .  On this  bas is  i t  can  be  e x p e c t e d  t ha t  
t he  a c t u a l  e l e c t r o d e  p o t e n t i a l s  a t  w h i c h  Ti  can  go 
in to  so lu t ion  in  e i t he r  ionic  f o r m  a r e  f a i r l y  c lose  and  
the  two  processes  occur  s i m u l t a n e o u s l y .  

As  m e n t i o n e d  above,  t he  e x t e n s i o n  of t he  l i nea r  
p o r t i o n  of t h e  anode  d i s so lu t ion  c u r v e  to i n t e r s ec t i on  
w i t h  t he  zero c u r r e n t  i n t e r c e p t  shou ld  i nd i ca t e  the  
v a l u e  of t he  m i n i m u m  r a t e  of c h e m i c a l  a t t a c k  on Ti  
t h a t  s t i l l  pe rs i s t s ,  a t  l e a s t  a t  th i s  t r a n s i t i o n  po in t .  In  
t he  ca l cu l a t i on  used  for  F ig .  8 t h r o u g h  11 th is  m i n i -  
m u m  v a l u e  was  a s s u m e d  to a p p l y  t h r o u g h o u t  up  to 
h igh  c.d. 's.  A v a l u e  of 3.50 F a r a d a y s / m o l e  (see 
Fig.  9) w o u l d  i n d i c a t e  t h a t  h a l f  of the  Ti  d i s so lves  
in  t he  3-3 and  t h e  o t h e r  ha l f  in  t h e  3-4 s ta te .  H o w -  
ever ,  if  w i t h  i n c r e a s i n g  c.d. th is  m i n i m u m  r a t e  of 
c h e m i c a l  a t t a c k  shou ld  in r e a l i t y  s t i l l  dec rease ,  t hen  
the  a c t u a l  s lope  of the  l ine  ( f r o m  w h i c h  n is c a l cu -  
l a t e d )  as  p l o t t e d  i n .F ig .  9 or  10 w o u l d  i nc rea se  a n d  
t h e r e f o r e  w o u l d  d e c r e a s e  t h e  n u m b e r  of F a r a d a y s /  
mo le  in the  d i r ec t i on  of t he  v a l u e  of 3.0. I t  can  thus  
be sa fe ly  sa id  t h a t  in mos t  of t he  cases  s t u d i e d  a t  
l e a s t  h a l f  of  t h e  Ti  w e n t  in to  so lu t ion  in  t h e  3- 3 s t a t e  
r a t h e r  t h a n  in  t h e  3-4 s ta te .  A t t e m p t s  to c a r r y  out  
ca l cu l a t i ons  w i t h  t h e  a s s u m p t i o n  t h a t  t he  3-2 s t a t e  
is f a v o r e d  s h o w e d  t h e  l a t t e r  r e a c t i o n  to be  i m p r o b -  
able .  The  s t a n d a r d  o x i d a t i o n  p o t e n t i a l  e s t i m a t e d  b y  
L a t i m e r  for  t he  f o r m a t i o n  of t he  3-2 ion is l a r g e r  
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Fig. 11. Rote of Ti onode dissolution vs. c.d. Solution D-8: 
18% HF, 6.2% H20, 75.8% ethylene glycol. 

t h a n  for the  o ther  ions, name ly ,  abou t  1.63 v. F i g u r e  
10 shows resul ts  of s imi la r  ca lcu la t ions  pe r fo rmed  
for solut ion M-5, in  which  two sets of runs  are g iven;  
the genera l  a g r e e m e n t  is found  to be qui te  sa t is fac-  
tory. It  should be noted,  however ,  tha t  in  this  case 
the  c.d. at which  i nve r s ion  of the  r a t e  took place 
was s igni f icant ly  lower  t h a n  the  cr i t ical  c.d. r a nge  
d e t e r m i n e d  t h rough  the po la r iza t ion  measu re me n t s .  
A s imi la r  d i sc repancy  is shown in  Fig. 11 for solu-  
t ion  D-8. 

It  is i n t e re s t ing  to note  tha t  in  all  cases (for a 
g iven  so lu t ion  and  t e m p e r a t u r e )  the cr i t ical  c.d. 
va lues  were  la rger  t h a n  the  c.d. at  which  the  i n v e r -  
sion of the  d isso lu t ion  ra te  occurred.  

Whi le  these d iscrepancies  canno t  be  accounted  for 
quan t i t a t i ve ly ,  a sa t i s fac tory  qua l i t a t i ve  e x p l a n a t i o n  
becomes ava i l ab le  w h e n  the  difference in  the  p ro -  
cedures  in  the  two types  of expe r imen t s  is con-  
sidered. In  the  d isso lu t ion  ra te  vs. c.d. studies,  a 
fixed tota l  c u r r e n t  was  appl ied  to a new,  smooth  Ti 
anode  and  kep t  constant .  Each po in t  on the  plot  
r epresen t s  a separa te  specimen.  The  a p p a r e n t  c.d. 
va lue  for inve r s ion  in  the  ra te  found  f rom such a 
plot  is thus  fa i r ly  close to tha t  of the t rue  c.d. On 
the o ther  hand,  in  the  po la r iza t ion  expe r imen t s  com-  
ple te  curves  were  t aken  on one anode,  which  thus  
u n d e r w e n t  progress ive  suface r o u g h e n i n g  (to a m a -  
jor  or m i n o r  ex ten t  depend ing  on the  n u m b e r  of 
coulombs passed)  w i th  the  resu l t  tha t  the  m e a s u r e d  
a p p a r e n t  c.d. va lues  were  s igni f icant ly  la rger  t h a n  
the t r u e  c u r r e n t  densit ies.  Thus  the observed cr i t ical  
( a p p a r e n t )  c.d. va lue  was  also l a rger  t h a n  the  va l ue  
one would  expect  on a new,  smooth  Ti surface.  The  
l a t t e r  should obvious ly  be sma l l e r  and  coincide wi th  
the  c.d. at which  i nve r s ion  of the r a t e  takes  place. 
The soundness  of this  e x p l a n a t i o n  was  conf i rmed 
w h e n  a po la r iza t ion  cu rve  was t a k e n  wi th  a f resh 
anode at which  c u r r e n t  was  passed for a shor t  t ime  
(compare  Fig. 8). 

Fo r  So lu t ion  D-8  (Fig. 11) i n  add i t ion  to the  
average  v a l u e  of n, slopes co r re spond ing  to n = 3 
and  n = 4 were  found.  This  shows tha t  in  the  lower  
c.d. r ange  the  + 3  s ta te  is favored  whi le  at  h igher  
c.d.'s the + 4  state is p r e d o m i n a n t .  

A n o t h e r  p rob lem inves t iga ted  was  w h e t h e r  a p r e -  
vious or s imu l t aneous  anodic  t r e a t m e n t  of a Ti 
spec imen  affects the  r a t e  of chemica l  d isso lu t ion  

itself. This  was  of in te res t  because  it  was t hough t  
tha t  passage of c u r r e n t  removes  the  p ro tec t ive  oxide 
f rom the  Ti and  faci l i ta tes  the  r a t e  of chemical  local 
action.  E x p e r i m e n t s  car r ied  out  w i th  spec imens  
t rea ted  at 5-40 m a / c m  -2 for 1 ra in  and  t h e n  lef t  in  
the same e lec t ro ly te  wi th  no appl ied  c u r r e n t  for 10 
m i n  ind ica ted  tha t  the  ra te  of chemical  act ion was  
essen t ia l ly  the  same  as the  one ob ta ined  w i t hou t  a n y  
p rev ious  passage of cur ren t .  Hence  the  chemical  
ac t iv i ty  of the  e lect rolytes  is sufficiently la rge  to 
r emove  a ny  TiO2 films which  migh t  in t e r f e re  wi th  
the me ta l  d isso lu t ion  process. 

In  the solut ions  discussed above,  smal l  a m o u n t s  
of w a t e r  were  used to i mpr ove  the i r  conduc t iv i ty .  
It  was though t  des i rab le  to inves t iga te  the  behav io r  
of a comple te ly  a n h y d r o u s  e lec t ro ly te  in  which  
H~SO, (100%)  ( ins tead  of the  wa te r )  was  used. The 
e thy l ene  glycol  so lu t ion  of 15% HF and  15% H~SO, 
(N-1 in  Tables  I I I  a nd  IV) was  found  to have  the  

Table III, Slope of Polarization Curves 
A s s u m i n g  s t r a i g h t  l i n e  f r o m  c r i t i c a l  e .d.  v a l u e  o n :  

S o l u t i o n  R u n  No.  

A s c e n d i n g  D e s c e n d i n g  
dE/dI dE/dI 

v o l t  cm e T e m p ,  v o l t  cme T e m p ,  
a *C a ~ 

D-4 l a  12.1 41 12.6 43 
lb  10.5 39 11.1 38.5 
2a 0 53.5 1.78 55 
2b 0.7 54.5 0.024 56 

D-8 la  6.4 25 6.31 25 
lb  4.5 25 3.28 25 
2a 0 55 2.34 54.5 
2b 0.5 55.5 3.32 54 

K-2 la  6.3 40.5 8.00 43.5 
2a 2.9 55.5 1.11 55 
2b 2.4 57 1.78 55.5 

M-5 la  29.8 25.5 27.3 25.5 
lb  26.8 26 32.7 24.5 
2a 16.8 39.5 19.7 39.5 
2b 16.4 40 17.4 39 
3b 10.4 55.5 11.1 55.5 

K-6 la  33.7 25 35.7 25 
2a 7.37 55 11.9 54 

N-1 la  0 23 0 24 
2a 6.30 53 9.01 55 
~c 0 49 - -  49 

Table IV. Throwing Power in Etching Baths at 55~ 

D - 4  D - 8  K~  M - 5  K - 6  N - 1  

Conductivity,  k 
mhos/cm X 103 4.42 10.7  3.8 6.32 17.9 235 

h~ = k . d E / d I ,  
volt cm 

X 103 1.72 2.70 8.2 99.8 132 740 
amp ohm 
Parameter :  L/ho 

(dimensionless) 
(L ~ width of 
e l e c t r o d e ~  1.52cm) 885 565 186 15.2  11.5 2.05 

Dimension, a (average 
electropolished length 
near  edges, i.e., high 
c.d. area) ,  at applied 
average c.d. of 
45 ma / c m ~, 
microns 270 225 50 115 * ** 

* T h e  v a l u e  fo r  t h i s  s o l u t i o n  w a s  e x c e s s i v e l y  l a r g e  a n d  d i f f icu l t  
to  d e t e r m i n e .  T h e  u s e f u l  e t c h i n g  r a n g e  w a s  l i m i t e d  a n d  t h e  pi t  
d e p t h s  w e r e  l o w  (up  to  15~) .  

** I n s u f f i c i e n t  a n d  n o n - u n i f o r m  e t c h i n g  a t  15-25 m a / c m 2 .  A t  45 
m a / c m ~  c o m p l e t e  p o l i s h i n g  o c c u r r e d .  
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Fig. 12. Net anodic and cathodic polarization of Ti vs. 
apparent c.d. Solution N- l :  15% HF, 15% H~SO,, 70% 
ethylene glycol. 

h i ghes t  c o n d u c t i v i t y  a m o n g  the  so lu t ions  s t ud i e d  
(0.235 m h o s / c m ) .  Bo th  ca thod ic  and  anodic  p o l a r i -  
za t ion  s tud ies  w e r e  c a r r i e d  ou t  on Ti  in th i s  sys t em,  
as shown  in  Fig .  12. S e v e r a l  i n t e r e s t i n g  f e a t u r e s  can  
be noted .  T h e  anodic  b e h a v i o r  was  ana logous  to  t h a t  
in the  o t h e r  so lu t ions  e x c e p t  t h a t  Ti  p o l a r i z e d  m u c h  
s t r o n g e r  ( b y  a b o u t  4.1 v )  a l r e a d y  a t  a v e r y  low 
( c r i t i c a l )  c.d. ( less  t h a n  1 m a / c m ~ ) .  This  a g r e e d  
w i t h  t he  p r a c t i c a l  o b s e r v a t i o n s  t h a t  So lu t ion  N-1 
gave  poo r  e t ch ing  of t he  Ti  anodes  and  t e n d e d  to 
cause  e l e c t r o p o l i s h i n g  a t  c.d. v a l u e s  as low as 20 
m a / c m  ~. 

The  ca thod ic  p o l a r i z a t i o n  of Ti  in  So lu t ion  N-1  
was  r e m a r k a b l e  b e c a u s e  t h e  u s u a l  l o g a r i t h m i c  d e -  
p e n d e n c e  on the  c.d. (as  ca l l ed  for  b y  the  Ta fe l  
e q u a t i o n )  was  no t  fo l lowed .  I n s t e a d  a p e r f e c t l y  l i n -  
e a r  r e l a t i o n  was  f o u n d  b e t w e e n  the  ca thod ic  p o l a r i -  
za t ion  and  the  a p p l i e d  c.d. F r o m  the  r e su l t s  s h o w n  
in Fig .  12, t h e  fo l lowing  r e l a t i o n  for  t he  ne t  ca thod ic  
p o l a r i z a t i o n  is ob t a ined .  

AE~ ---- 6 1 ( I )  

w h e r e  AEo = to t a l  n e t  c a thode  po la r i za t ion ,  vol ts ,  
a n d  I = c u r r e n t  dens i ty ,  a m p / c m  ~. A s i m i l a r  s t r a i g h t  
l ine  r e l a t i onsh ip ,  a l t h o u g h  w i t h  a d i f fe ren t  s lope  
va lue ,  was  o b s e r v e d  b y  S t r a u m a n i s  and  c o - w o r k e r s  
(4)  in  aqueous  so lu t ions  of  HF.  I n  c o m p a r i n g  the  
b e h a v i o r  of Ti in aqueous  so lu t ions  of  va r i ou s  ac ids  
t h e y  conc luded  t h a t  t he  l i n e a r  d e p e n d e n c e  t a k e s  
p l ace  if  t h e  ca thod ic  me ta l ,  Ti, d i s so lves  w i t h  h y d r o -  
gen  e v o l u t i o n  in  t h e  H F  ac id  so lu t ion ,  w h e r e a s  a 
l o g a r i t h m i c  r e l a t i o n  is o b t a i n e d  i f  i t  does  no t  d i s -  
solve,  e.g., in HC1 solut ions ,  b u t  b e h a v e s  as  a nob le  
me ta l .  In  t he  n o n a q u e o u s  so lu t ion  ( N - l )  e m p l o y e d  

in t h e  p r e s e n t  s tudy ,  in  a d d i t i o n  to t he  ca thod ic  r e -  
duc t i on  of h y d r o g e n  (H + ~  i/2H~), t h e  c h e m i c a l  d i s -  
so lu t ion  of Ti  t a k e s  p lace ,  due  to t he  p r e s e n c e  of 
H F  (Ti  + 3H +-+ Ti +§247 + 3/2H~),  as conf i rmed  b y  ob -  
s e r v e d  w e i g h t  losses of t he  e lec t rode .  

No ca thod ic  p o l a r i z a t i o n  s tud ies  w e r e  c a r r i e d  ou t  
on the  so lu t ions  con ta in ing  a s m a l l  a m o u n t  of w a t e r ;  
h o w e v e r ,  in v i e w  of t he  b e h a v i o r  of c o m p l e t e l y  
aqueous  sys t ems  (4)  and  the  r e su l t s  of t he  p r e s e n t  
s tudy ,  i t  is r e a s o n a b l e  to e x p e c t  t h a t  l i n e a r  ca thod ic  
po l a r i z a t i on  cu rves  w o u l d  r e s u l t  for  a l l  of t he  so lu-  
t ions  e m p l o y e d  in th is  s tudy .  The  s lopes  of such 
cu rves  m a y  di f fer  f rom case  to case  due  to v a r y i n g  
H F  ac id  ac t iv i t ies .  

Discussion and Conclusions 
The  anod ic  b e h a v i o r  of  Ti  in  e s s e n t i a l l y  n o n a q u e -  

ous e l e c t ro ly t e s  is d o m i n a t e d  b y  the  p r e s e n c e  of a 
" c r i t i c a l  c . d . " - - a  p a r t i c u l a r  v a l u e  of t he  a p p a r e n t  
c.d. a t  w h i c h  the  i n c i d e n t a l  c h e m i c a l  a t t a c k  of t he  
m e t a l  b y  the  e l e c t r o l y t e  is s u p p r e s s e d  a n d  t h e  anod ic  
r e a c t i o n  becomes  the  con t ro l l i ng  process .  Va lues  of 
the  c r i t i ca l  c.d. w e r e  f o u n d  to b e  u s u a l l y  l a r g e r  w h e n  
o b t a i n e d  w i t h  ascend ing ,  t h a n  w i t h  descend ing ,  a p -  
p l i e d  cu r ren t s .  This  " h y s t e r e s i s "  can  be  e xp l a ined ,  
a t  l eas t  in  pa r t ,  by :  (a )  i n c r e a s e d  su r f ace  roughness ,  
i.e., l o w e r i n g  of t he  t r u e  c u r r e n t  d e n s i t y  in  t he  d e -  
s cend ing  runs  w h i c h  fo l l owed  the  a scend ing  runs ;  
a n d  (b )  t he  n a t u r a l  t e n d e n c y  to o v e r s h o o t  t he  a p -  
p l i e d  c u r r e n t  in  a scend ing  runs  and  to u n d e r s h o o t  in 
de sc e nd ing  runs .  

In  genera l ,  t h e  c r i t i ca l  c.d. i n c r e a s e d  w i t h  t e m -  
p e r a t u r e  and  the  c h e m i c a l  a c t i v i t y  of t h e  ba th .  The  
l a t t e r  i n c r e a s e d  w i t h  t he  con ten t  of H F  and  of w a t e r  
in t he  g lyco l  base  solu t ions .  The  c o m b i n e d  effect of 
t he se  two  is to i n c r e a s e  t he  t h e r m o d y n a m i c  a c t i v i t y  
of t he  ac id  in  the  so lu t ion  and  the  r a t e  of  m e t a l  
a t t a c k  w i t h  t he  r e s u l t i n g  e v o l u t i o n  of h y d r o g e n  
acco rd ing  to: 

Ti + 3H § Ti  +3 + 3/2H_~ ( I I )  

This  r e a c t i o n  i nvo lves  a flow of e l ec t rons  f rom the  
m e t a l  to t he  e l e c t r o l y t e  and  r e su l t s  in  d i s c h a r g e  of 
p ro tons ;  i t  is t hus  e s s e n t i a l l y  a ca thod ic  process .  
W h e n  t h e  c r i t i ca l  c.d. v a l u e  is r e a c h e d  the  anod ic  
d i s so lu t ion  of the  m e t a l  becomes  the  d o m i n a n t  p r o c -  
ess a cco rd ing  to e i the r :  

Ti ~ Ti +~ + 3e ( I I I a )  
o r  

Ti ~ Ti +' + 4~ ( I I I b )  ~ 

a n d  the  ca thod ic  r e a c t i o n  ( I I )  is t h e n  supp re s sed .  
S ince  r e a c t i o n  ( I I )  i nvo lves  evo lu t i on  of a tomic  
h y d r o g e n  c a p a b l e  of s eve re  e m b r i t t l e m e n t  of the  Ti, 
t h e  c r i t i ca l  c.d. is also an  i m p o r t a n t  concep t  in  p r a c -  
t i ca l  c o n s i d e r a t i o n  of anod ic  c l ean ing  or  e t ch ing  of 
t he  me ta l .  

T h e  m a g n i t u d e  of t he  c r i t i ca l  c.d. in  anod ic  p o l a r i -  
za t ion  runs  can  be  cons ide red  a m e a s u r e  of t h e  
c h e m i c a l  a c t i v i t y  of the  ba th .  C o m p a r i s o n  of c r i t i ca l  
c.d. w i t h  t he  compos i t i ons  of So lu t ions  D-4,  D-8,  
and  H-5  ( T a b l e  I I )  i nd i ca t e s  t h a t  an  i nc rea se  in 
w a t e r  con ten t  ( f r o m  a b o u t  6.4% to 10%)  causes  a 

.~ T h e  a c t u a l  f o r m  of t h e  m e t a l  ions  is p r o b a b l y  TiF6  -s a n d  TiFB -2. 
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m u c h  l a r g e r  i nc rea se  in c r i t i ca l  c.d. va lue s  t h a n  r e -  
su l t s  f r o m  an  i nc rea se  of the  ac id  concen t r a t ion .  
The  p r e s e n c e  of cycl ic  e the r s  such  as d i o x a n e  and  
t e t r a h y d r o f u r a n  a p p a r e n t l y  does no t  affect  the  
c h e m i c a l  a c t i v i t y  of t he  solut ions .  

The  r a p i d  p o t e n t i a l  sh i f t  a t  t he  c r i t i ca l  c.d. r e p r e -  
sents  the  onse t  of the  p o l a r i z a t i o n  of the  Ti  e l e c t r o d e  
a s soc ia t ed  w i t h  the  n o r m a l  e l e c t r o c h e m i c a l  d i s so lu -  
t ion  reac t ion .  This  r i se  in  p o t e n t i a l  m u s t  t h e r e f o r e  
be  c l e a r l y  d i f f e r e n t i a t e d  f r o m  l i m i t i n g  c u r r e n t  p l a -  
t eaus  which ,  i nc iden t a l l y ,  a r e  r a r e l y  o b s e r v e d  in 
such  a f o r m  for  anod ic  m e t a l  d i s so lu t ion  processes .  
In  s u p p l e m e n t a r y  e x p e r i m e n t s  i t  was  found  t h a t  b y  
c a r r y i n g  out  the  r e a c t i o n  to l a r g e  enough  c.d. 's an  
a c t u a l  p l a t e a u  was  ob ta ined .  The  l a t t e r  c o r r e s p o n d e d  
to t he  d i s c h a r g e  of oxygen .  H o w e v e r ,  such  r eac t ions  
could  no t  be  s t ud i ed  v e r y  s a t i s f a c t o r i l y  b e c a u s e  of 
the  e x t r e m e  a m o u n t  of h e a t  i n v o l v e d  a t  v e r y  h igh  
c.d. 's and  because  of t he  di f f icul ty  of con t ro l l i ng  the  
c u r r e n t  a n d  the  t e m p e r a t u r e .  

F r o m  the  s tud ies  of t he  r a t e  of m e t a l  d i s so lu t ion  
w i t h  and  w i t h o u t  a p p l i e d  cu r r en t ,  the  r a t e  was  
f o u n d  to dec rea se  f r o m  the  zero c u r r e n t  v a l u e  to a 
m i n i m u m  at  a c.d. (Imin) c lose  to t he  c r i t i ca l  c.d. 
(Iorit) o b t a i n e d  f rom anod ic  p o l a r i z a t i o n  s tud ies  in 
the  s a m e  solut ion.  F r o m  the  Im,n v a l u e  on the  r a t e  
vs. c.d., p lo t s  fo l low a l i n e a r  r e l a t i o n s h i p  acco rd ing  
to F a r a d a y ' s  law.  The  s lopes  of  t he  s t r a i g h t  l ine  
p o r t i o n s  c o r r e s p o n d  to v a l u e s  of n ( n u m b e r  of 
e q u i v a l e n t s / m o l e )  r a n g i n g  f r o m  3.11 to 3.73 ( T a b l e  
I I ) ,  t hus  i n d i c a t i n g  t h a t  the  r e l a t i v e  a m o u n t s  of Ti .3 
and  Ti *~ f o r m e d  t h r o u g h  anode  d i s so lu t ion  d e p e n d  
on the  compos i t i on  of t h e  e l ec t ro ly t e .  

T h r o u g h  e x t r a p o l a t i o n  of t he  s t r a i g h t  l ine  po r t i ons  
of t he  r a t e  vs. c.d. p lo t s  t he  m i n i m u m  r e s i d u a l  r a t e s  
due  to c h e m i c a l  a t t a c k  ( p e r s i s t i n g  s i m u l t a n e o u s l y  
w i t h  t he  anodic  d i s so lu t ion )  w e r e  e s t ima ted .  These  
r e s i d u a l  m i n i m u m  ra t e s  w e r e  found  to be, b y  an  
o r d e r  of m a g n i t u d e ,  s m a l l e r  t h a n  the  zero c u r r e n t  
r a t e  ( c o m p a r e  T a b l e  I I ) .  The  p e r s i s t e n c e  of a r e s i d -  
ua l  c h e m i c a l  a t t a c k  r a t e  and  i ts  v a l u e  a r e  i m p o r t a n t  
in d e t e r m i n i n g  the  s u i t a b i l i t y  of a g iven  e l e c t r o l y t e  
for  anod ic  t r e a t m e n t  of Ti  f r o m  t h e  h y d r o g e n  e m -  
b r i t t l e m e n t  po in t  of v iew.  

G e n e r a l l y  in e l e c t r o l y t i c  e t ch ing  i t  is i m p o r t a n t  
to o b t a i n  as u n i f o r m  a c.d. d i s t r i b u t i o n  as possible .  
O the rwi se ,  in  the  h igh  c.d. a r e a s  n e a r  edges  and  co r -  
ners,  e l e c t r o p o l i s h i n g  t a k e s  p l ace  wh i l e  t he  c e n t r a l  
a r e a  of  t he  spec imen  is a t  t h e  o p t i m u m  e t ch ing  con-  
d i t ions .  F o r  th is  r ea son  i t  was  i n t e r e s t i n g  to i n v e s t i -  
ga t e  how the  v a r i o u s  b a t h s  c o m p a r e  in r e spec t  to t he  
u n i f o r m i t y  of the  s e c o n d a r y  c u r r e n t  d i s t r i bu t ion ,  
i.e., t h r o w i n g  power .  In  a spec ia l  set  of e x p e r i m e n t s  
Ti spec imens  we re  e t ched  a t  s e v e r a l  c.d. 's  in the  
va r i ous  b a t h s  and  e x a m i n e d  m e t a l l o g r a p h i c a l l y  in 
cross  sect ion.  The  e x t e n t  of smoo th ing  due  to e lec -  
t r o p o l i s h i n g  n e a r  t he  edges  was  m e a s u r e d  in t e r m s  
of an  e l e c t r o p o l i s h e d  l e n g t h  a d j a c e n t  to t he  ou te r  
edge.  These  va lue s  a r e  s h o w n  as d i m e n s i o n  "a"  in 
T a b l e  IV. As  is k n o w n  (5, 6) t he  t h r o w i n g  p o w e r  
of a b a t h  can  be  bes t  d e s c r i b e d  in t e r m s  of a d i m e n -  
s ionless  p a r a m e t e r  (L /ho)  w h i c h  r e p r e s e n t s  a r a t io  
of a c h a r a c t e r i s t i c  l e n g t h  d i m e n s i o n  ove r  t he  p r o d u c t  
of t he  c o n d u c t i v i t y  a n d  the  s lope of t h e  p o l a r i z a t i o n  
w i t h  r e s p e c t  to t he  a p p l i e d  cu r r en t .  Us ing  the  s lope  

va lue s  f rom T a b l e  I I I  t he  va lue s  of t he  d imens ion l e s s  
p a r a m e t e r  w e r e  c a l c u l a t e d  at  55~ for  t he  six so lu-  
t ions  u n d e r  s t u d y  and  c o m p a r e d  w i t h  the  m e a s u r e d  
e l e c t r o p o l i s h e d  l e n g t h  "a" .  I n spec t ion  shows  t h a t  
w i t h  d e c r e a s i n g  v a l u e  of t h e  p a r a m e t e r  the  e l e c t r o -  
po l i shed  l e n g t h  "a"  d imin i she s  as the  t h e o r y  w o u l d  
r equ i r e .  S t r i c t l y  speak ing ,  t h r o w i n g  p o w e r  shou ld  
be  e v a l u a t e d  e x p e r i m e n t a l l y  b y  m e a n s  of t he  H a r i n g  
m e t h o d  or  acco rd ing  to t he  m e t h o d  of sec t ioned  e lec -  
t r odes  (7) .  H o w e v e r ,  w h e n  out  of p r a c t i c a l  cons id -  
e r a t ions  one is conce rned  w i t h  a u n i f o r m  e t ch ing  of 
t h e  surface ,  d i r ec t  o b s e r v a t i o n  and  m e a s u r e m e n t  
p r o v i d e  a s a t i s f a c t o r y  w a y  for  c o r r e l a t i n g  u n i f o r m -  
i t y  of e t ch ing  w i t h  t h e o r y  a n d  for  d e t e r m i n i n g  the  
s u i t a b i l i t y  of a g iven  e t ch ing  ba th .  

The  c r i t e r i o n  t h a t  t he  p a r a m e t e r ,  L/hc, shou ld  be  
at  a m i n i m u m  for  o p t i m u m  t h r o w i n g  p o w e r  canno t  
be  used,  of course ,  w i t h o u t  l imi t a t ions .  In  some  
solut ions ,  i t  is pos s ib l e  to o b t a i n  a f a i r l y  good sec-  
o n d a r y  c u r r e n t  d i s t r i b u t i o n  ( a n d  low va lues  of 
L/hc) w i t h o u t  a s a t i s f a c t o r y  e tch ing .  Thus  S o l u -  
t ions  M-5,  K-6 ,  and  N - l ,  w h i c h  s h o w e d  the  l owes t  
va lue s  of L/hc (see Tab le  IV)  t e n d e d  to cause  e l ec -  
t r o p o l i s h i n g  even  at  c.d. 's b e l o w  45 m a / c m  2 ( in  mos t  
cases,  d i m e n s i o n  "a" could  no t  even  be d e t e r m i n e d ) .  
Of t he  en t i r e  g roup ,  So lu t ion  K - 2  was  de f in i t e ly  t he  
mos t  s u i t a b l e  for  e t ch ing  p u r p o s e s  on the  bas is  of 
t h e  mos t  u n i f o r m  and  deep  su r f a c e  r o u g h e n i n g .  
H o w e v e r ,  So lu t ions  K - 6  a n d  N-1  (of  low p a r a m e t e r  
v a l u e s )  w e r e  no t  s u i t a b l e  for  e t ch ing  at  al l .  This  
d e m o n s t r a t e s  t h a t  the  m a g n i t u d e  of t he  p a r a m e t e r  
L/h~ is p r i m a r i l y  a c r i t e r i o n  of t he  u n i f o r m i t y  of the  
s e c o n d a r y  c.d. in  a cel l  a n d  b y  i t se l f  is no t  sufficient  
to d e t e r m i n e  the  s u i t a b i l i t y  of a g iven  so lu t ion  for  a 
d e s i r a b l e  anodic  process .  I ts  u se fu lness  for  p r e d i c -  
t ion of t h r o w i n g  p o w e r  is t hus  l i m i t e d  to a r a n g e  of 
cond i t ions  w i t h i n  w h i c h  the  d e s i r a b l e  e l e c t r o d e  
processes  can  t a k e  place .  

The  anod ic  p o l a r i z a t i o n  s tud ies  for  Ti in  e s sen -  
t i a l l y  n o n a q u e o u s  solut ions ,  coup led  w i t h  r a t e  
s tud ies  as a func t ion  of c.d., r e p r e s e n t  a r e l i a b l e  
m e t h o d  for  d e t e r m i n a t i o n  of t he  s u i t a b i l i t y  of an  
e l e c t r o l y t e  and  of t he  o p t i m u m  o p e r a t i o n a l  cond i -  
t ions,  e.g., t e m p e r a t u r e  and  c.d., fo r  anod ic  e t ch ing  
of Ti w i t h o u t  caus ing  a d e t e r i m e n t a l  h y d r o g e n  e m -  
b r i t t l e m e n t  of t h e  me ta l .  

Manuscr ip t  received Ju ly  16, 1956. This paper  was 
p r e p a r e d  for de l ive ry  before  the  Cincinnat i  Meeting, 
May 1-5, 1955. 

A n y  discussion of this  pape r  wil l  appear  in a Dis- 
cussion Section to be publ i shed  in the December  1958 
JOURNAL. 
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Techn caI Note 

Junction Delineation in Silicon by Gold Chemiplating 
S. J. Silverman and D. R. Benn 

Allentown Laboratory, Bell Telephone Laboratories, Inc., Allentown, Pennsylvania 

In recent  years  there  has been an increased de-  
mand  for a simple, s t r a igh t fo rward  technique to 
analyze junct ions in Si. These junct ions m a y  occur 
as an uncont ro l led  series of s t r ia t ions  dur ing the 
growth of single crystals  for r aw  mate r i a l  eva lua -  
tions. They may  also be created purpose ly  by dop-  
ing dur ing growth  or by  al loy or diffusion processes 
on wafers.  In the first case one may  wish to de te r -  
mine qua l i ta t ive ly  the degree  of homogenei ty  in the 
single crystal .  This observat ion can be used to ap-  
pra ise  the extent  of r emova l  of N - t y p e  impur i t ies  
by observing a cross-sect ioned single c rys ta l  af ter  
refining the raw mater ia l .  In the other  two cases 
junct ion depths  may  be measured  and the degree  of 
p l ana r i t y  examined.  

Severa l  methods have been used for this type  of 
analysis.  Or ig inal ly  one used finely d ivided par t ic les  
of BaTiO~ (1) which concentra ted  along a junct ion 
bar r i e r  under  the influence of an ex te rna l  electr ic 
field. A second procedure,  h ighly  successful in Ge, 
has been copper e lec t ropla t ing  using a pulsed field 
in an appropr ia t e  e lectrolyt ic  solution of CuSO, (2).  
A th i rd  process, perfec ted  by Fu l l e r  (3),  involves 
staining of the  surface using a sui table  combinat ion 
of HNO~ and HF. A pre fe ren t ia l  oxidat ion stains the 
P - t y p e  region da rke r  than the N- type .  The gold 
chemipla t ing  technique is analogous to the  Fu l l e r  
stain. I t  is bel ieved that  this p la t ing  action in the 
vic ini ty  of the junct ion is accomplished by  p re fe r -  
ent ia l  reduction,  gold first appear ing  on the N- type  
region re la t ive  to a P region. The advantages  of this 
technique lie in the re la t ive  s impl ic i ty  of sample  
p repara t ion  and subsequent  processing. The resu l t -  
ant  pa t t e rn  shows excel lent  definition enabl ing one 
to detect  junct ions readi ly .  

Original ly,  Au chemipla t ing  was used in making  
ohmic contacts on Si diodes. A discussion of this 
process is given in deta i l  by Pudv in  (4).  During the 
course of p la t ing  disks pr ior  to device fabricat ion,  
it was noticed tha t  in i t ia l ly  Au did not  p la te  un i -  
formly.  This observat ion  p rompted  a more  complete  
invest igat ion,  the resul ts  of which are herein de-  
scribed. 

Experimental 
The sample  is p repa red  by lapping with 600 mesh 

ca rborundum powder ,  r insing well  wi th  deionized 
water ,  and dry ing  quickly  wi th  an air  blast.  It  is 
then immersed  in the  p la t ing  solution. Care is taken  

not  to contamina te  the surface dur ing  handl ing;  
otherwise,  spurious pa t te rns  may  develop. The fol-  
lowing p la t ing  solution is ident ical  to that  descr ibed 
by Pudv in  (5) :  (a) 10 g KAu(CN)~ (67% Au con- 
t en t ) ;  (b)  200 g KOH; (c) deionized H~O for one 
l i ter  of solution. 

In order  to obtain reproducib le  results,  both hea t  
and l ight  are necessary.  This r equ i rement  is easi ly 
satisfied by using an in f ra red  lamp. A solution t em-  
pe ra tu re  range  of 30~176 is desirable,  depending 
on the type  of junction.  The react ion is ser iously 
hampered  by  the prec ip i ta t ion  of KOH at  t empera -  
tures below 5~ Those junct ions  having a less p ro-  
nounced change in the net  impur i ty  concentrat ion,  
IN~--NAI, across the junct ion  requ i re  higher  t em-  
pe ra tu res  and longer  exposure  t imes in the solution. 
Af te r  the pa t t e rn  shows sufficient definit ion the 
chemical  action is s topped by  removing the  sample  
from the bath. It is r insed immed ia t e ly  wi th  tap 
wate r  and dr ied wi th  an air  blast.  

Various surfaces have  been examined  for the pro-  
duct ion of an op t imum pat tern .  At t empts  to p la te  an 
etched surface have been unsuccessful  in tha t  the 
resul t ing  deposi t  is ne i ther  reproduc ib le  nor  ad-  
herent.  Al though sharp ly  defined s t r ia t ions ap-  
peared,  the color contras t  is decreased and the pa t -  
te rn  is easily ob l i t e ra ted  by  addi t ional  Au which 
soon plates  the surface indiscr iminate ly .  A del i -  
ca te ly  adheren t  film, however ,  can be p la ted  on a 
Linde A pol ished surface. I t  is fel t  tha t  this  type  of 
surface p repa ra t ion  is more des i rable  when inves t i -  
gat ing thin junct ion depths  of the order  of 0.5 mil  
because of be t t e r  resolut ion under  a microscope. 
Such a smoothly ab raded  surface requires  a longer  
p la t ing  t ime than  a coarse one. For  purposes of 
rapid,  reproducib le  analyses,  however,  600 mesh 
ca rborundum powder  is sat isfactory.  F igure  1 shows 
indiv idual  s t r ia t ions whose widths  have been meas-  
ured to be about  1 mil  on a single crys ta l  l apped  in 
the l a t t e r  manner .  

Mechanism 
The over -a l l  process may  be classified as a dis-  

p lacement  react ion descr ibed by the fol lowing re -  
action: 

2KAu(CN)_~ + 4KOH + Si 
2Au Jr K~SiO., + 4KCN Zr H~ + H~O 

Al though the  e lect rochemical  action causes Au to 
p la te  on a Si surface according to this equation, it  is 
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Fig. 3. NP § junction. Magni f icat ion 30X before reduction 
for publ icat ion. 

Fig. ]. Striations in a single-crystal cross section 
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Fig. 2. Potential distr ibut ion in a typical PN junction 

only in the presence of l ight  tha t  one can obtain 
consis tent ly pred ic tab le  resul ts  in which the Au 
pla tes  first on the more  negat ive  side of a junc -  
t ion (6).  A br ief  exp lana t ion  of the possible mech-  
anism responsible  for  this phenomenon is presented.  

If one considers the simplified energy d iag ram of 
a typical  P - N  junction,  one notes the potent ia l  d i f -  
ference associated wi th  the difference in car r ie r  
concentra t ion on ei ther  side, as indica ted  in Fig. 2. 
Psi represents  the Fe rmi  level  and A~ is the change 
in electron energy when going f rom the N region to 
the P. Neglect ing possible complicat ions due to 
surface states, one can, by  the fol lowing equation, 
represent  • as a funct ion of p and n, where  p is 
the dens i ty  of excess holes in the P region; n is the 
densi ty  of excess electrons in the  N region; and n, 
represents  the densi ty  of intr insic  carriers .  

K T  p n  
ar = q~,,- q~p = -  I n -  

q n~ -~ 

This equat ion then represents  condit ions in the 
vic ini ty  of the junct ion which sat isfy  requ i rements  
of t he rma l  equi l ib r ium and charge neu t r a l i t y  
throughout  the specimen. 

If, now, one shines l ight  on the  junction,  hole-  
electron pairs  are created.  The minor i ty  carr iers  in 
e i ther  region diffuse across the t rans i t ion  region 
under  the influence of the  bu i l t - i n  field c rea ted  by 
• A photovol tage  then is c rea ted  on the surface 
near  the junction.  Posi t ive Au ions resul t ing  f rom 
dissociation of the A u ( C N ) (  complex in the  solu- 
t ion above the surface are a t t r ac ted  to the more 
negat ive  region and p la te  on the hr side. The photo-  
vol tage is more  pronounced the grea ter  the pa ten-  

t ial  difference across the junction.  I t  has been ob- 
served that  the ra te  of p la t ing  increases wi th  this 
difference; the grea te r  the concentra t ion of excess 
carr iers  in the P and N regions, respect ively,  the  
fas ter  the Au pla tes  onto the  more  negat ive  region. 

In order  to approx ima te  conditions where in  one 
could va ry  the deposi t ion ra te  wi th  the potent ia l  
difference across a junction,  several  single conduc-  
t iv i ty  crystals  wi th  different  N - t y p e  concentrat ions 
were  prepared .  These were  measured  by  s tandard  
two-p robe  res is t iv i ty  techniques,  cut into samples of 
equal  size, and diffused s imul taneous ly  wi th  the 
same amount  of P+ type  (boron)  diffusant to form 
the junct ions (§ denotes the high concentra t ion in 
the diffused l aye r ) .  Af te r  diffusion the specimens 
were  p repa red  by  the previous ly  descr ibed exper i -  
men ta l  p rocedure  and s imul taneous ly  immersed  in 
the  p la t ing solution. F igure  3 is a typica l  example  of 
an NP § junction.  Measurements  were  made  of the 
average  t imes requ i red  for the Au to become suffi- 
c ient ly  thick that  the junct ion became del ineated.  
Table  I shows tha t  those specimens wi th  the h igher  
N - t y p e  concentra t ion and, hence, the la rger  poten-  
t ia l  difference across the junct ion exhib i ted  the 
fas ter  deposi t ion rate.  

An addi t ional  expe r imen t  i l lus t ra ted  the effect of 
the potent ia l  difference of the  junct ion on the de-  
posit ion rate.  P a r t  of a grown N P  junct ion was cut 
in half. The N region and the  P region were  sep-  
a ra ted  and then  immersed  in the  p la t ing  solution to-  
gether  wi th  the or iginal  junction.  The pla t ing t imes 
were  observed as follows: (a)  the N region of the 
junction,  30 sac; (b)  the  isolated N region, 4 min; 
(c) the isolated P region, ? min; (d) and the P 
region of the junction,  40 min. These resul ts  indi -  
cated that,  a l though one can p la te  Au on any Si sur -  
face, the presence of a junct ion can be detected 
more rapidly ,  thus making  this technique a ve ry  
posi t ive method of junct ion delineation.  

Table  II  is a s um m a r y  of the re la t ive  ease in ge t -  
t ing posi t ive resul ts  for var ious  types of junctions.  
It can be seen tha t  this technique is appl icable  to 
all  types  of junct ions wi th  va ry ing  degrees of sue- 

Table I. A comparison of plating times for the same junction types 

Cond. ND-NA Junc t ion  Avg.  plat ing 
Group Speciraen type  in at./cc type  time, rain 

I A N 1.1 • 10 TM N P  + 3.8 
B N 5.2 • 101~ NP + 1.8 

II C N 1.6 • 101~ N P  + 5.8 
D N 5.8 • 10 l~ N P  + 2.4 
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Table II. A comparison of the plating times for different 
junction types 

Avg. plating 
Junction type time, rain Reproducibility 

PN ~ 6 Excel len t  
P N  ÷ ~ 6 Excel len t  
NP ÷ ~ 6 Excel len t  

PN÷P ÷ ~ 7 Good 
PP+ <-- 20 Good 

NP+N + ~ 120 Fair 
N N  + <-- 10 Questionable 

cess. The  r e a s o n  for  the  poor  r e p r o d u c i b i l i t y  on N N  ÷ 

is no t  k n o w n .  I t  is poss ib le  t h a t  su r f ace  s t a tes  so 
a l t e r  t he  p o t e n t i a l  d i f fe rence  as to r e n d e r  t he  effect 
u n d e t e c t a b l e .  

W h e n  one  a t t e m p t s  to d u p l i c a t e  t hese  g e n e r a l  ob -  
s e r v a t i o n s  a t  t he  s a m e  t e m p e r a t u r e  w i t h o u t  e x p o s -  
ing  the  s a m p l e s  to the  l i gh t  source,  the  r e su l t s  a r e  
no t  r e p r o d u c i b l e .  A s i m p l e  e x p e r i m e n t  w a s  d e v i s e d  
to c o m p a r e  t he  p l a t i n g  ac t ion  on a g iven  j u n c t i o n  in 
the  l igh t  and  t h e n  in  t he  da rk .  T h e  s ame  spec imens  
w e r e  i m m e r s e d  for  e q u a l  t imes  in  the  s ame  p l a t i n g  
solut ion ,  f irst  in  t he  l igh t  and  t h e n  in the  d a r k .  In  
the  l igh t  A u  a l w a y s  depos i t ed  on the  m o r e  n e g a t i v e  
r eg ions  first.  In  the  da rk ,  h o w e v e r ,  s e v e r a l  of the  
p r e v i o u s l y  e x a m i n e d  j u n c t i o n s  p l a t e d  in  t he  o p -  
pos i t e  m a n n e r ,  on t h e  P - t y p e  r eg ions  first;  w h e r e a s ,  
on the  o t h e r  su r f aces  A u  p l a t i n g  was  r a n d o m i z e d .  
The re fo re ,  i t  has  been  c o n c l u d e d  t h a t  t h e  p h o t o -  
vo l ta ic  effect  is e s sen t i a l  to o b t a i n  r e su l t s  t h a t  can 
be  p r e d i c t e d  r e l i a b l y  f r o m  theo ry .  

E x a m i n a t i o n  of t he  fo rego ing  r e su l t s  l eads  one to 
sugges t  t h a t  A u  c h e m i p l a t i n g ,  e s s e n t i a l l y  a r e d u c t i o n  
process ,  c o m p l e m e n t s  t he  F u l l e r  e tch  (3 ) ,  an  ox i -  
da t i on  process .  W h e r e a s  P u d v i n  (4)  has  a d e q u a t e l y  
d e s c r i b e d  the  c h e m i s t r y  for  A u  c h e m i p l a t i n g  in t he  
da rk ,  the  p r e s e n t  s t u d y  offers a m o d e l  to e x p l a i n  t he  
r e a c t i o n  in t he  p re sence  of l ight .  

Conclusions 
I t  has  been  s h o w n  t h a t  the  A u  c h e m i p l a t i n g  t e c h -  

n i q u e  has  b e e n  h i g h l y  success fu l  for  s imple ,  r a p i d  
q u a l i t a t i v e  a n a l y s e s  of j u n c t i o n s  in Si. The  r e su l t s  
a r e  p e r m a n e n t  u n t i l  the  A u  is r e m o v e d  b y  d i s -  
so lv ing  or  l app ing .  
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The  i m p o r t a n c e  of t h e  k n o w l e d g e  of t he  q u a n t u m  
efficiency of  a n y  p h o s p h o r  is w i d e l y  accep ted ;  a p a r t  
f r o m  i ts  t h e o r e t i c a l  i m p o r t a n c e  in  t he  cons id e r a t i on  
of the  m e c h a n i s m  of t he  p rocesses  i n v o l v e d  in  l u m -  
inescence ,  i t  is a v a l u a b l e  gu ide  to t he  l u m i n o u s  
efficiency w h i c h  m a y  be  e x p e c t e d  f rom a p h o s p h o r  
w h e n  i n c o r p o r a t e d  in  a l amp .  D i sc r epanc i e s  b e t w e e n  
the  p rec i se  v a l u e s  g iven  b y  v a r i o u s  au tho r s  for  p a r -  
t i c u l a r  p h o s p h o r s  a r e  s t i l l  r a t h e r  wide ,  as a r e  the  
d i f fe rences  in  t he  m e t h o d s  of m e a s u r e m e n t .  This  
p a p e r  is i n t e n d e d  to r e v i e w  bo th  t h e  p u b l i s h e d  d a t a  
and  the  m e t h o d s  used,  in t he  l igh t  of o r i g i n a l  w o r k  
on va r ious  p h o s p h o r s  b y  some of  these  me thods .  

The  q u a n t u m  eff iciency of a p h o s p h o r  is def ined  
as  t he  r a t i o  of t he  n u m b e r  of q u a n t a  e m i t t e d  to t he  
n u m b e r  a b s o r b e d ;  i t  is thus  a m e a s u r e  of the  en -  
e r g y  loss due  to t he  f a i l u r e  of a l l  a b s o r b e d  p h o -  
tons  to l e a d  to emiss ion .  In  gene ra l ,  th is  i nc ludes  
emiss ion  in  t he  n e a r  i n f r a r e d ,  s ince  i t  is abso lu t e  
q u a n t u m  efficiency r a t h e r  t h a n  the  q u a n t u m  effi- 
c i ency  in  t he  v i s ib le  w h i c h  is u n d e r  cons ide ra t ion .  
W h e n  m e a s u r e m e n t s  of e m i t t e d  r a d i a t i o n  a r e  t a k e n  
on ly  in  t he  r a n g e  of a b o u t  4000-7000 A n g s t r S m  
units ,  t h a t  is, w h e n  the  r a t i o  of t he  n u m b e r  of 
q u a n t a  of v i s ib le  r a d i a t i o n  e m i t t e d  to t he  n u m b e r  
of q u a n t a  a b s o r b e d  is quoted ,  a f a l l  in  q u a n t u m  effi- 
c i ency  m i g h t  be  o b s e r v e d  w h e n  a r a n g e  of  p h o s -  
pho r s  is e x a m i n e d ,  if t he  s p e c t r a l  e n e r g y  d i s t r i b u -  
t ions  o v e r l a p  i n c r e a s i n g l y  in to  t he  u l t r a v i o l e t  or  in-  
frared reg ions .  This  o b s e r v a t i o n  m i g h t  i m p l y  a 
change  in  t h e  process  l e a d i n g  to l u m i n e s c e n c e  a l -  
though ,  in  fact ,  t he  q u a n t u m  efficiency, as def ined  
above,  m a y  be  u n a l t e r e d .  The  v a l u e  c o r r e s p o n d i n g  
to t he  m o r e  p rec i se  def in i t ion  m a y  b e  r a t h e r  m o r e  
diff icult  to m e a s u r e  in some cases,  due  to the  diffi- 
cu l t i es  i n v o l v e d  in  c h a n g i n g  pho toce l l s  a t  t he  ends  
of t he  s p e c t r u m  in op t i c a l  m e t h o d s ,  b u t  th i s  w o u l d  
seem to be  o v e r c o m e  w h e n  the  d e t e r m i n a t i o n  of 
t h e  n o n - e m i t t e d  e n e r g y  is m a d e  t h e r m a l l y ,  w h e n  no 
d i f f e r e n t i a t i o n  occurs  b e t w e e n  v i s ib le  a n d  n e a r  v i s i -  
b l e  r ad i a t i on .  

The  q u a n t u m  eff iciency of a p h o s p h o r  m a y  v a r y  
bo th  w i t h  t h e  w a v e  l e n g t h  (1, 2) a n d  the  i n t e n s i t y  
of  t he  e x c i t i n g  r a d i a t i o n ;  for  e x a m p l e ,  some  p h o s -  
pho r s  h a v e  b r o a d  e x c i t a t i o n  s p e c t r a  and  a re  s t r o n g l y  

e x c i t e d  b y  bo th  2537A and  3650A r a d i a t i o n ,  b u t  
m o s t  p h o s p h o r s  have  a c o m p a r a t i v e l y  n a r r o w  e x -  
c i t a t i on  spec t rum.  F o r  c e r t a i n  sulf ide phosphors ,  the  
q u a n t u m  efficiency is r e p o r t e d  (2)  to b e  cons t an t  
a t  t he  f u n d a m e n t a l  a b s o r p t i o n  f r equency ,  t h e r e a f t e r  
f a l l ing  as t he  a n t i - S t o k e s  r e g i o n  is en t e red .  Most  
m e a s u r e m e n t s  h a v e  been  m a d e  a t  the  w a v e  l eng ths  
of t he  s t rong  m e r c u r y  l ines,  e.g., a t  3650A for  su l -  
fides a n d  at  2537A for  h a l o p h o s p h a t e s .  A n o n l i n e a r  
d e p e n d e n c e  of q u a n t u m  eff iciency on the  i n t e n s i t y  
of e x c i t a t i o n  has  been  o b s e r v e d  in sulf ide p h o s p h o r s  
( 3 - 6 ) ;  the  effect  is m o r e  m a r k e d  w h e n  n i cke l  is 
p r e s e n t  and  va r i e s  w i th  t e m p e r a t u r e  and  the  con-  
c e n t r a t i o n  of the  n ickel .  The  i n t e n s i t y  of the  source  
in use  is r a r e l y ,  if  ever ,  q u o t e d  w h e n  q u a n t u m  effi- 
c i ency  re su l t s  a r e  pub l i shed ,  h o w e v e r ,  and  in c o m -  
p a r i n g  resu l t s ,  one m u s t  a s s u m e  t h a t  t h e  cond i t ions  
of e xc i t a t i on  do no t  d i f fer  w i d e l y  in  i n t ens i ty .  

T h e  m e a s u r e m e n t  of q u a n t u m  eff iciency has  been  
c a r r i e d  out  in fou r  d i f fe ren t  w a y s :  b y  d i r e c t  op t i ca l  
m e a s u r e m e n t s ,  f r o m  m e a s u r e m e n t s  of l a m p  efficien- 
cies, b y  c o m p a r i s o n  w i t h  a f luorescen t  p o w d e r  h a v -  
ing  a k n o w n  q u a n t u m  efficiency, and  b y  a c a lo r i -  
m e t r i c  me thod .  These  a r e  d i scussed  be low.  

Methods 
Direct optical measurement.---In t he  m e t h o d  used  

b y  F o n d a  (7) ,  the  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  of 
the  p h o s p h o r  emis s ion  u n d e r  m o n o c h r o m a t i c  r a d i a -  
t ion was  d e t e r m i n e d  b y  t h e  use  of  a s p e c t r o p h o t o m -  
e ter ,  t he  i n t e n s i t y  of the  e m i t t e d  l ines  b e i n g  c o m -  
p a r e d  w i t h  t h a t  of a s t a n d a r d i z e d  t u n g s t e n  l amp.  
The  efficiency of exc i t a t ion ,  g iven  b y  the  r a t i o  of  
v i s ib le  f luorescence  e n e r g y  to t he  e n e r g y  of t he  e x -  
c i t ing  r a d i a t i on ,  was  ob ta ined ,  t he  f luorescence  e n -  
e r g y  be ing  m e a s u r e d  in an  i n t e g r a t i n g  sphe re  w i t h  
a p h o t o v o l t a i c  cel l  a n d  c o r r e c t i n g  fi l ter .  C o n v e r s i o n  
to l u m e n s  was  a c h i e v e d  b y  c a l i b r a t i n g  t h e  sphe re  
for  l i g h t  of k n o w n  w a v e  lengths ,  a n d  m e a s u r i n g  the  
r a d i a n t  e n e r g y  w i t h  a t h e r m o p i l e .  Va lues  for  t h e  
q u a n t u m  y ie ld  w e r e  o b t a i n e d  for  z inc  a n d  c a d m i u m  
si l ica tes ,  z inc sul f ide  and  zinc c a d m i u m  sulfide,  b u t  
q u a n t u m  efficiences w e r e  no t  d e r i v e d  in t he  a b -  
sence  of  d a t a  on the  a b s o r p t i o n  of  t h e  e x c i t i n g  r a -  
d i a t i on  b y  the  phosphor .  H o w e v e r ,  s ince  
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Quantum yield,  ~b, = 

No. of quan ta  of r ad i an t  
energy fa l l ing on sample  

No. of quanta  of fluorescent 
energy emit ted  

No. of quanta  emi t ted  
by sample 

and Quantum efficiency ,7 = 
No. of quanta  absorbed 

by sample 
1 

,7 = 114 . - -  1- - r  

where  r is the reflection coefficient for exci t ing light. 
Values of 1/~b give min imum values of quan tum 
efficiency of 0.77 for zinc s i l icate:Mn,  0.36 for zinc 
sulfide: Cu and 0.24 for zinc cadmium sulfide: Cu. A 
s imi lar  method has been used by  KrSger  (21). 

In a la te r  paper  (8) the quan tum efficiency of 
magnes ium tungstate ,  measured  by  a s imi lar  
method, was repor ted  to be uni ty .  This is h igher  
than other  publ i shed  values  f rom 0.70 to 0.90 ( 9 - 1 1 ) .  

The quan tum efficiency of zinc sul f ide:Cu and 
zinc s i l i ca te :Mn has been de te rmined  by  Antonov-  
Romanovsky and Epstein  (12);  the phosphor  occu- 
pied the space be tween  two concentric quar tz  
spheres, fitted wi th  ports  for the  exci t ing and 
emi t ted  radiat ion.  The energy of the former  was 
measured  by  in terposing a ca l ib ra ted  thermopi le  
and the la t te r  by a photocell .  The energy absorbed  
was de te rmined  by compar ing  the br ightness  of a 
luminescent  screen when exposed to the  incident  
rad ia t ion  wi th  that  obta ined when the screen was 
placed at  the exi t  por t  of the sphere. 

The quan tum efficiency of ZnS:Cu  was found to 
be a m a x i m u m  of 0.50 at  3600A; Zn=SiO,:Mn had a 
m a x i m u m  value  of 0.60 f rom 2200A to 2600A, fa l l -  
ing to zero at  3100A. This is lower  than  the min i -  
mum efficiency computed above and may  be due to 
the pa r t i cu l a r  sample used. 

This method, which is capable  of giving absolute 
values of quan tum efficiency, involves measure -  
menta l  difficulties and other,  more  convenient  
methods have been used for the de te rmina t ion  of 
quan tum efficiency. 

Comparison method.--The method (13) consists 
of eva lua t ing  the quan tum output  of a phosphor  re l -  
a t ive  to magnes ium tungs ta te  by in tegra t ing  the 
product  of fluorescence energy and wave  length  
over the vis ible  range and express ing this as a pe r -  
centage of the quantum output  of magnes ium tung-  
s ta te  obta ined under  ident ical  conditions. Division 
of this value  by the phosphor  absorpt ion for the 
exci t ing rad ia t ion  gives the  quan tum efficiency r e -  
la ted to magnes ium tungstate.  Since, as ment ioned 
above, a quan tum efficiency of un i ty  has been re -  
por ted  for this phosphor  (8),  the  re la t ive  quan tum 
efficiency is taken  to equal  the absolute  value. 

Results  were  repor ted  (13) for calcium halophos-  
pha te  phosphors containing op t imum amounts  of 
manganese  and an t imony and an t imony  alone: the 
repor ted  value  of 0.85 for the former  is somewhat  
lower than  most  publ i shed  values.  

The measurements  requi red  by  this method take 
much less t ime than in the previous  method,  but  a 
d i sadvantage  may  lie in the  re l iance on the value  

for magnes ium tungstate .  The method is ve ry  use-  
ful, however ,  where  series of phosphors are to be 
compared,  a l though it leads to a "vis ible  quantum 
efficiency" ra the r  than the absolute quan tum effi- 
ciency as defined above. A var ian t  of this method 
has been used by the author  for the de te rmina t ion  
of the quan tum efficiency of four s tandard  phos-  
phors. F rom spectra l  energy dis t r ibut ions,  plots 
were made of the var ia t ion  of the energy function 

EX and the  luminos i ty  funct ion Ey with  wave  length 
and in tegra t ing  over  the wave - l eng th  range from 
3600A to 7300A, thus including the whole spectral  
emission. Since the measurements  were  made  over 
a period,  values of E were  not necessar i ly  consist-  
ent;  the curves were  normal ized  by  de te rmin ing  the 
br ightness  of the phosphors  re la t ive  to magnes ium 
tungs ta te  in a s imple powder  photometer  which em-  
ployed a c i rcular  quartz  lamp and selenium cell 
wi th  correct ing filter. 

The observed in tegra l  fEXdX is normal ized  by the 
appl icat ion of the factor  F 

B SEgdx 
F ~ . . . .  

Bo fEyd~ 

where  B = br ightness  and subscr ipt  o refers  to 
MgWO,. Then 

Q . E . = F .  fEXdX 
fE~ 

Values obta ined are given in Table  I. The fact that  
the genera l  level  of these figures is r a the r  high may  
be a t t r ibu tab le  to the assumption of a higher  effi- 
ciency for magnes ium tungs ta te  than is justif iable;  
the agreement  wi th  publ ished data  for ha lophos-  
phate  is wi th in  --+5% which is the expected  va r i a -  
t ion although, when phosphors a re  compared  under  
the same conditions, as in normal  use, the resul ts  
might  be expected to have a smal ler  spread,  say 
--+2%. The last  column in Table I shows values  com- 
puted  for a quan tum efficiency of 0.90 for magne-  
s ium tungs ta te  as deduced f rom lamp efficiency 
measurements .  

If, as seems reasonable,  spectral  energy d is t r i -  
butions can be assumed to va ry  l i t t le  wi th  small  
var ia t ions  in composition, the  re la t ive  br ightness  of 
a phosphor  becomes a useful  measure  of the quan-  
tum efficiency. 

Lamp e]~ciencies.--The method of deducing 
quan tum efficiencies of lamp phosphors  f rom the 
luminous per formance  of fluorescent lamps was in-  
t roduced by  Thayer  and Barnes (9);  it is based on 
correct ing the theore t ica l  m a x i m u m  per fo rmance  of 
a lamp for losses incurred  in the phosphor  dur ing 
processing and for  lamp losses, e.g., at the ends, then 
re la t ing  the observed ini t ia l  luminous efficiency to 

Table I. Quantum efficiencies by comparison method 

Q.E. 
P h o s p h o r  ( M g W O ~  = 1.0) ( M g W O ,  = .90) 

Warm white halophosphate 0.96 0.87 
Daylight halophosphate 0.99 0.89 
Cadmium borate 0.73 0.66 
Zinc silicate 1.02 0.92 
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this, the rat io  giving the quan tum efficiency of the 
phosphor.  The method gave efficiencies of 0.53 and 
0.70 for zinc be ry l l ium sil icate and magnes ium 
tungstate,  respect ively.  Later ,  more  exhaus t ive  cor-  
rections were  appl ied  (11), resul t ing  in new values  
of 0.9 in both cases. This was pa r t i a l l y  a t t r ibu ted  to 
improved  manufac tu r ing  techniques. The correc-  
tions considered included coating absorption,  end 
losses, u t i l izat ion of 2537A radia t ion,  bulb  absorp-  
tion, and the approx imate  br ightness  loss on mi l l -  
ing; of these, the la t te r  is greates t  and var ies  from 
lamp to lamp according to the method of lamp 
manufac tu re  used. The method has been appl ied  to 
halophosphates  and b lended phosphors,  using a 
single factor  of 75% for the corrections above. 

The theore t ica l  efficiency then became 

gfEydX 
lpw = + C 

rEX~2537, dX 

where  K = 281 and includes the above corrections, 
and C = 5 lpw which is the contr ibut ion to the out -  
put  by the visible mercu ry  lines. Quite good agree-  
ment  wi th  values from the tungs ta te  comparison 
method were  obtained,  a l though this phosphor  was 
found to be only 84% efficient which was thought  to 
be due to a h igher  loss in l ampmak ing  than in the 
case of halophosphates .  

This method has been used by the author  and 
comparison wi th  the  publ i shed  da ta  is in teres t ing 
(see Table I I ) .  I t  wil l  be seen tha t  there  is good 
agreement  for dayl ight  halophosphate ,  and tha t  for 
warm whi te  halophosphate ,  the va lue  obta ined  ap-  
proaches more  nea r ly  the figure for  the comparison 
method. The use of factor  K for phosphors  other  
than ha lophosphate  may  cause some error,  since the 
correct ions are computed for halophosphates .  The 
value  obta ined for  magnes ium tungs ta te  is h igher  
than  the previous  figure, which is due, perhaps,  to 
the measuremen t  of the  quan tum output  over the 
whole of the emission spectrum, including, in this 
case, the ul t raviole t .  Results  obta ined by  this 
method for  zinc si l icate are  l ike ly  to be somewhat  
unre l iab le  due to the difficulties in obtaining ac- 
cura te  ini t ia l  luminous  efficiencies wi th  this phos-  
phor. 

The method is a t t rac t ive  to the  l a m p - m a k e r  since, 
when resul ts  are compared  wi th  those obta ined by  
the comparison method,  a direct  measure  of the 
efficiency of the  l amp manufac tu r ing  process is made  
avai lable ;  if the values  are  close, improvements  
should be sought in the phosphor,  but  if the effi- 
ciency by the comparison method is greater ,  then 
improvements  should be possible in the lamp m a k -  

Table II. Quantum efficiency of phosphors from lamp efficiencies 

M a g n e -  
s i u m  Cad-  

W a r m  B l u e  ha lo -  t u n g -  m i u m  Zinc 
D a y l i g h t  w h i t e  p h o s p h a t e  s ta te  b o r a t e  s i l i ca te  

QE (G.E.C.) 92 91 95 90 
QE (Jerome) 92 86 84 
QE (Com- 

parison) 90 94 100 
QE (Bod6) 84 

79 83 

58 71 
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ing process. For  accurate  measurements ,  the method 
suffers from the d i sadvantage  tha t  some of the cor-  
rections accumula ted  into the factor K apply  to a 
pa r t i cu la r  phosphor  made  into one batch of lamps;  
extension to include other  phosphors,  even wi th in  
the same general  class, e.g., the  halophosphates ,  may  
lead to inaccuracies.  

Calorimetric method.--The measurement  of the 
l ight  absorbed by a l ayer  of phosphor  may  be made  
(14) by  measur ing  the  t empera tu re  change of the 
layer  on i r radia t ion.  By repea t ing  the exper iment  
wi th  a s imi lar  l ayer  of carbon black, a measure  of 
the total  l ight  fal l ing on the phosphor  is obtained,  
which, combined with  reflection measurements ,  
makes  possible the calculat ion of the quan tum effi- 
ciency of a phosphor.  Since the  excit ing and emi t ted  
rad ia t ion  are both de te rmined  in terms of heat  en- 
ergy, the  quan tum output  obta ined includes r ad i a -  
tion emi t ted  in the  near  visible regions of the  spec- 
trum, and the quan tum efficiency deduced conforms 
to the definition in absolute  te rms given in the in-  
t roductory  pa rag raphs  above. 

The appara tus  used by Bodo consisted of two 
copper disks, coated wi th  phosphor  and carbon 
black, respect ively,  suppor ted  on a t r ay  which was 
the rma l ly  isolated from a massive base, in an in-  
sulated enclosure, the t empe ra tu r e  of the t r ay  being 
measured  wi th  respect  to the base by a series of 40 
thermocouples.  Radiat ion f rom germic ida l  lamps 
was admi t ted  through a wa te r  filter wi th  a quartz  
window. 

A modified version of the  microca lor imeter  is 
shown in Fig. 1. A copper disk, D, which is coated 
with  phosphor on one side and b lackened on the 
other, rests on a copper t ray,  T, which is suppor ted  
in a cy l indr ica l  copper box, B, in te rna l ly  blackened,  
in an evacuable  enclosure, E, by  insula tors  A and G. 
Cooled wa te r  is c i rcula ted  over the quartz  disk, Q, 
to remove heat  r ad ia ted  by the source. The differ-  
ence in t e m p e r a t u r e  be tween the t r ay  and the box 
is measured  by  the current  flowing in three  ger-  
man ium-coppe r  thermocouples ,  C, connected in pa r -  

SOURCE ] 

S C T O 
C 

\ 

Fig. 1. Modified version of microcalorimeter 
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al lel ,  w h i c h  passes  out  of t h e  enc losu re  t h r o u g h  fine 
copper  wi res .  

M e a s u r e m e n t s  on  p h o s p h o r s  e x c i t e d  b y  2537A r a -  
d i a t ion  a r e  diff icult  to m a k e  since, i dea l ly ,  a compa c t  
m o n o c h r o m a t i c  source  of h igh  p o w e r  is r e q u i r e d  for  
i m a g i n g  onto the  p h o s p h o r - c o a t e d  disk.  In  t h e  p r a c -  
t i ca l  case, v e r y  h igh  s e n s i t i v i t y  is r e q u i r e d  to m e a s -  
u r e  the  t e m p e r a t u r e  r i se  o b t a i n e d  w h e n  an  eff icient  
p h o s p h o r  is i r r a d i a t e d  b y  a p rac t i ca l ,  e x t e n d e d  
source.  

F o r  e x p e r i m e n t s  on long  w a v e  u.v. e x c i t e d  p h o s -  
phors  a 125W H.P.M.V. l a m p  w i t h  W o o d s  glass  
o u t e r  bu lb ,  s u s p e n d e d  in a re f lec tor  v e r y  close to t he  
w a t e r  sur face ,  r a i ses  t h e  t e m p e r a t u r e  of t he  d i sk  
and  the  m a x i m u m  c u r r e n t  f lowing in t he  t h e r m o -  
couples  is r eco rded .  E m i t t e d  or  re f lec ted  l i gh t  l e a v -  
ing  the  d i sk  is a b s o r b e d  b y  the  b l a c k e n e d  b o x  and  
spu r ious  h e a t i n g  effects caused  b y  ref lec t ion  onto  
the  d i sk  a r e  avo ided .  The  d i sk  is t hen  r e v e r s e d  and  
the  p r o c e d u r e  r e p e a t e d .  F r o m  the  m a x i m u m  va lues ,  
a n d  f r o m  s e p a r a t e  re f lec t ion  m e a s u r e m e n t s ,  t he  
l u m i n o u s  eff iciency and  h e n c e  the  q u a n t u m  effi- 
c i ency  m a y  be  found.  

A f t e r  Bod6, t h e  q u a n t u m  eff iciency v% u n c o r r e c t e d  
for  a b s o r p t i o n  b y  the  p h o s p h o r  of i ts  own  r a d i a t i o n  
is 

~'.., = - -  1 - -  p / b  �9 
vl (1 - -  r,,) 

w h e r e  nl is t h e  q u a n t u m  conve r s ion  ( the  r a t io  of t he  
m e a n  a b s o r b e d  w a v e  l e n g t h  to t he  m e a n  e m i t t e d  
w a v e  l e n g t h ) ;  p and  b, r e spec t i ve ly ,  a r e  the  ga l -  
v a n o m e t e r  r e a d i n g s  for  p h o s p h o r  and  b l a c k  su r face  
u p p e r m o s t ;  r~ and  rb a r e  the  r e s p e c t i v e  ref lec t ion  co-  
efficients for  u l t r a v i o l e t  r ad i a t i on .  

The  t r u e  q u a n t u m  eff iciency is g iven  b y  

2 

r + l  

( w h e r e  r is the  ref lec t ion  coefficient  of t he  p h o s p h o r  
for  l igh t  of the  s a m e  s p e c t r a l  compos i t i on  as i ts  
e m i s s i o n ) ,  w h i c h  m a k e s  co r r ec t i on  for  t he  a b s o r p t i o n  
of e m i t t e d  r a d i a t i o n  b y  the  phosphor .  

The  low q u a n t u m  efficiency of t he  sulf ide p h o s -  
pho r  ( T a b l e  I I I )  is in a g r e e m e n t  w i t h  p u b l i s h e d  
va lues ;  h i g h e r  efficiencies m a y  be  e x p e c t e d  for  o x y -  
g e n - d o m i n a t e d  p h o s p h o r s  e x c i t e d  b y  long  w a v e  
u l t r a v i o l e t  a n d  h a v e  been  r e p o r t e d  for  m a n y  of th is  
class. T h e  h i g h e r  q u a n t u m  efficiency of b a r i u m  
s t r o n t i u m  l i t h i u m  s i l i ca te  is in accord  w i t h  r e su l t s  
o b t a i n e d  for  o x y g e n - d o m i n a t e d  phosphor s .  

Conclusion 
The  r e l a t i v e  m e r i t s  of the  m e t h o d s  o u t l i n e d  above  

v a r y  a c c o r d i n g  to w h a t  use  is to be  m a d e  of t he  i n -  

Table III. Quantum efficiencies by calorimetric method (3650A) 

p b r ,  r b 7 l  V'.., r V~ 

72 129 0.12 0.01 0.61 0.61 0.95 0.63 

75 155 0.08 0.01 0.57 0.84 0.8 0.93 

Zinc cadmium 
sulfide: Cu 

Barium,  s t ron t ium 
l i th ium si l icate  
Ce, Mn 

f o r m a t i o n  ob ta ined .  F o r  f u n d a m e n t a l  w o r k  of h igh  
a c c u r a c y  i t  seems  p r o b a b l e  t h a t  a p a i n s t a k i n g  ser ies  
of m e a s u r e m e n t s  b y  a d i r e c t  op t i ca l  m e t h o d  w o u l d  
be  p r e f e r r e d ,  s ince  a l l  t he  o t h e r  m e t h o d s  r e q u i r e  
s u b s i d i a r y  op t i ca l  m e a s u r e m e n t s .  F o r  r o u t i n e  e v a l u -  
a t i on  of  phosphor s ,  a r a p i d  and  s i m p l e  m e t h o d  is 
r e q u i r e d  and  the  c o m p a r i s o n  m e t h o d  w o u l d  seem to 
be  su i t ab le ,  p r o v i d e d  t ha t  t he  q u a n t u m  efficiency of 
the  s t a n d a r d  p h o s p h o r  chosen  h a d  been  m e a s u r e d  
b y  as m a n y  m e t h o d s  as possible .  I t  is i m p o r t a n t  t h a t  
the  w h o l e  s p e c t r a l  emis s ion  of t h e  p h o s p h o r s  a n d  
s t a n d a r d  be  m e a s u r e d ;  o t h e r w i s e  e r r o r s  m a y  a r i se  
due  to the  e n e r g y  e m i t t e d  a t  t h e  e x t r e m e s  of t h e  
s p e c t r a l  e n e r g y  d i s t r i b u t i o n  curves .  M a g n e s i u m  
t u n g s t a t e  is p e r h a p s  t he  mos t  s u i t a b l e  p r i m a r y  
s t a n d a r d  s ince  i ts  c h a r a c t e r i s t i c s  a r e  i n d e p e n d e n t  of  
a c t i v a t o r  concen t r a t ion .  

The  l a m p  eff iciency m e t h o d  is u se fu l  for  d e t e r -  
m i n i n g  the  q u a n t u m  eff iciency of a phospho r ,  b u t  
some of t he  fac to rs  i n v o l v e d  a r e  v a r i a b l e ,  even  
w i t h i n  one class  of phosphor s ,  and  one shou ld  be  
cau t ious  in e x t e n d i n g  the  m e t h o d  to p u r e l y  e x p e r i -  
m e n t a l  phosphor s .  

The  nove l  p r i n c i p l e  a p p l i e d  in  t he  c a l o r i m e t r i c  
m e t h o d  m a k e s  i t  a t t r a c t i v e  for  c on f i rma t ion  of r e -  
sul ts  o b t a i n e d  b y  m o r e  c o n v e n t i o n a l  m e t h o d s  and  
for  m e a s u r e m e n t s  on p h o s p h o r s  e m i t t i n g  in t h e  n e a r  
v i s ib le  reg ions ;  t he  l i m i t a t i o n s  on s e n s i t i v i t y  a r e  no t  
eas i ly  s u r m o u n t e d  e spe c i a l l y  for  v e r y  eff icient  p h o s -  
pho r s  e xc i t e d  b y  shor t  u.v. r a d i a t i o n .  

T a b l e  IV s u m m a r i z e s  the  r e p o r t e d  va lue s  of 
q u a n t u m  efficiencies for  v a r i o u s  phosphors .  I t  w i l l  
be n o t e d  t ha t  ex i s t i ng  f igures for  sulf ide p h o s p h o r s  
a p p e a r  to be  v a r i a b l e  b u t  tha t ,  in  gene ra l ,  eff icien- 
cies of abou t  50% a p p e a r  to be  t h e  ru le .  I n  o x y g e n -  
d o m i n a t e d  p h o s p h o r s  t he  a g r e e m e n t  b e t w e e n  v a r i -  
ous a u t h o r s  is m u c h  b e t t e r ;  f igures  o b t a i n e d  b y  the  
c a l o r i m e t r i c  m e t h o d  a r e  s o m e t i m e s  a t  v a r i a n c e  w i t h  
those  o b t a i n e d  f rom m o r e  c o n v e n t i o n a l  t echn iques ;  
th is  m a y  be  due  to t h e  d i f fe rence  in p r i n c i p l e  i n -  
vo lved .  

Much  m o r e  w o r k  r e m a i n s  to b e  done  to c l a r i f y  t he  
pos i t ion ;  t he  on ly  g roup  w h e r e  a g r e e m e n t  is r e a -  
sonab le  is the  h a l o p h o s p h a t e s :  o t h e r  p h o s p h o r s  r e -  
qu i r e  f u r t h e r  s t u d y  to r e s o l v e  anomal i e s .  
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ABSTRACT 

A stable tr ivalent  manganese compound, manganic phosphate, has been 
found to have good cathode depolarizer properties in strongly acid electrolytes. 
Manganic phosphate-carbon cathodes of the type used in this work delivered 
up to 8.5 amp-min/g of MnPO,. This corresponds to over 80% utilization. 
When coupled with lead in excess HBF, electrolyte, the wat t-minute capacity 
per gram of MnPO, was 8. The electrochemical behavior, and charge retention 
of the cathodes are described. Manganic phosphate and another less stable 
depolarizer, BaFeO4, furnish cathodes which can be discharged at 200 ma/in2 
(16.4 cc) without severe polarization. The maximum nonpolarizing currents 
for the MnPO4 are discussed in terms of the surface area of carbon admixed 
with it to form cathodes. The depolarizing properties of a strongly oxidizing, 
insoluble organic compound chloranil are reported. 

Inorganic  compounds containing meta ls  in unusual  
valence states and organic compounds of high oxid-  
izing power  are  of in teres t  as potent ia l  cathode de-  
polarizers.  Terva len t  manganese  compounds and 
hexava len t  i ron compounds have  not been inves-  
t igated in this connection, a l though they  are known 
to have excel lent  oxidizing power.  A l i t e ra tu re  search 
disclosed tha t  manganic  or thophosphate  might  have 
des i rable  propert ies .  The mate r i a l  is ve ry  s l ight ly  
soluble in water ,  and is not a t tacked by 6N HC1. In 
the case of iron, the most promising choice for a 
reasonably  s table  and insoluble compound conta in-  
ing the e lement  in the  hexava len t  s tate was ba r ium 
ferrate .  Among the organics, chlorani l  ( t e t rach loro-  
quinone) is a t t rac t ive  because of its insolubi l i ty  and 
its high oxidat ion potent ia l  (1).  Accordingly,  these 
three  mate r ia l s  were  invest igated.  

Materials 
Manganic phosphate.--Manganic phosphate  was 

successfully p r epa red  chemically,  and also by  anodic 
oxidat ion of the metal .  The electrochemical  method 
was devised in the course of this work.  The chemical  
method is a modification of a repor ted  p repara t ion  
(2).  Elect rolyt ic  Mn was oxidized anodical ly  in a 
solution of 7 par ts  by  volume wa te r  to 6 par t s  by  
volume s i rupy  phosphoric  acid (85 wt  % HsPO4) at  
82~176 The t empe ra tu r e  was main ta ined  by  the 
e lectrolyt ic  cur ren t  be tween  the anode and a p l a t -  
inum cathode. At  an apparen t  anode cur ren t  densi ty  
of about  6 amp/ in .  ~ (0.93 amp/cm~),  40 a m p - m i n  of 
cur ren t  produced 1.06 g MnPO,. This corresponds to 
about  28 % current  efficiency. Electrolysis  was accom- 
panied by  rhy thmic  polar iza t ion  of the anode and 
by  current  fluctuation. The first product  of e lec t ro ly-  
sis was a p ink  solution. With  the  format ion  of pow-  
dery  MnPO,, the  p ink  color d i sappeared  and fu r the r  
MnPO, appeared  to form di rec t ly  at  the  anode wi th -  
out format ion  of the  in t e rmed ia te  p ink  manganic  
solution. 

For  the chemical  prepara t ion ,  a m ix tu r e  of 185 ml  
of s i rupy phosphoric  acid and 20 g MnO~ was hea ted  

s lowly to 250~ The MnO.~ reac ted  to form a purp le  
viscous solution. The t e m p e r a t u r e  of the solution 
was held at 250~ for 1/z hr  af ter  which it was low-  
ered to 150~176 Then 200 ml dist i l led wa te r  were  
added while  the solution was st i rred.  The MnPO~ 
prec ip i ta ted  as a g r a y - g r e e n  powder.  

Samples  of MnPO,, p repa red  by the above chemi-  
cal method, had an equivalent  weight  of 165 (theor.  
150), as de te rmined  by t i t r a t ing  the iodine l ibe ra ted  
f rom acid iodide solutions. The apparen t  densi ty  of 
the ma te r i a l  was 3.024 g/cc, as de te rmined  by  the 
d isp lacement  of water .  

The solubi l i ty  of the salt  was measured  in var ious  
e lectrolytes  by  analysis  for the total  amount  of Mn 
dissolved when 1.000 g of the salt  was s t i r red  with  
100 ml of the e lectrolytes  for 1 hr  at room t e m p e r a -  
ture  (24~176 There  was no detec table  amount  
of MnPO~ dissolved by  30 wt  % HBF~ and only a 
t race  dissolved by  60 wt  % HC10,. Wate r  dissolved 
0.9 mg Mn/100 ml, and 30 wt  % H~SO4 dissolved 6.1 
mg Mn/100 ml. I t  is possible tha t  these resul ts  are 
not  p roper ly  called solubili t ies.  They may  be only 
indicat ive  of the ra te  of hydrolys is  of the phosphate.  

Because solubi l i ty  tests had  indicated the possi-  
b i l i ty  of hydrolys is  of MnPO~, observat ions were  
made  on the s tab i l i ty  of the  compound over a range 
of pH. The product  re ta ined  its g r a y - g r e e n  color 
when suspended in solutions of pH below 5.3, changed 
to tan at pH 5.3, and changed to da rk  brown at pH 
8.8. At  pH 10.6 the ma te r i a l  was black,  indicat ing 
a change to MnO~. Possibly the  t r iva len t  Mn dis-  
propor t ionates  to d iva len t  and t e t r ava len t  Mn. In 
any event,  e r ra t ic  resul ts  were  expected and were  
found when the ma te r i a l  was used as a depolar izer  
in e lectrolytes  of pH above 5. 

Barium Serrate.--BaFeO, was p repa red  by  a double 
decomposit ion react ion be tween  sodium fe r ra te  solu-  
t ion and crys ta l l ine  Ba (OH)~. 8H~O. The sodium fer -  
ra te  solution was p repa red  by  oxidat ion  of fer r ic  
n i t r a te  solution with  caustic hypochlor i te  solution 
(3).  The assay of the p rec ip i t a ted  BaFeO~ was not  
high but  was ra ised to 90% or be t te r  by  washing 
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Fig. 1. Discharge characteristics for a cell of the type 
Pb/H2SO,/MnPO,, C drained at 220 ma. 
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Fig. 2. Discharge characteristics for cells of the  type 
Pb/HBF4/MnPO~, C. 

wi th  glacial  acetic acid fol lowed by  d ry ing  w i th  
alcohol and  ether .  

The so lub i l i ty  of BaFeO,  was  m e a s u r e d  in  0.18M 
Ba(OH)2  at  27~ The concen t r a t i on  of fe r ra te  
found,  0.0068 g/ l ,  f u rn i shed  a rough  va lue  for the  
so lub i l i ty  p roduc t  of BaFeO4, 4.75 x 104. 

Chloranil.--Chloranil was used as pu rchased  f rom 
Eas tman .  

Apparatus 
In  most  cases, the  e lec t rochemica l  behav io r  of the 

new  mate r i a l s  was  s tudied  by  discharge  of cells con-  
t a i n ing  a la rge  excess of e lectrolyte ,  a la rge  u n -  
po la r izab le  anode,  and  a ca thode consis t ing of an  
A l u n d u m  t h i m b l e  or a double  Dacron  bag  into which  
a m i x t u r e  of depolar izer  and  ace ty lene  b l ack  1 was  
packed.  A po in ted  ca rbon  rod was  d r i v e n  into the  
depolar izer  mix  to m a k e  e lect r ical  contact .  The  
A l u n d u m  t h i m b l e  was 19 m m  (3,~ in.)  OD x 90 m m  
(3 �89  in.)  long, and  had  a wa l l  th ickness  of 1.6 m m  
(1/16 in . ) .  The Dacron  bags were  m a d e  to app rox i -  
m a t e l y  the  same d imens ions  as the  A l u n d u m  t h i m -  
bles. W h e n  the cells had  to be s tored for a per iod  of 
t ime, a t h in  l aye r  of m i n e r a l  oil was  poured  on  top 
of the  e lectrolyte .  This  was  effective in  p r e v e n t i n g  
evapora t ion  of water .  The  con t a ine r  for the  cell was  
a P y r e x  or po lye thy l ene  beaker .  The  cathodes had  
a vo lume  of abou t  1 in. a (16.4 cc).  Al l  cells were  
d ischarged  at  cons t an t  cu r ren t .  

1Shawinigan Acetylene Black, 100% compressed, Shawinigan 
Chemicals, Ltd., Montreal, Quebec, Canada. 
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Fig. 3. Decrease in capacity with storage time for MnP04 
ceils calculated on basis of break-off voltage and on basis of 
a 0.7-v cutoff. 

Electrochemical Characteristics of Chemically 
Prepared Manganic Phosphate 

A n  anode f rom a commerc ia l  l ead -ac id  s torage 
b a t t e r y  (Wi l l a rd  D A - 2 - 1 )  was  coupled wi th  a MnPO~ 
cathode to d e t e r m i n e  the  charac ter is t ics  of the  n e w  
ca thode  depolar izer  in  1.300 sp gr H2SO, ( n o m i n a l l y  
40% by  we igh t ) .  The cell had  an  open circui t  p o t e n -  
t ia l  of 1.61 v. I t  was d i scharged  at  220 m a  to an  0.8 
v cutoff; its charac ter is t ics  are i l l u s t r a t ed  in  Fig. 1. 
The cell had a capaci ty  of 37.8 w a t t - m i n ,  or 8.5 
w a t t - m i n / g  MnPO~. The 8.9 a m p - m i n / g  capaci ty  of 
the cathode was  83% of theoret ical .  

Sheet  lead anodes  were  used in  cells for eva lua t i on  
of the  M n P O , - c a r b o n  cathodes in  a HBF,  e lectrolyte .  
B e a k e r - t y p e  cells h a v i n g  45 wt  % HBF,  as e lec t ro ly te  
were  assembled  and  tested. F igu re  2 shows typ ica l  
d ischarge  charac ter is t ics  at  100 and  240 m a  for the  
1 i n /  (16.4 cc) cathodes con t a in ing  4.4 g MnPO~. 
Cell  8716-17A had  a capaci ty  of 7.8 w a t t - m i n / g  
MnPO,  and  Cell  8716-17B had  a capaci ty  of 5.5 
w a t t - m i n / g  MnPO~. 

The  MnPO,  cathode was eva lua t ed  for shelf  life 
in  HBF~. F i g u r e  3 p resen t s  p r e l i m i n a r y  capac i ty -  
s torage data.  The lower  curve  of Fig. 3 is based on 
capacit ies  ca lcu la ted  f rom end  vol tages  co r respond-  
ing to sharp  b reaks  in  the i n d i v i d u a l  po la r iza t ion  
curves.  For  some cells, sharp  b reaks  were  no t  ap-  
pa ren t ,  so all  capaci t ies  were  reca lcu la ted  for a 0.7 v 
cutoff (uppe r  cu rve ) .  The  same conclus ions  r ega rd -  
ing  shelf  life can be m a d e  f rom e i ther  curve.  Ap-  
p r o x i m a t e l y  50% of the  capaci ty  of the cathodes  was  
lost in  8 mon ths  in  the she l f - l i fe  test. At  the  end  
of the 8 - m o n t h  period,  however ,  the r a t e  of loss of 
capaci ty  had  been  reduced  to a low value.  The 
bobb ins  were  1.9M in  d i v a l e n t  Mn at the  end  of an  
8 - m o n t h  s torage by  v i r t u e  of the fact tha t  ha l f  of 
the Mn had  been  reduced.  The  fo l lowing  ca lcu la -  
t ions i l lus t ra te  tha t  the  cathode po ten t i a l  wou ld  be 
too low to oxidize w a t e r  w h e n  the concen t r a t i on  of 
d iva l en t  Mn reached  1.9M, and  e x p l a i n  the  a r res t  
in  the  ra te  of loss of capaci ty  af ter  8 months .  

The  m e a s u r e d  po ten t i a l  of the  m a n g a n i c - m a n g a n -  
ous couple  is g iven  by  L a t i m e r  (4) : 

Mn  +2 = Mn +~ A- e, E ~ ~ 1.51 v (I)  

F r o m  the  a pp r ox i ma t e  so lub i l i ty  of MnPO,  (less 
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Table I. Effect of Divalent Mn on the Retention of Capacity 
of MnPO, Cathodes 

Group Electrolyte 

Ave ra ge  
open- Aver -  Average  
circuit  age  capacity 
poten-  open- immedi -  Average  

t ial  circuit  ately capaci ty  
immedi -  poten-  after after 1 

ately tial makeup ,  month,  
af ter  af ter  1 wa t t -  wa t t -  

makeup ,  month ,  m i n / g  min /g  
v v MnP04 MnPO~ 

Loss in 
capac-  
ity,  % 

1 50% HBF4 1.51 1.53 8,0 5.65 29 
solution 

2 29% HBF4 1.48 1.45 6.5 4.75 27 
solution 

3 29% HBF~ 1.48 1.48 6.9 5.0 27.5 
plus 0.01M 
Mr~ (PO~) 2 

4 29% HBF, 1.46 1.46 6.65 5.9 11 
plus O.10M 
Mn~(PO~), 

t h a n  7 x 10-5M), the  po ten t i a l  of the  MnPO,  elec- 
t rode m u s t  be at least:  

Mn  §176 -t- POZ ~ : MnPO~ -~ e, E ~ ~ 1.265 v (II)  

In  order  to b r i n g  the  po ten t i a l  of the  MnPO,  elec- 
t rode  to 1.229 so it  can no longer  decompose  water ,  
it  is necessa ry  to have  a Mn § and  PO~ -~ concen t r a -  
t ion  of 2.02M according  to the Nerns t  equa t ion  ap-  
pl ied to ( I I ) .  This  corresponds  to a 0.67M concen-  
t r a t i on  of Mn,(PO4)~. This is in  good a g r e e m e n t  wi th  
the fact tha t  the  MnPO~ cathodes lost capaci ty  ve ry  
s lowly af ter  50% was, p r e sumab ly ,  reduced  to form 
a 1.9M solu t ion  of d iva l en t  Mn. 

A t t e m p t s  were  m a d e  to improve  the  shelf l ife of the  
electrode by  inco rpo ra t ion  of Mn, (PO,)~ in  the  HBF,  
electrolyte .  F r o m  the  da ta  of Tab le  I, it appears  
tha t  m a n g a n o u s  phospha te  of 0.10M concen t r a t i on  
has effected a r educ t ion  in  the ra te  of loss of capaci ty.  
The  m a n g a n o u s  sal t  d id  no t  appear  to be  more  
soluble  t h a n  0.1M, so no a t t empts  were  made  to 
check the  comple te  a r res t  of loss of capaci ty  ex-  
pected w i t h  0.67M solut ion.  

Fabrication o~ a P b - M n P O ,  Dry Cell 

All  the e x p e r i m e n t s  descr ibed thus  far  on MnPO,  
were  pe r fo rmed  wi th  excess e lectrolyte .  For  p rac -  
t ical  appl ica t ion,  a d r y - t y p e  cell would  have  a d v a n -  
tages. Therefore ,  the  fo l lowing  e x p e r i m e n t s  were  
per formed.  

By us ing  ma te r i a l s  i m m e d i a t e l y  at  hand,  cells 
were  f ab r i ca t ed  wh ich  did no t  con ta in  excess elec-  
t ro ly t e  and  ye t  had  fa i r ly  good character is t ics .  The 
cel l  cons t ruc t ion  was  p a t t e r n e d  af ter  the  c o m m o n  
LeClanch~ cell. The anode  consisted of a l e ad -a l l oy  
can  supp l ied  in  the  form of an  unf i l led  col lapsible  
tube  m a d e  f rom an  al loy con t a in ing  21/4 % Sb, ~/4 % 
Sn, w i th  the  ba l ance  Pb.  W h a t m a n  f i l t e r -paper  ex-  
t r ac t ion  t h imb le s  wh ich  fitted s n u g l y  in to  the  lead 
tubes  were  used as separators .  W h e n  we t t ed  w i th  
2 g 50 wt  % HBF~, t hey  swel led  to m a k e  i n t i m a t e  
contact  w i t h  the  lead. A p p r o x i m a t e l y  13 g of a m i x  
of MnPO~ and  S h a w i n i g a n  ace ty lene  b lack  was  
we t t ed  w i t h  HBF,  e lec t ro ly te  a n d  was  p laced  in to  
the l ined  can. A ca rbon  rod was  inse r t ed  in to  the  

Co t I'ode -671g MnF04; 671q CAt&~ o]~ 

E~l~ltol~I~ -48~o to ,=,0 ~/w HBF 4 

o..r j I 
o ~  

Fig. 4. Discharge characteristics for a MnP04 dry cell at  
220-ma discharge. 

cen te r  of the wet  mix,  a nd  m o l t e n  PyseaF  was  
poured  in to  the  v a c a n t  space at the  top of the  can, 
thus  sea l ing  the  cell. The  e x t e r n a l  d imens ions  of the  
cells were  1 in. in  d i ame te r  by  3 in. long (2.5 cm x 
7.5 cm) .  

A charac ter i s t ic  d ischarge  curve  is shown  for such 
a cell in  Fig. 4 (220-ma  d i scharge) .  The in i t i a l  dip 
and  recovery  were  p resen t  in  this  d ry  cell as in  the  
cells w i th  excess electrolyte .  The  r e l a t i ve ly  flat dis-  
charge  was also present .  The  sharp  b reak-of f  was  
no t  observed,  however ,  in  the  case of d ry  cells. For  
the  cell  of Fig. 4, the  break-of f  was  t a k e n  as 110 min .  
The capaci ty  was  3.2 w a t t - m i n / g  MnPO4 or 3.6 a m p -  
m i n / g  MnPO,.  

The d ry  cells had v i r t u a l l y  no shelf  l ife because  
of the  rap id  a t tack  of the  e lec t ro ly te  on the  ve ry  
t h in  wal ls  of the  lead cans (about  5 mi ls  or 0.125 m m  
th ick) .  It  was because  of this  wa l l  t h innes s  tha t  the  
d ischarge  tests had  to be r u n  shor t ly  af ter  the  cells 
were  made.  This  was of no concern  in  e v a l u a t i n g  
the  cathode mate r i a l .  

Discussion of the Electrochemical Characteristics of 
MnPO4 

Data  on the m a n g a n i c - m a n g a n o u s  sys tem (5) 
show that ,  on the  basis  of a m e a s u r e d  exchange  
c u r r e n t  on P t  of 104 a m p / c m  ~, ac t iva t ion  po la r iza -  
t ion  should not  exceed 30 m v  for 200 m a  cu r r en t s  
on 4 g of S h a w i n i g a n  Ace ty lene  Black h a v i n g  a t rue  
sur face  area  of 2.8 x 10 ~ cm ~. Po la r i za t ion  was  m u c h  
more  severe t h a n  this in  e x p e r i m e n t a l  cells. The  
ac tua l  po la r iza t ion  m u s t  be due  e i ther  to concen-  
t r a t i on  po la r iza t ion  owing  to slow ra te  of d issolu t ion  
of MnPO4 or to the  fact  tha t  c a rbon  is a poor  surface  
for the  e lec t rochemica l  r eac t ion  to take  place.  The  
l a t t e r  a l t e r n a t i v e  corresponds  to di f ferent  exchange  
cu r r en t s  on p l a t i n u m  and  ca rbon  electrodes.  

It  is conc luded  tha t  s low dissolu t ion  of MnPO4 is 
respons ib le  for u l t i m a t e  po la r i za t ion  because  po la r -  
iza t ion is less severe  in  the  e lec t ro ly tes  i n  wh ich  
MnPO,  dissolves more  r a p i d l y  (30% H~SO~). The  
o v e r - a l l  effect of slow disso lu t ion  of MnPO,  is a 
fo rm of concen t r a t i on  polar iza t ion .  

Electrochemical Characteristics of Barium Ferrate 

B a r i u m  fe r ra t e  cathodes polar ize  s t rong ly  w h e n  
d r a i ne d  in  s imple  a lka l ine  electrolytes .  Po la r i za t ion  
is p r o b a b l y  due to a coat ing of inso lub le  ferr ic  oxide 
on  the  f e r ra t e  par t ic les .  The  r educ t ion  of h e x a v a l e n t  

A propr ie ta ry  sealing compound distributed, by  Fisher  Scientific 
Company,  Pi t tsburgh,  Pennsylvania .  
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Table II. Preliminary Evaluation of BaFeO~ Cathodes as Components of Alkaline Cells 

Cel l  I Cel l  I I  Cel l  I I I  Cel l  IV 

Anode 
Elect ro ly te  

Cathode 
Weight  of BaFeO, (78%),  g 
Weight  of Carbon Black,  g 

Theoret ica l  capacity,  a m p - m i n  
Open-c i rcu i t  voltage,  v 
Discharge potent ia l  range,  v 
Discharge current ,  ma  
Measured  capaci ty  

a m p - m i n  
a m p - m i n / g  78.0% BaFeO~ 

Per  Cent u t i l iza t ion  of BaFeO, 

Zinc Zinc Zinc Zinc 
K,P~O,, 40 % K,P~OT, 40 % K~P~O~, 40 % K,P~O~, 40 % 
KOH, 10% KOH, 10% KOH, 20% 

4 4 4 4 
4 4 4 4 

58.5 58.5 58.5 58.5 
1.65 1.61 1.49 1.72 

1.16-1.10 1.00-1.00 1.49-1.0 1.03-1.00 
100 220 220 220 

18.3 11.4 3.96 14.7 
4.6 2.9 1.0 3.7 

32 19.5 6.8 25 

i ron  p r o d u c e s  t r i v a l e n t  i ron  w h i c h  is i n so lub le  in 
a l k a l i n e  med ia .  

F a r  less  p o l a r i z a t i o n  of the  BaFeO,  ca thodes  
o c c u r r e d  w h e n  t h e  a l k a l i n e  e l e c t r o l y t e  con t a ined  an  
a g e n t  such  as p o t a s s i u m  p y r o p h o s p h a t e  w h i c h  could  
c o m p l e x  and  so lub i l i ze  t he  r e d u c t i o n  p roduc t s .  

F o u r  e l ec t ro ly t e s ,  each  h a v i n g  a d i f f e ren t  r a t i o  of 
K,P.~O~ to KOH,  w e r e  t e s t ed  in  b e a k e r  cel ls  h a v i n g  
3 x 3- in .  (7.5 x 7 .5 -cm)  zinc foi l  anodes .  The  m a k e -  
up  of the  cel ls  and  t h e i r  p e r f o r m a n c e s  a r e  g iven  in 
T a b l e  II. 

The  i m p o r t a n c e  of f r ee  a l k a l i  in  t he  e l e c t r o l y t e  
m a y  be  seen  f rom the  poo r  d i s c h a r g e  c h a r a c t e r i s t i c s  
of Cel l  III ,  T a b l e  II ,  and  the  s u p e r i o r  p e r f o r m a n c e  
of Cel l  IV, T a b l e  II ,  a n d  Fig.  5. The  f o r m e r  cel l  h a d  
no f r ee  a l k a l i  and  the  l a t t e r  h a d  20% f ree  a lka l i .  
The  flat  d i s c h a r g e  c u r v e  of the  l a t t e r  cel l  i l l u s t r a t e s  
how e f fec t ive ly  t he  p y r o p h o s p h a t e  p r e v e n t s  ca thod ic  
po la r i za t ion .  

Stabili ty of BaFeO~ 

In  l i eu  of she l f - l i f e  tes t s  on cel ls  w i t h  BaFeO,  
ca thodes ,  q u a n t i t a t i v e  c h e m i c a l  tes t s  we re  m a d e  to 
d e t e r m i n e  the  s t a b i l i t y  of BaFeO~ in t he  a l k a l i n e  
e l ec t ro ly t e s .  These  tes t s  i n d i c a t e d  an  a c t i v a t e d  s t a n d  
l i fe  of 24 h r  and  an u n a c t i v a t e d  s t and  of 6 weeks .  

The  s t a b i l i t y  of BaFeO,  was  not  i n c r e a s e d  b y  the  
use  of m a t e r i a l s  such as  a c e t a n i l i d e  w h i c h  a r e  used  
to s t ab i l i z e  o the r  ox id i z ing  agents .  A m o r e  s t ab l e  
f e r r a t e  t h a n  BaFeO,  is r e q u i r e d  for  a s t o r a g e a b l e  
cel l .  
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Fig. 5, Preliminary evQiuotion of BaFeO, cathode, as com- 
ponent of alkaline cell containing 20% KOH, by discharge 
at 220 ma (see Table II). 

Electrochemical Characteristics of Chloranil  
(Tetrachloroquinone) 

C h l o r a n i l  ( t e t r a c h l o r o q u i n o n e )  is a s t r ong  ox id i z -  
ing  a g e n t  u sed  as an  i n t e r m e d i a t e  in t he  d y e  i n d u s -  
t ry .  I ts  o x i d a t i o n  p o t e n t i a l  is r a t h e r  h igh,  as i n d i -  
ca t ed  b y  Conan t  and  F i e s e r  (1) .  C h l o r a n i l  is s t ab l e  
in ox id iz ing  ac ids  such  as su l fu r i c  and  n i t r i c  acids,  
and  has  a low so lub i l i ty .  I t  has  been  s u g g e s t e d  p r e -  
v ious ly  as  a c a thode  d e p o l a r i z e r  m a t e r i a l  (6 ) .  

Evaluation of chloranil as a cathode depolarizer.--  
C h l o r a n i l  was  e v a l u a t e d  in  p r e l i m i n a r y  tes t s  as a 
c a thode  d e p o l a r i z e r  m a t e r i a l  in  b e a k e r - t y p e  cells.  

The  e l e c t ro ly t e s  in  t he  p r e l i m i n a r y  tes ts  w e r e  5 w t  
% KOH,  48 to 50 w t  % HBF4, and  d r y  cel l  e lec -  
t r o l y t e 2  T h e y  w e r e  used  w i t h  zinc, lead,  and  zinc 
anodes ,  r e spec t i ve ly .  T h e  open  c i r cu i t  p o t e n t i a l  of 
the  cel ls  and  t h e i r  d i s c h a r g e  capac i t i e s  a t  a 100-ma  
d r a i n  r a t e  w e r e  m e a s u r e d .  The  r e su l t s  a r e  shown  
in Tab le  III.  

:,' W e i g h t  pe r  cent  c o m p o s i t i o n :  NH~Cl-26, ZnC]e-8.8, H~O-65.2. 

Table III. Evaluation of Cells with Chloranil Cathodes 

Cell  I* Cel l  I I  Cel l  I n *  

Anode Zinc Lead Zinc 
Elec t ro ly te  KOH, 5 % HBF~, 50% Dry  cell 
Cathode 

Weight  of 3.86 3.90 3.50 
chloranil ,  g 

Theore t ica l  50.4 50.9 45.7 
capacity,  
a m p - m i n  

Open-c i rcu i t  1.50 0.99 1.19 
potential ,  v 

Discharge 1.2-1.15 0.85-0.80 1.04-0.99 
potential ,  v 

Measured  capaci ty  
(100-ma dra in)  

a m p - m i n  20 30 26 
a m p - m i n / g  5.1 7.8 7.4 

chlorani l  
w a t t - m i n / g  5.9 6.4 6.1 

chlorani l  

* The  t a b u l a t e d  da t a  on  these  cel ls  a re  on ly  a p p r o x i m a t i o n s .  Cel l  I 
was  no t  d i s c h a r g e d  to  its b r eak -o f f  po in t .  The  t e s t  was  d i s c o n t i n u e d  
because  t he  c h l o r a n i l  was  o b v i o u s l y  h y d r o l y z i n g  a n d  d i s s o l v i n g  in  
t he  a l k a l i n e  e lec t ro ly te .  Cel l  I I I  d i s c h a r g e d  e r r a t i c a l l y  because  t he  
anode  d id  no t  cor rode  u n i f o r m l y .  
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This  qu inone  was  e l e c t r o c h e m i c a l l y  ac t ive  in  a l k a -  
l ine  so lu t ion  (Cel l  I ) .  H o w e v e r ,  i t  h y d r o l y z e d  in  
t he  a l k a l i  so i t  w o u l d  no t  have  good she l f - l i f e .  
C h l o r a n i l  was  also e l e c t r o c h e m i c a l l y  ac t ive  in h i g h l y  
and  m o d e r a t e l y  ac id  e l e c t r o l y t e s  (Cel l s  I I  a n d  I I I ) .  

The  cel l  con t a in ing  d r y  cel l  e l e c t r o l y t e  ( I I I )  d id  
not  d i s c h a r g e  a t  a s t e a d y  p o t e n t i a l  u n t i l  t he  zinc 
anode  was  a c t i v a t e d  b y  t r e a t m e n t  w i t h  1 to 1 (Vol )  
HC1. P r i o r  to  such  t r e a t m e n t ,  t h r e e  zinc foi l  anodes  
f a i l ed  b y  co r ros ion  a t  t he  so lu t ion  leve l ,  one p r i o r  
to d i s c h a r g e  of t he  cel l  and  two  d u r i n g  d i s c h a r g e  of 
the  cell .  Also,  w h e n  t h e  f r e sh  anodes  w e r e  p l a c e d  
in the  e l ec t ro ly t e ,  t h e y  c o r r o d e d  a t  on ly  a f ew  spots  
d u r i n g  d i scha rge .  This  accoun t s  for  the  f luc tua t ions  
in  p o t e n t i a l  d u r i n g  d i s c h a r g e  u n t i l  t h e  l a s t  anode  
( a c t i v a t e d  b y  HC1) was  added .  I t  is c h a r a c t e r i s t i c  
of anodic  i nh ib i t o r s  to a g g r a v a t e  t he  loca l  co r ros ion  
(7)  w h e n  t h e y  a r e  no t  p r e s e n t  in  sufficient  concen -  
t r a t ion .  

In  sp i te  of the  u n e x p e c t e d  b e h a v i o r  of t he  ch lo -  
r a n i l  t o w a r d  the  anodes  of  these  cells ,  the  two  e lec -  
t r o c h e m i c a l  sys t ems  in ac id  e l e c t r o l y t e s  showed  
inc l ina t ion  t o w a r d  flat  d i s c h a r g e  curves ,  good ca -  
pac i ty ,  and  r e s i s t ance  to a n o d e  cor ros ion  d u r i n g  
o p e n - c i r c u i t  s torage .  T a k i n g  a l l  t he  o b s e r v a t i o n s  on 
these  p r e l i m i n a r y  tes t s  in to  cons ide ra t ion ,  c h l o r a n i l  
offers i n t e r e s t i n g  p rospec t s  as a ca thode  d e p o l a r i z e r  
and  an  anod ic  co r ros ion  i n h i b i t o r  for  zinc. 
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ABSTRACT 

The kinetics of the react ion of s teel  wi th  pure  hydrogen  sulfide at  250~176 
may  be in te rp re ted  in t e rms  of consecutive l inear  and parabol ic  rates.  In  
hydrogen  sulf ide-hydrogen mix tu res  s imi lar  react ions exist,  bu t  the  react ion 
ra te  decreases as the  the rmodynamic  equi l ib r ium line (Fe  ~- H~S ~-- FeS + HD 
is approached,  in a manner  which is app rox ima te ly  p ropor t iona l  to the  de- 
crease in the  t he rmodynamic  d r iv ing  force. Increase  of p ressure  up to 20 
a tmospheres  increases  the  react ion ra te  by  a f rac t ional  power  of the  pressure .  
In  the presence of t races of oxygen,  the  l inear  ra te  component  is minimized.  
The observed kinet ics  can be exp la ined  in t e rms  of th ree  steps: adsorpt ion,  ra te  
of format ion  of diffusing species, and diffusion. 

I ron  reac t s  r e a d i l y  w i t h  su l fu r  a n d  w i t h  su l fu r  
c o m p o u n d s  to  f o r m  i ron  sulfides.  T h e  k ine t i c s  of  t he  
r eac t i on  of l ow  c a r b o n  s teel  w i t h  e l e m e n t a l  S has  
been  i n v e s t i g a t e d  (1 -4 )  and  has  been  f o u n d  to obey  
a p a r a b o l i c  l aw,  w i t h  a d e v i a t i o n  in l o n g - r a n g e  co r -  
ros ion  vs. t i m e  curves ,  b e l i e v e d  to be  due  to m i c r o -  
c r a c k i n g  of t he  scale.  In  t h e  r e a c t i o n  of low c a r b o n  
s tee l  w i t h  H.~S, t he  r e a c t i o n  m e c h a n i s m  is c o m p l i -  
c a t e d  b y  the  p r e s e n c e  of h y d r o g e n ,  s ince  h y d r o g e n  
is one of t he  r e a c t i o n  p r o d u c t s  and  m u s t  l e a v e  t h e  
su r f ace  of t he  sulf ide scale  be fo re  the  r e a c t i o n  can  

proceed .  These  c ompl i c a t i ons  a r e  even  m o r e  p r o -  
n o u n c e d  in  t h e  r e a c t i o n  of low c a r b o n  s t ee l  w i t h  
m i x t u r e s  of H~S a n d  H~. The  t h e r m o d y n a m i c s  of t he  
s t e e l - h y d r o g e n  sulf ide r e a c t i o n  has  been  c la r i f ied  b y  
the  r ecen t  w o r k  of Rosenqv i s t  (5 ) ,  a m o n g  others .  
The  k ine t i c s  has  been  s t u d i e d  b y  m a n y  i n v e s t i -  
ga to r s  (6-14)  for  v a r i o u s  sets  of condi t ions .  So re l l  
and  H o y t  (15) h a v e  s u m m a r i z e d  th is  w o r k  w e l l  a n d  
h a v e  m a d e  some  co r re l a t ions .  H o w e v e r ,  t he  f ield 
has  no t  ye t  been  e x p l o r e d  ove r  a suff icient  r a n g e  of  
e x p e r i m e n t a l l y  c o m p a r a b l e  cond i t ions  to o b t a i n  a 
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c lea r  p i c t u r e  of the  r a t e  p rocesses  i nvo lved .  The  
p r e s e n t  w o r k  was  u n d e r t a k e n  to a m e n d  this  s h o r t -  
coming.  

Experimental Methods 
S e v e r a l  e x p e r i m e n t a l  t e chn iques  w e r e  used.  
F o r  e x p e r i m e n t s  w i t h  p u r e  H~S-H~ m i x t u r e s ,  

e l e c t ro ly t i c  h y d r o g e n  was  passed  t h r o u g h  a c o m -  
m e r c i a l  c a t a l y s t  c a r t r i d g e  to c h a n g e  o x y g e n  to 
wa t e r ,  and  t h r o u g h  a s i l i ca  ge l  t o w e r  to r e m o v e  
w a t e r  vapor .  

To i n t r o d u c e  H~S at  va r i ous  concen t ra t ions ,  t h r e e  
m e t h o d s  w e r e  used:  (A)  for  the  h i g h e r  c o n c e n t r a -  
t ion,  m e t e r e d  q u a n t i t i e s  of H.~S a n d  h y d r o g e n  w e r e  
t a k e n  f rom gas  cy l inde r s ;  (B)  for  t h e  l o w e r  c o n c e n -  
t r a t ions ,  pur i f i ed  h y d r o g e n  was  b u b b l e d  t h r o u g h  
m o l t e n  s u l f u r  a t  a cons t an t  t e m p e r a t u r e  to c h a r g e  
i t  w i t h  a c o n s t a n t  a m o u n t  of su l fu r  v a p o r ;  t h e  r e -  
su l t ing  ho t  m i x t u r e  of h y d r o g e n  a n d  su l fu r  v a p o r  
t hen  was  pa s sed  t h r o u g h  an a l u n d u m  co lumn  at  
510~176 to r eac t  the  su l fu r  v a p o r  c o m p l e t e l y  
w i t h  t he  h y d r o g e n ,  p r o d u c i n g  a c o r r e s p o n d i n g  
a m o u n t  of  H~S (5 ) ;  (C)  for  s t i l l  l o w e r  c o n c e n t r a -  
t ions,  t he  mos t  d i l u t e  m i x t u r e  p r e p a r e d  b y  the  
a b o v e  m o l t e n  su l fu r  p r o c e d u r e  was  d i l u t e d  s t i l l  
f u r t h e r  w i t h  p u r e  h y d r o g e n .  In  mos t  cases, c o n t i n u -  
ous m i x i n g  was  e m p l o y e d .  F o r  e x p e r i m e n t s  a t  
h i g h e r  p re s su res ,  H~S and  H~ w e r e  p r e m i x e d  in  a 
s tee l  gas  c y l i n d e r ?  

Reac t ion  vs. t ime  cu rves  w e r e  o b t a i n e d  b y  two  
m e t h o d s :  ( a )  e l e c t r i c a l  r e s i s t ance  m e a s u r e m e n t s  on 
c o r r o d i n g  s t r ips  of m e t a l s  (1, 16);  a n d  (b )  w e i g h t -  
ga in  m e a s u r e m e n t s  w i t h  spec imens  h u n g  on a q u a r t z  
s p r i n g  b a l a n c e  suspens ion  in  t he  f lowing gas m i x -  
t u r e  in a fu rnace .  In  add i t ion ,  r a t e s  of  r e a c t i o n  w e r e  
m e a s u r e d  b y  the  c o n v e n t i o n a l  w e i g h t - l o s s  me thod .  

In  a l l  cases,  the  l i n e a r  flow of  t he  gas m i x t u r e  pas t  
the  spec imens  was  m a i n t a i n e d  suff ic ient ly  h igh ,  of 
the  o r d e r  of 150-450 c m / m i n ,  to p r e v e n t  a n y  s l o w -  
d o w n  of co r ros ion  b y  e x h a u s t i o n  of the  H~S in t he  
m i x t u r e .  The  d r a g  on the  spec imens  h u n g  on the  
q u a r t z  s p r i n g  was  f o u n d  to p r o d u c e  a l i f t  of 0.10- 
0.15 mg. To m i n i m i z e  the  effect of the  e r r o r  caused  
b y  the  d rag ,  gas  f low ve loc i t i e s  w e r e  k e p t  cons tan t .  
Most  s amp le s  w e r e  r u n  a t  l eas t  in dup l i ca te .  

F i g u r e  1 r e p r e s e n t s  t he  e q u i p m e n t  used  for  tes t s  
a t  a t m o s p h e r i c  p re s su res .  F o r  the  con t inuous  w e i g h -  
ing  me thod ,  a q u a r t z  s p r i n g  was  used  i n s t e a d  of the  
s p e c i m e n  h o l d e r  shown.  F i g u r e  2 r e p r e s e n t s  t he  
e q u i p m e n t  used  for  tes t s  a t  p r e s s u r e s  up  to 21 a tm.  
The  end  of  t he  r e a c t i o n  t u b e  was  modi f i ed  to c a r r y  
sea l ed  e l ec t rodes  so t h a t  m e a s u r e m e n t s  of t he  c h a n g e  
in e l ec t r i ca l  r e s i s t ance  could  be  m a d e  on the  spec i -  
mens ,  for  con t inuous  s tud ies  of t he  reac t ion .  

T e m p e r a t u r e s  cons t an t  to • 1 7 6  w e r e  m a i n t a i n e d  
b y  m e a n s  of h e a t e d  A1 c y l i n d e r s  w i t h  holes  for  i n -  
s e r t i ng  the  r e a c t i o n  tubes .  S p e c i m e n s  w e r e  m a d e  of 
l ow  c a r b o n  s tee l  w i t h  a n o m i n a l  p e r c e n t a g e  c o m -  
pos i t ion  of: C 0.06; Mn 0.37; P 0.018; S 0.031; S i  
0.002; Cu 0.02; Ni  0.06; Sn  0.25. A n n e a l i n g  s e e m e d  

I t  was  f o u n d  t h a t  o x y g e n  h a d  to be  r e m o v e d  in  m a k i n g  s u c h  
m i x t u r e s .  I n  t he  p re sence  of oxyge n ,  w h i c h  occurs  in  s m a l l  q u a n -  
t i t i e s  in  c o m m e r c i a l  b o t t l e d  h y d r o g e n ,  H~S at  l ow  l e v e l s  s l o w l y  d is -  
a p p e a r e d  f r o m  the  m i x t u r e ,  a p p a r e n t l y  by  r eac t i on  w i t h  t he  o x y g e n  
to f o r m  w a t e r  a n d  s u l f u r .  Also,  to  acce le ra te  m i x i n g  of t he  HeS and  
t h e  h y d r o g e n  in  the  cy l inde r ,  t he  c y l i n d e r s  w e r e  l a id  f lat  and  l i f t ed  
in  success ion  s e v e r a l  t imes .  W i t h o u t  th i s  p rocedure ,  an  i n t e r v a l  of 
2-3 days  was  r e q u i r e d  to  h o m o g e n i z e  t he  c o n t e n t s  o f  t he  cy l i nde r .  
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Fig ] Experimental setup for corrosion studies in H~S/He 
mixtures at atmospheric pressures. 
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Fig. 2. Experimental setup for corrosion studies in naphtha, 
H,_,S, and hydrogen mixtures at elevated pressures. 

to h a v e  no p r o n o u n c e d  inf luence  on the  r e a c t i o n  ra tes .  
H o w e v e r ,  to avo id  pos s ib l e  s t r a i n  effects,  a n n e a l e d  
spec imens  (1 h r  a t  650~ in v a c u u m )  w e r e  used  in 
o b t a i n i n g  al l  r e a c t i o n  vs. t i m e  curves .  

To o b t a i n  w e i g h t  losses on s ingle  spec imens ,  the  
sulf ide l a y e r  was  p e a l e d  off m e c h a n i c a l l y  and  the  
sulf ide  s t i l l  a d h e r i n g  to t he  s p e c i m e n  was  d i s so lved  
b y  p i c k l i n g  in i n h i b i t e d  15% HC1 for  2 min .  W i t h  
the  c o m m e r c i a l  p i c k l i n g  i n h i b i t o r  used,  t he  w e i g h t  
loss b y  ac id  a t t a c k  of the  s tee l  i t se l f  was  f o u n d  to 
be  less  t h a n  0.1 m g  p e r  spec imen .  

Gases  w e r e  a n a l y z e d  b y  pa s s ing  a m e t e r e d  q u a n -  
t i t y  t h r o u g h  a b u b b l e r  c o n t a i n i n g  aqueous  NaOH,  
a n d  t i t r a t i n g  the  r e s u l t a n t  Na~S p o t e n t i o m e t r i c a l l y  
w i t h  a m m o n i a c a l  AgNO3 solut ion ,  u s ing  a s i lve r  
s u l f i d e - c o a t e d  s i lve r  w i r e  and  a ca lome l  cel l  as e lec -  
t rodes .  

Results and Discussion 

Initial Reaction Kinetics 

F i g u r e  3 g ives  the  i n i t i a l  r a n g e  for  a n u m b e r  of  
t y p i c a l  t i m e - s u l f i d i z a t i o n  r e a c t i o n  curves .  D a t a  w e r e  
o b t a i n e d  in p u r e  H~S and  in H~S-H~ m i x t u r e s ,  at  
a t m o s p h e r i c  p r e s s u r e s  and  at  e l e v a t e d  p re s su res .  In  
a l l  cases, t he  r e a c t i o n  r a t e s  dec rea se  w i t h  t ime .  This  
dec rease ,  h o w e v e r ,  is s l ower  t h a n  if  on ly  t he  p a r a -  
bol ic  l a w  w e r e  obeyed ,  i n d i c a t i n g  t ha t  a m o r e  c o m -  
p l e x  fo rm of cor ros ion  r e a c t i o n  is invo lved .  
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Fig. 3. In i t ia l  range of  typical  react ion curves o f  steel wi th  
HsS and wi th  HsS/Hs mixtures.  

Pressure 
Curve Temp, ~ atm. HsS/Hs Technique 

I 530 1 pure H2S Cont. weigh ing 
II 450 1 7.5 x 10 -4 Elect. resist. 

I l l  250 1 pure H~S Elect. resist. 
IV  530 21 8 x 10 -4 Elect. resist. 
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Fig. 4 .  G r a p h i c  k ine t ic  analysis  of  reac t ion  curves,  in i t ia l  
range .  

Pressure, 
Curve Temp, ~ HsS/H~ atm. 

The data  were  analyzed  by the g raph ic -k ine t i c  
technique of Fischbeck (17) and Wagner  (18}. Ac-  
cording to this method,  the corrosion react ion is 
assumed to proceed by two consecutive react ion 
steps: a l inear  in terface  reaction, fol lowed by  a di f -  
fusion through the scale. 

Each of these react ion steps has its own " res i s t iv -  
i ty"  defined as 1/kl for the in terface  reaction, where  
kl is a l inear  react ion constant,  and as y/ks for the 
diffusion step, where  ks is the parabol ic  ra te  con- 
stant,  and y is the thickness of the react ion product  
scale through which the diffusion occurs. The total  
react ion ra te  is then:  

dy C 
( I )  

dt 1 / k l  + y/ks 

where  C is a constant.  In tegra ted  and rear ranged ,  
this becomes 

t 1 y 
- -  - -  + - -  ( I I )  

y Ckl 2Ck2 

Consequently,  a plot  of t / y  vs. y should be l inear,  
wi th  1/Ck~ as the  intercept ,  and 1/2Ck~ as the slope. 
Such a plot  of typica l  da ta  is given in Fig. 4. Thus, 
the ini t ia l  kinet ics  may  be expla ined  in te rms of 
two consecutive r a t e - l imi t i ng  steps: a l inear  step, 
p re sumab ly  l imi ted  by  an interface react ion;  and a 
parabol ic  step, p robab ly  control led by  the ra te  of 
diffusion of the reac tants  through the sulfide layer .  

If a small  amount  of O2 is in t roduced into the 
HsS-H~ mix tu re  just  ahead of the specimen exposure  
tube, it  reacts  r ead i ly  wi th  the HsS to form sulfur  
vapor  and wate r  vapor.  The react ion ra te  of sulfur  
wi th  Hs is r e l a t ive ly  slow under  these condit ions so 
tha t  the  sulfur  vapor  is car r ied  through the exper i -  
menta l  equipment  and has been  observed to de -  
posit  on the cooler par t s  beyond the furnace.  In  the 
presence of this sulfur  vapor  the react ion becomes 
faster  (Fig. 5) but  the l inear  component,  charac-  

I 250 Pure H2S 1 
I1 315 Pure HsS 1 

IH 450 8 • 10 .4 1"  
IV  480 Pure H~S 1 
V 530 5.5 x 10 -4 21 

VI  530 Pure H2S 1 

* Curve I[I is on extrapolation of Curve II from Fig. 5. 

ter ized by the in tercept  on the t ime / r eac t ion  axis 
of the F i schbeck-Wagner  plot, e i ther  becomes quite 
small  or disappears .  The addi t ion of wa te r  vapor  
alone did not influence the ra te  of sulfide scale 
growth.  The previous ly  found parabol ic  ra te  curves 
for the corrosion of steel  in mol ten  sul fur  (1, 2), 
s imi lar ly ,  did not  show any in tercepts  on the t i m e /  
react ion axis. Thus the sulfidization of Fe  follows 
effects s imilar  to those found for the sulfidization of 
Ag (19) where  the parabol ic  law is observed pr inc i -  
pa l ly  in the A g - S  system, but  a l inear  law is fol-  
lowed in the Ag-HsS system. 
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Fig. 5. Graph ic  k ine t ic  analys is  o f  the in f luence o f  oxygen  
on the react ion o f  steel wi th  H.~S mixtures.  Curve I, steel in 
mol ten su l fu r  at  32S~  II, steel in H2S/Hs = 8 x 10 -4 a t  
4 5 0 ~  III, same as II but  wi th  0 . 1 %  02 added to the gas 
st ream ahead o f  the specimen. 
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.ol5 ~ , , , k inet ics  cannot  be used w i th  va l id i ty  to ex t rapo la te  
to react ions  of long dura t ion .  

The  l o n g - t i m e  average  ra tes  were  a p p r o x i m a t e l y  
:E 
o those es tab l i shed  at the t ime  w h e n  the  usua l  l i n e a r -  
,., d / parabol ic  k ine t ics  broke  down.  
:f 0.01 V a r i a t i o n  o~ r e a c t i o n  ra t e s  w i t h  h y d r o g e n  sul f ide:  

z h y d r o g e n  rat io  a n d  t e m p e r a t u r e . i T o  ob ta in  a com-  a 
o ple te  q u a n t i t a t i v e  p ic tu re  of the separa te  va r i a t i on  
J 

of the l i nea r  and  the  parabol ic  ra tes  w i th  the  
h d  

3: /~/- ~ s f  ~ H._,S: H.> ra t io  and  wi th  t e m p e r a t u r e  is a fo rmidab le  
o05 7 o ~ f ~ -  J e x p e r i m e n t a l  task. Most of the  work  was  conduc ted  

< w i th  16 to 18-hr  exposures  a nd  was  i n t e r p r e t e d  as 
,- an  average  ra te  of me t a l  c onsumpt i on  in  cen t ime te r s  

per  hour.  This s impl i f icat ion sti l l  p e r mi t t e d  some 
/~  genera l i za t ion  of the  kinet ics .  -9-r 

Figu re  7 gives i sokinet ic  curves  for a field cover -  o _ _ o  o - -  o I O  

o - - ~  . . . . . .  ' ' ing a wide  r a nge  of t e m p e r a t u r e s  and  H~S:H~ ratios.  
I00 200 300 

TIME,HR The two solid s t ra igh t  l ines  r e p r e s e n t  the  t h e r m o -  

Fig. 6. Typical long-time reaction curves--I, pure H~S, d y n a m i c  exis tence  l imi ts  for FeS a nd  for FeS~ 
530~ II, pure H~S, 480~ Ill, H=S/H~ = 0.33, 440~ t aken  f rom the  work  of Rosenqvis t  (5) .  Be tween  
IV, H=S/H2 : I x l 0  -s, 5 2 0 ~  (weight loss on sepa ra te  speci- these lines, FeS of v a r y i n g  composi t ion  is s tab le  
mens) ;  V, pure H~S, 3 8 0 ~  Vl, H~S/H~ = 512  x 10 -4, 3 7 0 ~  thermodynamically. Three o f  t h e  isothermal c r o s s  

All pressures atmospheric, sections, which  served to p r e pa r e  the  plot, a re  

shown in  Fig. 8. Toward  the  low concen t r a t i on  end,  These obse rva t ions  indicate ,  therefore ,  tha t  the  
these curves  were  d r a w n  so as to be  cons is ten t  wi th  surface of the  sulfide scale is the most  l ike ly  site of 
the t h e r m o d y n a m i c  da ta  of Rosenqvis t  (5) .  The  the r a t e - l i m i t i n g  l i nea r  step. It  m u s t  be no ted  tha t  
decrease in  the  reac t ion  ra tes  as the l imi t  of ex is t -  in a ce r ta in  f rac t ion  of the e x p e r i m e n t s  the p a r a -  
ence of the  FeS phase  is approached  is clear. T h e r e -  bolic e l emen t  was poor ly  defined. 
fore, at a cons tan t  H~S:H: ratio,  the  r eac t ion  ra tes  

L o n g - T i m e  R e a c t i o n  K i n e t i c s  first increase  and  then  r a t h e r  a b r u p t l y  decrease 
The  in i t i a l  k ine t ics  discussed above held on ly  for wi th  inc reas ing  t e m p e r a t u r e .  F r o m  the  da ta  of 

a l imi t ed  period, up to an  ex t en t  of reac t ion  car-  Fig. 7, a rough  es t imate  of the ove r - a l l  ac t iva t ion  
r e spond ing  a p p r o x i m a t e l y  to a me t a l  loss in  th ick-  ene rgy  ( A r r h e n i u s )  gave a va lue  of 19.3 kca l /mo le ,  
ness of 2-3x10-" cm. Typica l  l o n g - t i m e  reac t ion  at cons t an t  H~S:H,. ra t io  a nd  in  the  r a t i o - t e m p e r a -  
curves  are shown  in  Fig. 6. As a first app rox ima t ion ,  tu re  r ange  sufficiently far  a w a y  f rom the  equ i l i b -  
these m a y  be cons idered  to be l i nea r  af ter  a short  r i u m  l ine  to give a l i nea r  re la t ionship .  
in i t i a l  stage. Thus,  the in i t i a l  l i n e a r - p a r a b o l i c  E ~ e c t  of  o x y g e n  o n  r e a c t i o n  r a t e s . - - T a b l e  I i l -  

lus t ra tes  the effect of O~ on the  ra tes  of r eac t ion  at  
7oo soo 90o ,ooo ,oo ,2oo~ var ious  locat ions of the plot  of Fig. 7. Oxygen,  i n -  

'~ ' ~ :  .... : : -~- ~ --: . . . . . . .  t r aduced  into the H~S-H~ mix tu res ,  forms e l e m e n t a l  
, ~%94~176 su l fu r  as discussed previous ly .  This accelerates  the  

/'~ '~ sulf idizat ion rates,  and  in i t i a tes  and  suppor ts  su l -  
,o" . , , fidic a t tack  in a r ange  where ,  in  the absence  of O=, 

, , ~%x s i.e., f rom H~S-H~ m i x t u r e s  alone,  the  f o r ma t ion  
" " ', ', of FeS is imposs ib le  t h e r m o d y n a m i c a l l y .  The  p res -  

', , ', '?o ence of e l e me n t a l  su l fu r  vapor  accounts  for this  
: , , \ \ .~  o effect. 

o - \ \  \\ x \\, ~ /  O98 

\ ~ \ \\ 
v iFe I d 3 ~  \~ I'~ ~.J ' ,  ~, ~ I.oSI( 10"3' 

500 600 ~ ,o_~. s ,oo ~o 
1.4 1.2 I.OxlO'3 I -  

Fig. 7. Isokinetic curves and phase existence limits for the 
reaction of steel with H~S mixtures at atmospheric pressure, io-7 
The existence fields of Fe, Fe~_=S, and Fe~ are from the work 15 4 i0 "3 i0 "~ i0 -I I0 0 I0 I 
of Rosenqvist (4). The numbers on the isokinetic curves indi- MOL RATIO H2S/Hp 
cote rates of reaction in units of cm-]O-~'hr -~ of metal con- 
sumed; 1.5 cm. ]O-~.hr -~ corresponds approximately to 0.005 Fig. 8. Three typical experimental isothermal cross sections 
ipy. of Fig. 7. 
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Table I. Influence of Oxygen on Rates of Reaction of Steel with 
Hydrogen Sulfide-Hydrogen Mixtures 

R e a c t i o n  r a t e ,  
c m .  1 0 - 6 . h r  -~ 

0.1 v o l .  
M o l e  r a t i o ,  % O3 

T e m p ,  ~ C H z S  : He  N o  0 2  a d d e d  

330 7.5 • 10-' 17 30 
375 7.5 • 10-' 17 100 
560 11 • 10-' 48 440 
530 1 X i0-' 0 88 
530 0.5 X 10-' 0 30 

A quant i t a t ive  evaluat ion  of the  O2 effect was not  
a t t empted  since this would requi re  deta i led  knowl -  
edge of the rates  of react ion of H2S with  O, and of 
S with  H~ in the flowing gas mix tu re  in order  to de-  
t e rmine  the specific concentrat ions  of S at  the point  
of specimen exposure.  

Variation oS reaction rates with pressure.--In- 
creasing the total  pressure  wi thout  changing the 
H2S:H2 rat io accelerates  the sulfidization ra te  of 
steel, as shown in Fig. 14. This accelerat ion,  how-  
ever, is less than d i rec t ly  p ropor t iona l  to the to ta l  
pressure.  The da ta  avai lable ,  if ana lyzed  by the 
F i schbeck-Wagner  method (cf. Fig. 4), indicate  that  
the ra te  change occurs p r inc ipa l ly  by accelerat ion of 
the l inear  surface reaction,  and tha t  the parabol ic  
ra te  constant  is r e l a t ive ly  unchanged.  

Smal l  amounts  of O_0, if not excluded met icu-  
lously, d is tor t  the pressure-sul f id iza t ion  ra te  re la -  
t ionship considerably,  since concurren t ly  wi th  the 
pa r t i a l  oxidat ion  of H~S to wate r  vapor  and S, which 
promotes  the sulfidization rate,  there  proceeds the 
s lower react ion of S with  H~ to form H~S. Under  
these conditions increased pressure ,  by causing a 
longer exposure  of the flowing gas mix tu re  to high 
t empera tu res  in the exper imen ta l  equipment ,  oc- 
casional ly decreases the  concentra t ion of free S 
vapor  at  the specimen site. Consequently,  the ra te  
of sulfidization of steel  at a cer ta in  site may  even 
decrease wi th  pressure  if O~ is not e l imina ted  met ic -  
ulously. 

Physical structure of sulfidic scale.--Metallo- 
graphic  examina t ion  of the sulfidic scales shows 
that  they  may  consist of severa l  layers.  However,  
dur ing  the ear ly  stages there  appears  to be only two 
layers ,  as i l lus t ra ted  in Fig. 9. Layer  A, nex t  to the  
metal ,  is dense and fine grained.  Laye r  B, be tween 
layer  A and the gas, is composed p redominan t ly  of 
coarse columnar  grains which have thei r  longest  
dimension roughly  normal  to the scale surface. The 
grains in l aye r  B are separa ted  by  re la t ive ly  large  
pores which extend f rom layer  A to the f ree  surface. 
During the ear ly  stages, l ayer  A is app rox ima te ly  
one-ha l f  to one - th i rd  as thick as l ayer  B. 

Af ter  the react ion is more advanced,  evidence has 
been noted in some specimens of a th i rd  layer ,  C, 
lying be tween  the other  two. This l ayer  also is 
porous and re la t ive ly  coarsely crys ta l l ine  a l though 
not so much so as l ayer  B. Laye r  C may  be nothing 
more  than a var ia t ion  of l aye r  B. The rat io  of the 
thickness of l ayer  A to that  of l ayer  B (and C) de-  

Fig. 9a. Cross section through FeS scale on iron showing 
the two main layers. Layer A (lower) is the dense, f ine crystal- 
line material  formed next to the metal.  Layer B (upper) is the 
porous, columnar-crystal l ine material  found between the dense 
layer and the gas. Photograph taken with sensitive t int  plate 
(X100) so pores and cavities appear gray. 

Fig. 9b. Structure of cross section of thin specimen of low 
carbon steel af ter  18-hr exposure to pure H2S at  530~ The 
metal has been completely consumed and the two layers, (A) 
dense f ine-crystal l ine and (B) porous coarsely crystall ine, ap- 
pear on either side of the center line. Photograph taken with 
sensitive t int  plate (X100) so pores and cavities appear gray. 

creases as the react ion advances.  A p p a r e n t l y  the 
outer  layer  increases in thickness whereas  the 
thickness of l ayer  A approaches  a l imi t ing  value.  

The s t r ik ing difference in the t ex tu re  of l aye r  A, 
as compared  wi th  tha t  of layers  B and C, points to 
different  modes of nucleat ion and growth.  Both 
layers  were  FeS. 

Mechanism of the Sulfidization of Steel 
The fol lowing sequence of react ion steps seems to 

be the s implest  consistent wi th  the  exper imenta l  
observat ions;  there  may  be other  possibili t ies.  

Step 1. Surface adsorption: (H~S) ~ ~ (H~S) ..... be~ 
This step may  be assumed to be fast, so that  an 
equi l ib r ium exists essent ia l ly  be tween  the adsorbed 
and the gaseous H~S, at least  at the h igher  t empera -  
tures.  The surface concentra t ion of HeS molecules 
then is de te rmined  ( through an adsorpt ion  iso- 
the rm)  by the pa r t i a l  p ressure  of H~S in the gas 
phase. 

Step 2. Formation of diffusing species at the gas- 
iron sulfide interface: According to the  usual ly  ac-  
cepted concepts (3, 20) the diffusing species in FeS  
is a cation vacancy.  For  such a mechanism, the r e -  
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action for Step 2 may be written, at least for a 
sulfur-r ich composition range: 

H.~Sadsorbed -I- 2Fe+§ -k 2S:~0~o ~ H~ 
-+- 2Fe§ -I- Vo -t- 3S~,0~ 

where V~ denotes a cation vacancy. For this step, the 
rate may be wri t ten 

d Y~ y -= a[H~S,d,o~b~] (III)  
dt 

where a is a constant and y is the amount of reac- 
tion in terms of metal  thickness consumed, and is 
assumed to be, as the simplest form, of first order 
with respect to the adsorbed H,S. Hauffe and Pfeif-  
fer (21, 22) used a similar concept in explaining the 
linear law found in the oxidation of Fe by CO.~-CO 
mixtures? If  the diffusing species is of a different 
kind, Eq. (III)  still would apply since it is not com- 
mitted to any definite species. 

Step 3. Diffusion through the sulfide scale: Cation 
vacancy diffusion, with Fe +§ ions moving from the 
metal through the scale to the gas-scale interface, 
is the usually accepted mechanism (4). However, it 
is not possible to explain the coexistence of two 
distinctly different types of layers in the scale by 
means of this particular diffusion mechanism alone. 
Also it cannot explain the long-range linear rates 
satisfactorily. Hence it is postulated that two dif- 
fusion mechanism act: 

(a) In the porous columnar layer, B, the diffu- 
sion, so far as the FeS phase is concerned, is by the 
mechanism of cation vacancies. Of course, gaseous 
diffusion in the pores also occurs. 

(b) In the dense fine-crystalline layer, A, the 
diffusing species is different; sulfur ions or atoms 
may be the diffusing species there. Thus, layer A 
would grow at the metal-scale interface, filling the 
zone of metal consumption (24), whereas layer B 
would grow at the gas-scale interface, by diffusion 
of Fe +* ions through vacancies from the boundary  
between A and B to this interface. 

The diffusion limitation resides mainly in layer A. 

Excursus on support for the second postulate in 
Step 3.--The second postulate given above may be 
supported by several arguments.  

The total driving force of the reaction is 

r 
G : -~RT l o g - -  (IV) 

ro  

where r is the H~S: H2 ratio for the given experi- 
mental  conditions, and ro is the same ratio for the 
equilibrium conditions at the temperature,  T, in the 
FeS/Fe  system, and R is the gas constant. This driv- 
ing force is applied across the sum of all of the reac- 
tion steps. Thus, a fraction of this driving force may 
be assigned to each of the consecutive steps. Since, 
as further  discussion will show, Step 2 probably is 
the principal rate-l imiting step, it may  use up most 
of the driving force available, leaving only a rela- 
tively small remainder  to be applied across the sul- 
fide phase proper. This would place the composition 
of the growing sulfide film, layer A, in the immedi-  

W a g n e r  (23) h a s  p r o p o s e d  a d i s s o c i a t i o n  o f  a d s o r b e d  CO~ i n t o  
CO a n d  a d s o r b e d  O o r  O = a s  t h e  r a t e - l i m i t i n g  s t e p  i n  t h i s  c a s e ;  such  
t r e a t m e n t  a l s o  l e a d s  to  a co r rec t  m a t h e m a t i c a l  fo rm.  
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ate vicinity of the FeS/Fe  equilibrium line shown in 
Fig. 7. Now: 

(A) If the surface reaction, Step 2, uses up 
most of the driving force for the reaction, the com- 
position of the dense layer, while it is growing, is 
close to that of FeS in equilibrium with Fe; thus, 
very few cation vacancies exist, and another diffus- 
ing species could take over easily. 

(B) FeS in equilibrium with Fe appears to 
have a slight S deficiency (5) thus indicating the 
possible existence of some mode of disorder other 
than the cation vacancy. 

(C) Pfeiffer and Ilschner (25) report  consider- 
able S mobility in the FeS scale. The mobility of 
anions in a divalent oxide (MgO) also is apparent  
from the work by Winters and Houghton (26, 27). 

The first argument  hinges on a large decrease in 
driving force across the surface reaction step. Figure 
10 compares the data of Hauffe and Rahmel (3), 
~btained at 10 mm S vapor pressure, with the para-  
bolic rate constant derived from the slopes of 
curves, such as those in Fig. 4, for the reaction of 
steel with pure HaS. The chemical potential, that  is, 
the partial molar free energy, of S in pure H2S at 
530~ corresponds approximately to a sulfur ($2) 
vapor pressure of 5 mm. The dashed line (III)  in 
Fig. 10 shows the present experimental  data curve 
after correction to a constant $2 pressure of 5 mm 
by means of the pl/4 relation found by Hauffe and 
Rahmel. The extrapolated curve of Hauffe and Rah-  
mel would predict a very much higher reaction rate. 
Hence, sulfide film growth in pure H2S occurs as if 
the chemical potential of S on the gas phase side of 
the sulfide film were very much lower than that 
which actually exists in the gas phase. In other 
words, the outer layer of the sulfide film "sees" a 
much lower chemical potential of S than that which 
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Fig. 10. Comparison of parabolic rate constants in S vapor 
and in H~S. Curve I, Hauffe and Rahmel's results in S vapor 
at P~ = 10 ram; II, present results in pure H~S; III, curve II 
corrected to one (4.7 ram) equivalent S pressure. 
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exis t s  in the  gas, a s t i t u a t i o n  also obse rved ,  for  
e x a m p l e ,  in  t he  su l f id iza t ion  of A g  b y  H~S (19) .  
This  i nd i ca t e s  a s izab le  d e c r e a s e  in  the  a v a i l a b l e  
d r i v i n g  force  in S t ep  2. A t  t he  s a m e  t ime ,  t he  ac -  
t i v a t i o n  ene rg ie s  ( A r r h e n i u s )  a r e  r o u g h l y  the  same,  
viz., 19-24 k c a l / m o l e .  

A c u r s o r y  x - r a y  e x a m i n a t i o n  of the  sulf idic scale  
bo th  for  l a y e r  A and  for  l a y e r  B s u p p o r t e d  "the 
thes i s  t h a t  t h e  compos i t i on  of t h e  scale,  even  t h a t  
f o r m e d  by  the  su l f id iza t ion  of s tee l  in  p u r e  H~S, i n -  
deed  c o r r e s p o n d s  to F e S  w i t h  a compos i t i on  in  t he  
v i c in i t y  of t he  F e - F e S  e q u i l i b r i u m  l ine.  The  f o l l o w -  
ing  x - r a y  f indings  m a y  be  c i ted :  (a )  E v e n  w h e n  
H~S a lone  was  used,  no FeS~ was  found.  (b)  I n t e r -  
p l a n a r  spac ings ,  c o m p u t e d  f r o m  p l a n e s  w i t h  M i l l e r  
ind ices :  (100) ,  (002) ,  (101) ,  a n d  (102) ,  w h i c h  
could  be  iden t i f i ed  b e y o n d  d o u b t  b y  c o m p a r i s o n  
w i t h  the  d a t a  of Hagg  and  Sucksdo r f f  (20) ,  w e r e  
w i t h i n  a f r ac t i on  of a p e r  cen t  t he  s a m e  for  scale  
f o r m e d  in p u r e  H~S and  for  scale  f o r m e d  in a m i x -  
t u r e  in w h i c h  t h e  H~S:H2 r a t i o  was  1 .1xl0  ~. Th is  i n -  
d ica tes  tha t ,  even  in  p u r e  H~S, t h e  scale  does  not  
con ta in  m o r e  t h a n  a p e r  cen t  or  so of su rp lu s  S. (c) 
Bes ides  the  bas ic  cel l  spac ings ,  e x t r a  l ines  w e r e  
p r e s e n t  in the  p a t t e r n  of the  scale  f o r m e d  in p u r e  
H~S; some  of the  l ines  a p p r o x i m a t i n g  Hagg ' s  s u p e r -  
l a t t i c e  l ines.  A c c o r d i n g  to Hagg ,  t he  ex i s t ence  of a 
s u p e r l a t t i c e  is conf ined to the  compos i t ions  b e t w e e n  
FelS1 and  a p p r o x i m a t e l y  Fe0.9~S~; th is  is to be  c o m -  
p a r e d  w i t h  compos i t ions  of t he  o r d e r  of Feo~S~ 
w h i c h  a r e  t h e r m o d y n a m i c a l l y  poss ib l e  in p u r e  H.~S. 
(d)  The  l ines  in t he  x - r a y  p a t t e r n s  w e r e  no t  b road ,  
and  thus  w e r e  m o r e  r e p r e s e n t a t i v e  of a h o m o g e n o u s  
n a r r o w  r a n g e  of compos i t i on  t h a n  of a w i d e  con-  
t inuous  compos i t i on  r ange .  

A s i d e  f r o m  l ines  w h i c h  could  be  c l e a r l y  iden t i f i ed  
w i t h  Hagg ' s  da ta ,  o t h e r  l ines  w e r e  p resen t ,  and  
some  of Hagg ' s  l ines  w e r e  absent .  Th is  m i g h t  b e  t h e  
r e su l t  of ce r t a in  m i n o r  changes  in  t he  l a t t i ce  cel ls  
of  F e S  and  ind ica t e s  t h a t  a m o r e  t h o r o u g h  x - r a y  i n -  
ve s t i ga t i on  of t h e  r e a c t i o n  p r o d u c t s  w o u l d  a id  in  e x -  
p l a i n i n g  the  d i f fus ion  m e c h a n i s m s .  

S i m i l a r l y ,  t he  scale  f o r m e d  in p u r e  H~S c o n t a i n e d  
o n l y  v e r y  s l i gh t ly  m a g n e t i c  or  n o n m a g n e t i c  f r a c -  
t ions  as t e s t ed  b y  a h a n d  magne t .  The  f r ac t ions  d e -  
s c r ibed  as " m a g n e t i c "  d id  no t  exceed,  b y  a c r u d e  
compar i son ,  on g e n t l y  c ru shed  scale,  the  p a r a m a g -  
ne t ic  s u s c e p t i b i l i t y  w h i c h  was  o b s e r v e d  for  MnCI~ 
(K = 107x10 -~ cgs e.m. u n i t s ) .  This  w o u l d  p l ace  t he  
scale  compos i t i on  in  t h e  r a n g e  close to  s to ich io -  
m e t r i c  F e S  on the  bas i s  of H a r a l d s e n ' s  d a t a  (28, 29) .  

Step 4. Reaction at the metal-sulfide interface: 
T h e r e  a p p e a r s  to be  no i m m e d i a t e  need  to cons ide r  
t he  r e a c t i o n  at  the  m e t a l - s u l f i d e  i n t e r f a c e  to be  
r a t e - l i m i t i n g .  In  the  l i gh t  of t h e  p o s t u l a t e s  d i scussed  
u n d e r - S t e p  3, th is  r e a c t i o n  m a y  be  one of su l fu r  
a toms  in t he  F e S  l a t t i c e  f o r m i n g  b o n d s  w i t h  t he  i ron  
a toms  on the  m e t a l  su r f ace  and  t hen  g r a d u a l l y  
p e n e t r a t i n g  in to  t h e  me ta l .  

Step 5. Processes in the contact zone be tween lay- 
ers A and B: O c c u r r e n c e s  in  t h e  con tac t  zone  b e -  
t w e e n  l a y e r s  A and  B also shou ld  be  cons idered .  
W i t h  the  a b o v e  pos tu la te s ,  in th is  zone the  t r a n s p o r t  
p rocess  changes  f r o m  t h a t  of S d i f fus ion  to t h a t  of  
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Fig. 11. Shrinkage of FeS volume with H2S/H~ mole ratio 
and with S content at 530~ (based on data of Hagg and 
Sucksdorff and of Rosenqvist). 

F e  d i f fus ion  b y  m e a n s  of ca t ion  vacanc ies .  As  su l fu r  
a t o m s  m o v e  t h r o u g h  l a y e r  A t o w a r d  t h e  m e t a l ,  
i ron  ions, b e c o m i n g  su rp lu s  in  t he  o u t e r  p a r t  of 
l a y e r  A, m i g r a t e  t h r o u g h  t h e  c o l u m n a r  c r y s t a l s  of 
l a y e r  B t o w a r d  the  g a s - s c a l e  in t e r face .  The  ca t ion  
d i f fus ion  coefficient  shou ld  i n c r e a s e  in th is  zone  
qu i t e  r a p i d l y  as the  ca t ion  vacanc ie s  b e c o m e  m o r e  
numerous .  F o r m a t i o n  of ca t ion  vacanc ie s  also causes  
a l a t t i c e  s h r i n k a g e  (Fig .  11).  

L a y e r  B shou ld  become  p r o m i n e n t  as soon as t he  
i nc r e a s ing  r e t a r d a t i o n  of t he  d i f fus ion r a t e  t h r o u g h  
the  scale  b y  S t ep  3 b r i n g s  the  c h e m i c a l  p o t e n t i a l  
of S in the  o u t e r  r eg ions  of l a y e r  A in to  t he  e x i s t -  
ence  r a n g e  of  ca t ion  vacanc ies .  A c c o r d i n g l y ,  t h e  
l o n g - t i m e  l i n e a r  g r o w t h  r a t e s  shou ld  become  es -  
t a b l i s h e d  as soon as l a y e r  A r eaches  a c e r t a i n  t h i c k -  
ness.  This  is in at  l eas t  q u a l i t a t i v e  a g r e e m e n t  w i t h  
the  obse rva t ions .  

In  the  p r e s e n c e  of Cr, e.g., in a 5% Cr-V2% Mo 
steel ,  the  l i n e a r  l o n g - r a n g e  r a t e  becomes  e s t a b l i s h e d  
a t  a m u c h  s m a l l e r  scale  th i ckness .  On the  bas is  of a 
v a c a n c y  di f fus ion m e c h a n i s m ,  t h e  i n c o r p o r a t i o n  of 
Cr ++§ ions in to  the  F e S  l a t t i c e  wi l l  g e n e r a t e  v a c a n -  
cies, s ince  Cr +++ can  act  l i ke  F e  §247247 in t he  equa t ion  
s h o w n  in S tep  2. The re fo re ,  l a y e r  B can  s t a r t  f o r m -  
ing  at  a l o w e r  c h e m i c a l  p o t e n t i a l  of S. 

Cavity stabilization in Layer B . - - T h e  p e r s i s t e n c e  
of cav i t i es  in l a y e r  B is r e a d i l y  unde r s tood .  The  
cav i t i e s  c o m m u n i c a t e  w i t h  t he  gas  phase ,  a n d  H2S 
is c o n s u m e d  and  H.~ g e n e r a t e d  in  t he  cavi t ies ,  
t h e r e b y  d e c r e a s i n g  the  H~S:H~ ra t io .  The  c a v i t y  
canno t  close, since,  if a r r i v a l  of f r e s h  H~S is h i n d -  
ered,  t he  gas  p h a s e  in t h e  c a v i t y  r a p i d l y  a p p r o a c h e s  
t h e  F e S / F e  e q u i l i b r i u m  l ine  and  becomes  less and  
less sulf idizing.  On spec imens  p r e p a r e d  in S vapor ,  
cav i t i e s  w e r e  no t  obse rved .  

On the  bas i s  of th i s  a n d  p r e v i o u s  cons ide ra t ions ,  
the  compos i t i on  of F e S  in the  c o l u m n a r  l a y e r  shou ld  
be  qu i t e  un i fo rm,  w i t h  a r e l a t i v e l y  s m a l l  ca t ion  
v a c a n c y  c o n c e n t r a t i o n  g r a d i e n t  ove r  t he  t h i ckness  
of the  l ayer .  

Influence of Hydrogen Sulfide:Hydrogen Ratio 
and of Pressure 

The  k ine t i c  r e l a t i ons  a r e  e x p l a i n a b l e  on the  bas i s  
of t he  a b o v e  steps.  The  sum of t h e  r e s i s t ances  i m -  
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posed by Steps 2 and 3 determine the sulfide film 
growth rate. Under the conditions for which the 
kinetics is mixed l inear-parabolic it may be con- 
sidered, by analogy with Ohm's law (Fischbeck), 
that: 

E 
- -  (V) 

R~ -}- R~ 

where y is the reaction rate, E is a constant pro- 
portional to the driving force for the reaction, R, is 
the resistance (proportional to 1 / k J  imposed by the 
gas-scale interface reaction, and R~ is the resistance 
(proportional to y/k~)  imposed by the diffusion step. 
The reaction resistances, of course, are proportional 
to the reciprocals of the reaction rate constants. The 
resistance R, is dependent only on the surface con- 
centration of adsorbed HaS [Eq. ( I I I ) ] ,  but the re-  
sistance Ra is proportional to the amount  of reaction, 
y, since the length of the diffusion paths increases 
with y. 

Once layer A has attained a substantially con- 
stant thickness as was observed in the case of the 
long-time rates, the resistance R~ is limited predom- 
inantly by the diffusion in layer A; Ra then be- 
comes substantially constant. Under these condi- 
tions, Eq. (V) may be combined with Eq. (III)  and 
(IV) and rewrit ten:  

A �9 R T  log (r/ro) 

B 
+ C  

(H~S, ...... ) 

const �9 (HaS ......... ) �9 (log r/ro) (VI) 

where A, B, and C are constants. For a constant 
temperature,  the logarithmic term now gives the 
driving force, and the rate of the linear reaction 
has been made proportional to, i.e., the resistance is 
made inversely proportional to, the surface concen- 
tration of adsorbed H~S. This new reaction rate, 
however, will be smaller than that controlled by the 
linear component alone, as was the case during the 
initial stages of the growth of layer A. This is con- 
sistent with the results obtained. 

To test the compliance of the experimental  data 
with the above mathematical  form (VI),  three 
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Fig. 13. Data of Fig. 12 modified by introduction of adsorp- 
tion term. 

curves of Fig. 4 are replotted in Fig. 12 in terms of 
log r/ro as the abscissa, without any correction for 
the adsorption isotherms. At 530~ the plot is al- 
most linear and, thus, the reaction rate is almost 
directly proportional to the driving force. For the 
two other temperatures,  the lines are curved. These 
two, however, can be straightened out, cf. Fig. 13, 
by correcting for the adsorption isotherm. A Freund-  
lich type function: 

s = const �9 p~I- (VII) 

has been used, with n = 10, to account for adsorp- 
tion. This magnitude of n suggests a relatively high 
coverage of the surface with adsorbed H~S. 

The increase in the reaction rate with pressure at 
constant H~S:H~ ratio, shown in Fig. 14 (a) on a 
logarithmic scale, replots well in terms of the 
Langmuir  adsorption isotherm, cf. Fig. 14 (b). The 
Langmuir  isotherm was not used in making the cor- 
rection in Fig. 13 because of its more complex form. 

Thus, the variation of the reaction rate with the 
H2S:Ha ratio, and with the pressure, follows kinetics 
explainable in terms of adsorption, surface reac- 
tion, and diffusion steps. The short- t ime rate has a 
linear component, explained by the reaction of ad- 
sorbed H~S to form a diffusing species at the gas- 
scale interface, and a parabolic component, ex- 
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p l a i n e d  b y  t h e  d i f fus ion  r e s i s t ance  of a g r o w i n g  
dense  l a y e r  of FeS .  The  l o n g - t i m e  l i n e a r  r a t e  m a y  
be  e x p l a i n e d ,  a t  l eas t  q u a l i t a t i v e l y ,  b y  the  coex i s t -  
ence of two  d i f fus ion  m e c h a n i s m s  a n d  t h e  conse -  
q u e n t  f o r m a t i o n  of two  l a y e r s - - a  po rous  one w h i c h  
p r e s e n t s  no d i f fus ion b a r r i e r  a n d  a dense  one  w h i c h  
becomes  s u b s t a n t i a l l y  cons t an t  in  t h i ckness  a n d  
thus  p r e s e n t s  s u b s t a n t i a l l y  a cons t an t  d i f fus ion 
b a r r i e r .  
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Corrosion Inhibition by Organic Amines 
Helmut Kaesche 1 and Norman Hackerman 

Department o~ Chemistry, The University o~ Texas, Austin, Texas 

ABSTRACT 

The corrosion of pure  i ron in 1N HC1 is discussed in t e rms  of the  theory  
of mixed  potent ia ls  and the theory  is app l ied  to inhibi t ion by  organic  com- 
pounds.  Corrosion ra tes  wi th  and wi thout  inhibi t ion by  anil ine,  severa l  ani l ine  
der ivat ives ,  and a lky lamines  were  de t e rmined  by  cathodic polar iza t ion  m e a s -  
u r e m e n t s  as wel l  as by  color imetr ic  analysis  of the solution. I t  is shown tha t  a l l  
compounds show a m a x i m u m  inhib i tor  efficiency at a concentra t ion of approx-  
ima te ly  0.1 mole / l ,  tha t  wi th  one except ion al l  a re  cathodic as wel l  as anodic 
inhibi tors ,  and tha t  in most  cases they  are  p redominan t ly  anodic  inhibi tors .  An  
in te rp re ta t ion  of the  da ta  on cathodic inhibi t ion  is suggested on the basis  of 
the  assumpt ion of a un i fo rm meta l  surface and un i fo rm adsorpt ion.  The  in-  
t e rp re ta t ion  of anodic inhibi t ion is found to be difficult due to a lack  of sat is-  
f ac to ry  expe r imen ta l  data. 

T h e r e  is l i t t l e  ques t ion  t ha t  o rgan ic  c o m p o u n d s  
ac t ing  as i nh ib i t o r s  of  w e t  co r ros ion  do so b y  f o r m -  
ing  an  a d s o r b e d  l a y e r  a t  t he  m e t a l - s o l u t i o n  i n t e r -  
face.  T h e r e  is s t i l l  c o n s i d e r a b l e  d i f f e rence  of op in ion  
as to t he  de t a i l s  of t h e  m e c h a n i s m  of inh ib i t ion .  Also,  

1Present  address:  Bundesansta l t  fuer  Mater ia lpruefung,  Berl in-  
Dahlem,  West Germany .  

w h i l e  an  e x t e n s i v e  l i t e r a t u r e  on i n h i b i t i o n  exis ts ,  
d e t a i l e d  k n o w l e d g e  of t he  inf luence  of t h e  n a t u r e  of 
t h e  i n h i b i t o r  is s t i l l  l ack ing .  T h e r e f o r e  i t  is d e s i r a b l e  
to a c c u m u l a t e  m o r e  d a t a  on t h e  i n h i b i t i o n  efficiency 
of s i m p l e  o rga n i c  c o m p o u n d s  w i t h  f a i r l y  w e l l - k n o w n  
m o l e c u l a r  p r o p e r t i e s .  I t  is for  th i s  r ea son  t h a t  some  
e x p e r i m e n t s  w i t h  s imp le  an i l i ne  d e r i v a t i v e s  a n d  
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a l k y l a m i n e s  h a v e  been  c a r r i e d  ou t  a n d  a re  p r e s e n t e d  
in th is  p a p e r .  

The  co r ros ion  of p u r e  F e  in a i r - f r e e  1N HC1 was  
chosen  for  t he  inves t iga t ion .  The  o v e r - a l l  co r ros ion  
r e a c t i o n  m a y  be  sp l i t  in to  the  anod ic  and  ca thod ic  
" p a r t i a l "  r eac t ions :  

Fe-* Fe ++ + 2e-; 2H + + 2e--~ H. 

The electrochemical behavior of the Fe specimen as 
an electrode, including corrosion, is then determined 
by the kinetics of the partial reactions, these being 
characterized by their overvoltage curves. This 
leads to the concept of the superposition of the 
"partial overvoltage curves" to the "total current- 
voltage curve" originally given by Wagner (I) and 
recently applied to the corroding Fe electrode by 
Uhl ig  (2 ) ,  S t e r n  (3) ,  Bonhoef fe r  (4) ,  and  H e u s l e r  
(5) .  T h e  fo l l owing  two  p a r a g r a p h s  g ive  a shor t  
s u m m a r y  of t he  t e r m s  invo lved .  F o r  m o r e  de t a i l  the  
p a p e r s  c i t ed  a b o v e  shou ld  be  used.  

N e g l e c t i n g  the  r e v e r s e  r eac t i ons  ( F e  depos i t i on  
and  H d i s so lu t i on ) ,  t he  two  p a r t i a l  r e ac t i ons  a r e  
a s s u m e d  to have  e x p o n e n t i a l  o v e r v o l t a g e  cu rves  of 
the  fo rm 

.'/~,. = (Jo)F. exp  --  ~ (E~.~ - -  E)  ( I )  

j .  = ( j o ) ,  exp  [ ( E . -  E) ] ( I I )  
1 

H e r e  j ~  and  jH a re  t he  a p p a r e n t  anod ic  a n d  ca thod ic  
c u r r e n t  dens i t i e s  b a s e d  on p r o j e c t e d  su r f ace  a rea ;  
(jo)Fe and  ( j o ) .  a re  the  c u r r e n t  v a l u e s  at  t he  e q u i -  
l i b r i u m  p o t e n t i a l s  E~. a n d  E'~, b '~ ,  and  b'a a r e  t he  
" T a f e l "  s lopes;  a n d  E is t he  m e a s u r e d  e l e c t r o d e  p o -  
t en t i a l .  R e g a r d l e s s  of t h e i r  a c t u a l  p h y s i c a l  s igni f i -  
cance  ( j ~  a n d  ( j o ) .  a r e  ca l l ed  e x c h a n g e  cu r ren t s .  

A t  a n y  v a l u e  of a p o l a r i z i n g  cu r r en t ,  j 

j = j~, -- j .  ( I I I )  

This  is t he  e q u a t i o n  of the  t o t a l  c u r r e n t - v o l t a g e  
c u r v e  w h i c h  can  be  m e a s u r e d  b y  e x t e r n a l  p o l a r i z a -  
t ion.  A t  j = 0, E = E . . . .  a n d  

I # o l  = I J . I  = J . . . .  

H e r e  j . . . .  is the  cor ros ion  r a t e  in  t e r m s  of an  a p -  
p a r e n t  c u r r e n t  dens i ty ,  a n d  E . . . .  t he  cor ros ion  p o -  

0 ,. / 

-J ~JCORR \ \ / /  

J'~o.. /J" / /  

( Jt.)H / / / /  "x, E 

c~)'. ~/'//"/'I, CJ.)F, 

EH E~ Eo~E~o,~ s 
( ~ M O R E  --NOBLE -- LESS ~ ) 

POTENTIAL 
Fig. 1. Schematic representation of the partial overvoltage 

curves (dashed curves) and the total current vortage curve 
(solid curve C) of iron corroding in nonoxidizing acids. ( A ) - -  
cathodic partial curve; (D)---cathodic partial curve in the 
presence of a cathodic inhibitor; (E)--anodic partial curve. 
Other symbols as defined in the text. 
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t e n t i a l  (open  c i r cu i t  p o t e n t i a l ) .  W i t h  Eqs. ( I ) ,  ( I I ) ,  
and  ( I I I )  bo th  t he  co r ros ion  r a t e  a n d  t h e  co r ros ion  
p o t e n t i a l  a r e  c o m p l e t e l y  d e t e r m i n e d  b y  the  o v e r -  
v o l t a g e  p r o p e r t i e s  of t he  p a r t i a l  r eac t ions .  The  
s i m u l t a n e o u s  m e a s u r e m e n t s  of  j, jro, a n d  j .  shou ld  
t h e r e f o r e  y i e l d  c o m p l e t e  k n o w l e d g e  of the  e l ec t rode  
b e h a v i o r  in  a g iven  s u r r o u n d i n g  m e d i u m .  This  p r o -  
c e d u r e  invo lves  l a b o r i o u s  a n a l y t i c a l  d e t e r m i n a t i o n s  
of the  a m o u n t  of d i s so lved  i ron  or  depos i t ed  h y d r o -  
gen.  A l t e r n a t i v e l y  the  e l e c t r o d e  m a y  s i m p l y  b e  
p o l a r i z e d  to p o t e n t i a l  r eg ions  w h e r e  e i t h e r  j~.o or  j~ 
becomes  v e r y  s m a l l  so t h a t  j--~ j~, or  j--~ jr . .  Then  
the  t o t a l  c u r r e n t  vo l t a ge  c u r v e  becomes  p r a c t i c a l l y  
i d e n t i c a l  w i t h  one  or  t h e  o t h e r  of t he  p a r t i a l  o v e r -  
v o l t a g e  curves .  P r o v i d e d  no change  of t he  r a t e -  
d e t e r m i n i n g  s tep  of t he  p a r t i a l  r e a c t i o n  occurs  b e -  
t w e e n  this  p o t e n t i a l  r eg ion  and  E .... .  t he  p a r t i a l  
c u r v e  in t he  v i c i n i t y  of t h e  l a t t e r  p o t e n t i a l  can  t hen  
be o b t a i n e d  b y  e x t r a p o l a t i o n .  -~ This  s imp le  geo-  
m e t r i c a l  o p e r a t i o n  is i l l u s t r a t e d  b y  Fig.  1. Moreover ,  
e x t r a p o l a t i o n  to E ..... y i e ld s  t he  v a l u e  of  j .. . . .  S t e r n  
(3)  has  shown  tha t  the  co r ros ion  r a t e s  o b t a i n e d  b y  
e x t r a p o l a t i o n  of t h e  ca thod ic  p a r t i a l  o v e r v o l t a g e  
c u r v e  check  w e l l  w i t h  those  d e t e r m i n e d  b y  ana lys i s  
of t he  a m o u n t  of d i s so lved  Fe .  The  s a m e  m e t h o d  
is u sed  t h r o u g h o u t  the  p r e s e n t  i nves t iga t ion .  So 
f a r  i t  a p p e a r s  to be  diff icult  to m e a s u r e  t he  anod ic  
p a r t i a l  c u r v e  in th is  way ,  b u t  in t he  v i c i n i t y  of E . . . .  
a p a r t  of th is  c u r v e  m a y  be  o b t a i n e d  f r o m  c o r r e -  
s p o n d i n g  va lue s  of j and  j~ b y  a p p l i c a t i o n  of 
Eq. ( I I I ) .  

The  o rgan ic  i nh ib i t o r s  used  for  t he  p r e s e n t  i n -  
v e s t i g a t i o n  do no t  change  the  o v e r - a l l  r eac t ion .  The  
l o w e r i n g  of t h e  co r ros ion  r a t e  m u s t  t h e r e f o r e  b e  
b r o u g h t  a b o u t  e i t h e r  b y  a dec rea se  of  t he  d i f f e rence  
b e t w e e n  the  e q u i l i b r i u m  p o t e n t i a l s  E~ and  EF., w h i c h  
can  on ly  be  b r o u g h t  abou t  b y  changes  of t h e  b u l k  
c o n c e n t r a t i o n  of the  spec ies  t a k i n g  p a r t  in  t h e  co r -  
ros ion  reac t ion ,  or  b y  an i n c r e a s e  of t he  o v e r v o l t a g e  
of one or  bo th  p a r t i a l  reac t ions .  W i t h  r e s p e c t  to 
t he i r  ac t ion  on  one  or  b o t h  p a r t i a l  r eac t ions ,  i n -  
h ib i t o r s  a r e  o f t en  c lass i f ied  as be ing  of an  anodic ,  
ca thodic ,  or  m i x e d  type .  T h e  g e n e r a l  r e s u l t  of s t r i c t l y  
ca thod ic  i n h i b i t i o n  is shown  in Fig.  1 b y  the  sh i f t  of 
the  ca thod ic  p a r t i a l  c u r v e  ( A )  w i t h o u t  i nh ib i t i on  
to (D)  w i t h  inh ib i t ion .  The  i n h i b i t i o n  is a s s u m e d  to 
d e c r e a s e  t he  H - e q u i l i b r i u m  p o t e n t i a l  f r o m  E .  to E'H, 
t h e  e x c h a n g e  c u r r e n t  f r o m  (jo)~ to ( j ~  a n d  to i n -  
c rease  t h e  Ta fe l  slope. A t  the  s a m e  t ime  the  c o r r o -  
s ion r a t e  dec reases  f rom j . . . .  to j'o .... W h e t h e r  one, 
two,  or  a l l  t he  poss ib le  changes  occur,  E .. . .  m u s t  
a l w a y s  c h a n g e  to a less nob le  v a l u e  E" .. . . .  S i m i l a r l y ,  
a r e v e r s e  c h a n g e  of E .. . .  i nd i ca t e s  some anod ic  i n -  
h ib i t ion .  H o w e v e r ,  o b s e r v a t i o n  of the  dec rease  of  
j . . . .  and  the  sh i f t  of  E . . . .  a lone  s i m p l y  ind i ca t e s  
p r e d o m i n a n c e  of anod ic  or  ca thod ic  i n h i b i t i o n  s ince  
a s m a l l  effect on the  oppos i t e  p a r t i a l  r e a c t i o n  m a y  
also exis t .  Tha t  is, t he  i n h i b i t i o n  is a c t u a l l y  of t h e  
m i x e d  type .  

Loca l  cell  ac t ion  b e t w e e n  f ixed anod ic  and  ca -  
thod ic  a r e a s  canno t  be  a f fec ted  s e r i ous ly  b y  t h e  ohmic  
r e s i s t a nc e  of t he  a d s o r b e d  l a y e r  as  long  as  th i s  
p o l a r i z a t i o n  m e t h o d  g ives  t he  s a m e  v a l u e  for  the  

This also requires  tha t  no other  oxidation or reduct ion p r o c e s s  
b e c o m e s  o p e r a t i v e  in  t h i s  potential  span. 
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corrosion ra te  as does a direct  ana ly t ica l  method.  
The former  is based on the assumption of a v i r t ua l ly  
uni form electrode potent ia l  and must  lead to serious 
errors  if iR drops of the order  of _>-- 5 mv exist  along 
an average  current  pa th  be tween local electrodes.  
Correct  polar iza t ion  values of j .... indicate  e i ther  
very  short  local cur ren t  paths  or low values of the 
specific res is tance of the  adsorbed layer .  Hoar  (6) 
has suggested that  p rac t ica l ly  the whole e lectrode 
surface is capable  of acting as a cathodic area, 
whereas  the anodic area  should be represen ted  by  
the sum of all  atomic sites undergoing  dissolution 
at  any given moment,  e.g., where  the sites might  
be the  ends of incomplete  atom rows. With  any 
nonideal  crystal ,  la t t ice dis tort ions and impur i ty  
atoms may  also give r ise to anodic spots. Thus, wi th  
respect  to the re la t ive  size of anodic and cathodic 
areas, as well  as to the d is t r ibut ion  of anodic spots, 
the condit ion of the corroding iron surface is s imi-  
lar  to the condit ion of the surface of a corroding 
l iquid amalgam.  In the  l a t t e r  case the cathodic a rea  
is ident ica l  wi th  the total  surface and the anodic 
area  is given by the sum of atoms of the a m a l g a m -  
ated meta l  in the surface of the  Hg. Since at any  
moment  predict ions  can be made tha t  the next  Fe  
atom being t r ans fe r red  across the phase bounda ry  
should come from the same incomplete  a tom row 
or la t t ice  distort ion,  Fe  dissolution is st i l l  not as 
t ru ly  s ta t is t ical  as the dissolution of an a m a l g a m -  
a ted metal .  Nevertheless ,  the  condit ion of the  cor rod-  
ing amalgam surface should be a be t te r  model  for 
the condit ion of the  surface or corroding Fe, espe- 
cial ly in acid solutions, than  is the f requen t ly  used 
model  of a checkerboard - l ike  pa t t e rn  of local elec-  
trodes. Therefore,  the concept of a un i form meta l  
surface undergoing s ta t is t ical  dissolution is used for 
the discussion of inhibit ion.  I t  is obvious tha t  this  
concept, if justified for pure  Fe, is not immedia te ly  
appl icable  to steel surfaces where  secondary  phases 
may  have  considerable  influence. 

If the e lectrode surface is uniform, inhibi tor  ad-  
sorpt ion should be general .  As has been pointed out 
by  Hoar (7),  and Hackerman  and Makr ides  (8),  the 
theory  of adsorpt ion of cationic inhibi tors  on ca-  
thodic sites only, for some t ime wide ly  accepted (9),  
is object ionable  even if local cells are  opera t ing  on 
the corroding surface, the obvious a rgument  being 
the un i fo rmi ty  of the e lectrode potent ial .  The pos-  
s ibi l i ty  of cation adsorpt ion  by means  of e lec t ro-  
static forces is de te rmined  by the electric charge 
of the electrode wi th  respect  to the  solution, i.e., by  
the posit ion of the  e lec t rocapi l la ry  m a x i m u m  wi th  
respect  to E ..... not by  the charge of one electrode 
wi th  respect  to another  electrode,  as wi th  local 
anodes and cathodes. Li t t le  is known about  the 
e lec t rocapi l la ry  m a x i m u m  of Fe, and F r u m k i n ' s  
value of 0.37 v in 10-~N H~SO~ (10) does not indica te  
tha t  Fe corroding in 1N HC1 (E .... ~ 0.25 v) has a 
posit ive charge at the  corrosion potent ial .  The elec-  
t rocap i l l a ry  m a x i m u m  may  be shif ted to consider-  
ably  more noble potent ia ls  by  chemisorpt ion of CI-, 
analogous to observat ions repor ted  by  Iofa and co- 
workers  (11) for I- and Br- at  ve ry  low concentra-  
tions. At  present ,  therefore,  the possibi l i ty  of s trong 
cation adsorpt ion on corroding Fe  is undecided.  This 
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is impor tan t  wi th  respect  to the theory  of chemical  
r a the r  than physical  adsorpt ion suggested by  Hack-  
e rman and Makr ides  (8).  According to this  concept, 
cationic organic  inhibi tors  are deionized at  the  
meta l - so lu t ion  interface;  therefore,  in the  case of 
amine -hydroch lo r ides  the  adsorbed  species should 
be the free amine. The es tab l i shment  of a more  or 
less wel l -def ined chemical  bond be tween  the in-  
h ibi tor  and the Fe  should resul t  in a decrease  in 
apparen t  reac t iv i ty  of the Fe  in the electrode sur -  
face [Hackerman  (12)] .  This leaves Eye unchanged,  
but  it  may  grea t ly  decrease the  exchange cur ren t  of 
the anodic pa r t i a l  reaction. 

Material and Apparatus 
Iron electrodes were  cut out of 99.99% Armco 

iron sheets, 1 mm in thickness,  in the  shape of l i t t le  
flags of about  4-5 cm ~ geometr ic  surface area. The 
handle  of these flags was soldered to a copper  wi re  
and sealed into a glass holder  wi th  polyethylene .  
Before immersion,  the electrodes were  ab raded  wi th  
No. 1 through 4/0 emery  paper ,  and r insed wi th  
benzene, acetone, and water .  

IN HC1 solutions were  p repa red  f rom C.P. con- 
cent ra ted  HC1 and double -d i s t i l l ed  water .  No change 
of the corrosion ra te  was observed when  gaseous 
HC1 dis t i l led into wa te r  was used instead.  

Except  for m e t h y l a m i n e -  and e t h y l a m i n e - h y d r o -  
chloride,  which were  used wi thou t  fu r the r  purif i -  
cation of the h i gh - g r a de  compound, a l l  inhibi tors  
were  redis t i l led  one to three  t imes under  reduced  
pressure,  unt i l  a colorless p roduc t  of constant  boi l -  
ing point  was obtained.  The inhibi tors  were  then 
dissolved in the  appropr ia t e  amount  of concent ra ted  
HC1 to give a 1N HC1 solution of the  hydrochlor ide .  
No inhibi tor  solution was used la te r  t han  th ree  days  
af ter  prepara t ion .  

Electrolyt ic  hydrogen  was passed through p y r o -  
gallic acid in a lka l ine  solution, sodium p lumbi te  in 
a lka l ine  solution, concentra ted  H~SO,, a t r ap  cooled 
with  l iquid ni trogen,  and finally a 50-cm column of 
1N HC1 before being bubbled  through the test  solu-  
tion. Omit t ing this procedure  resul ted  in a m a r k e d  
decrease of the  corrosion rate.  

The appara tus  used throughout  the exper iments  
is shown in Fig. 2. Al l  par t s  were  made  of Pyrex ,  
wi th  stoppers and stopcocks ve ry  l igh t ly  greased wi th  
silicone grease. The test  vessel  A, the  Ag/AgC1-  
electrode B, and the P t - e l ec t rode  C, were  filled wi th  
IN HC1 up to the dot ted  lines. Three  i ron electrodes,  
D, of which only one is shown, were  used at  the  
same time. 

The outlet  of bure t t e  F was sealed into the  ground 
joint  E and on top of F a flask G served as a r ese r -  
voir  for inhib i tor  solutions. A second bu re t t e  H was  
also sealed into E and was ex tended  via  cap i l l a ry  
tubing into the test  solution. Hydrogen -en t e r ed  the  
appara tus  at  I and left  it a t  K, thus keeping  all  par t s  
a i r - f r ee  and also s l ight ly  agi ta t ing  the  solution. If 
hydrogen  was bubbled  th rough  the solution more  
vigorously the  corrosion poten t ia l  and the corrosion 
r a t e  did not change by  more than  1 mv and  1 ~ a / c m  -~. 
The test  vessel  was placed in a the rmos ta t  kep t  at  
30 • 0.5~ The volume of the test  solution in A 
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Fig. 2. Apparatus used for the measurement of overvoltoge 
properties and corrosion rotes. 

was  500 cc; a l l  p H  changes  due  to t he  cor ros ion  r e -  
ac t ion  w e r e  neg l ig ib l e .  

The  p o t e n t i a l  d i f fe rence  b e t w e e n  the  F e - e l e c t r o d e  
a n d  the  A g / A g C l - r e f e r e n c e  e l e c t r o d e  was  m e a s u r e d  
w i t h  a s t u d e n t - t y p e  p o t e n t i o m e t e r  w i t h i n  _ 1  mv.  In  
o r d e r  to be  ab le  to m a k e  qu ick  r e a d i n g s  d u r i n g  p o -  
l a r i z a t i o n  m e a s u r e m e n t s ,  an  osc i l loscope  was  used  
as zero  ind ica to r .  P o l a r i z i n g  c u r r e n t s  w e r e  a p p l i e d  
b e t w e e n  the  F e -  and  t h e  P t - e l e c t r o d e ,  us ing  a 220 
v d r y  b a t t e r y  in ser ies  w i t h  a r e s i s t ance  b o x  a n d  a 
m i l l i a m m e t e r .  C u r r e n t  r e a d i n g s  w e r e  t a k e n  w i t h  a 
p rec i s ion  of --+5 ~a a t  c u r r e n t s  b e t w e e n  1 a n d  3 m a  
a n d  -+ 2~a at  c u r r e n t s  less t h a n  1 ma.  The  r e s i s t a nc e  
of the  e l ec t rode  s y s t e m  was  s m a l l  c o m p a r e d  w i t h  
t he  e x t e r n a l  ohmic  res i s t ance ,  t he  p o l a r i z i n g  c u r -  
r en t s  w e r e  t h e r e f o r e  cons t an t  d u r i n g  the  p o l a r i z a -  
t ion  t ime.  

Procedure and Results 
A f t e r  t he  e l ec t rodes  h a d  been  i m m e r s e d  in a i r -  

and  i n h i b i t o r - f r e e  1N HC1, a p e r i o d  of 3-5 h r  w a s  
r e q u i r e d  for  bo th  E~ and  j~ to b e c o m e  con-  
s tan t .  A f t e r  5 hr ,  E~ and  jOoor, w e r e  cons t an t  in  
mos t  cases  excep t  for  r a n d o m  changes  of _ 1  m v / h r  
and  - + 3 ~ a / c m V h r ,  r e spec t i ve ly .  T h e  p o l a r i z a t i o n  
b e h a v i o r  of a l l  e l e c t rodes  was  checked  a t  o n e - h o u r  
i n t e r v a l s  t h r o u g h o u t  t h e  i m m e r s i o n  t ime ,  b u t  on ly  
the  r e a d i n g s  t a k e n  b e t w e e n  5 a n d  7 h r  a f t e r  i m -  
m e r s i o n  w e r e  used  for  t he  f inal  d e t e r m i n a t i o n  of t h e  
o v e r v o l t a g e  p rope r t i e s .  A c o n s i d e r a b l e  n u m b e r  of  
runs  h a d  to be  d i s c a r d e d  because  of (a )  co r ros ion  
ra t e s  m o r e  t h a n  5 # a / c m  ~ l o w e r  or  h i g h e r  t h a n  the  
a v e r a g e  of a l l  m e a s u r e m e n t s ,  ( b )  n o n c o n s t a n t  v a l -  
ues  of E .. . .  a n d  j . . . .  a f t e r  5 hr ,  (c)  p o t e n t i a l  d r i f t s  
d u r i n g  po la r i za t ion .  A n y  d r i f t  g r e a t e r  t h a n  1 m y / 1 0  
sec o b s e r v e d  l a t e r  t h a n  10 sec a f t e r  sw i t ch ing  on t h e  
po l a r i z i ng  c u r r e n t  was  r e g a r d e d  as a b n o r m a l  a n d  
a t t r i b u t e d  to c o n t a m i n a t i o n  of t h e  acid.  In  a l l  cases  
of e r r a t i c  b e h a v i o r  t h e  e l ec t rodes  w e r e  f r e s h l y  

o designates  un inhib i ted  properties. 
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Fig. 3. Total current-voltage curve and part ial  overvoltage 
curve determined by cathodic polar izat ion of an iron electrode 
in ] N HCI wi thout  inhibit ion. Symbols as given in the caption 
of Fig. | ; other symbols as defined in text. 

sea led  to the  glass  ho lder ,  f r e s h l y  a b r a d e d  and  
r insed ,  a n d  the  tes t  so lu t ion  r e p l a c e d  b y  f r e s h l y  
p r e p a r e d  so lu t ion .  No i n h i b i t i o n  e x p e r i m e n t  was  
c a r r i e d  out  u n t i l  a g iven  set  of e l ec t rodes  e x h i b i t e d  
" n o r m a l "  b e h a v i o r ,  w i t h  E . . . .  = --260 --+ 10 m v  (vs. 
S .H.E. ) ,  j . . . .  : 50 ----- ~ a / c m  ~ a n d  n o n d r i f t i n g  p o -  
t en t i a l s  d u r i n g  ca thod ic  po la r i za t ion .  

A t y p i c a l  e x a m p l e  of a s ingle  p o l a r i z a t i o n  m e a s -  
u r e m e n t  w i t h  an  u n i n h i b i t e d  s p e c i m e n  is shown  in 
Fig.  3. E .. . .  was  m e a s u r e d  i m m e d i a t e l y  be fo re  t he  
first  p o l a r i z a t i o n  ( i m m e d i a t e l y  a f t e r w a r d s  E .. . .  is 
u s u a l l y  1-2 m v  m o r e  nob le  t h a n  before ,  b u t  t he  
o r i g i n a l  v a l u e  is r e e s t a b l i s h e d  w i t h i n  a m i n u t e ) .  
Ca thod ic  c u r r e n t s  of v a r i o u s  s t r e n g t h  w e r e  a p p l i e d  
at  30-sec  i n t e r v a l s  and  the  p o l a r i z e d  po t e n t i a l s  E 
m e a s u r e d  w i t h  t he  p o t e n t i o m e t e r  ( so l id  c i rc les )  
5-10 sec a f t e r  s w i t c h i n g  on t h e  cu r ren t .  T h e  to t a l  
c u r r e n t - v o l t a g e  c u r v e  o b t a i n e d  as E vs. log j ( so l id  
c u r v e )  was  a l w a y s  f o u n d  to h a v e  a l i n e a r  sec t ion  in  
the  c u r r e n t  r a n g e  0.2 ~ j --<_ 0.7 m a / c m  2 w h i c h  cou ld  
ea s i l y  be  e x t r a p o l a t e d  to E~ ( d a s h e d  c u r v e ) .  
F r o m  this  curve ,  p r e s u m a b l y  the  ca thod ic  p a r t i a l  
o v e r v o l t a g e  curve ,  j~ a n d  b~ (----b~ w e r e  
d e t e r m i n e d  g r a p h i c a l l y .  I n  a f ew  cases  t h e  n o n l i n e a r  
p a r t  of  t he  l o g a r i t h m i c  t o t a l  c u r r e n t  v o l t a g e  c u r v e  
was  also m e a s u r e d  to o b t a i n  e x a m p l e s  of t h e  anod ic  
p a r t i a l  o v e r v o l t a g e  c u r v e  b y  a p p l i c a t i o n  of Eq. ( I I I )  
(open  c i rc les  a n d  b r o k e n  l i n e ) .  Thus  t h e  s lope  b%e 
of the  anod ic  c u r v e  was  f o u n d  to be  of t h e  o r d e r  of  
0.075 -+ 0.01 v / l o g  j w h i c h  m a y  be  c o m p a r e d  w i t h  
S t e r n ' s  (13) v a l u e  0.068, d e t e r m i n e d  b y  the  s a m e  
m e t h o d  in  NaCI  + HC1 so lu t ion  of p H  1.5 a t  25~ 
The  e x c h a n g e  c u r r e n t  (jo)%o was  c a l c u l a t e d  to be  
of t he  o r d e r  of 0.04 to 0 . 1 ~ a / c m  ~ w h i c h  ag ree s  
f a i r l y  we l l  w i t h  S t e r n ' s  v a l u e  of 0.04 F a / c m  ~. H o w -  
ever ,  a n y  s ing le  d e t e r m i n a t i o n  of (jo)F. is good  o n l y  
to --+0.02 and  a n y  a t t e m p t  to ca l cu l a t e  t he  c h a n g e  of 
t he  e x c h a n g e  c u r r e n t  due  to w e a k  i n h i b i t o r  ac t ion  
is useless .  
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Table I. Comparison of the average total corrosion rate of 3 
electrodes obtained by cathodic polarization (i~) and by colorimetric 

analysis (i~) 

I n h i b i t o r  C ( m o l e / l )  i l  (~ua) i2 (/La) 

- -  0 820 _ 20 840 • 50 
N-Methylani l ine  0.06 720 _ 20 700 • 20 
N-Ethy lan i l ine  0.05 490 • 10 490 _ 10 
N-Propylan i l ine  0.12 35,5 • 10 350 ~ 20 

In  order  to avoid e r roneous  resu l t s  caused b y  
slow dr i f ts  of the e lect rode proper t ies  d u r i n g  i m -  
mers ion  over  severa l  days, all  e lectrodes were  aga in  
ab raded  and  r insed  before  add i t ion  of inh ib i to r s  to 
the solut ion.  Also, u s u a l l y  af ter  two comple te  series 
of expe r imen t s  for one i nh ib i t o r  n e w  electrodes 
were  prepared .  Otherwise  the  m e a s u r e m e n t s  in  i n -  
h ib i t ed  solut ions  were  car r ied  ou t  exac t ly  as we re  
those w i thou t  inhib i tors .  In  these sys tems the  ca-  
thodic pa r t i a l  c u r r e n t  of the i n h i b i t e d  electrode at  
E~ .... j ' ,  was also de t e rmined .  

Especia l ly  af ter  add i t ion  of the  more  effective i n -  
h ib i tors  a s low dr i f t  of the  po ten t i a l  of e x t e r n a l l y -  
polar ized electrodes to less nob le  po ten t ia l s  could 
not  be  e l imina ted .  I t  was  p r o b a b l y  caused by  
changes  of the adsorp t ion  concen t r a t i on  of the  i n -  
hibi tor .  Never theless ,  correct  va lues  of j .... we re  ob-  
t a ined  by  us ing  the  po ten t ia l s  ob t a ined  5-10 sec 
af ter  swi t ch ing  on the  po la r iza t ion  cur ren t ,  a l lowing  
1 - m i n  i n t e rva l s  b e t w e e n  two consecut ive  po la r i za -  
tions, and  also l i m i t i n g  the  po la r i z ing  cu r r en t s  to 
0.5 m a / c m  ~ in  cases whe re  the  loga r i thmic  to ta l  cu r -  
r e n t - v o l t a g e  curve  became  l i n e a r  a t  0.15-0.17 
m a / c m  ~ because  of the  lowered  j ..... This  was  shown  
by i n d e p e n d e n t  ana ly t i c a l  m e a s u r e m e n t s .  For  this  
control ,  po la r i za t ion  m e a s u r e m e n t s  we re  ca r r i ed  
out  b e t w e e n  2 and  8 hr  af ter  i m m e r s i o n  in  separa te  
r u n s  at  o n e - h o u r  in te rva ls ,  and  samples  of the  so lu -  
t ion  were  t a k e n  a t  t he  same  t ime.  The  Fe  *§ concen-  
t r a t i on  of the samples  was  t hen  d e t e r m i n e d  color i -  
met r ica l ly ,  us ing  o - p h e n a n t h r o l i n e .  The  average  
va lues  of the  corrosion r a t e  ob ta ined  by  po la r iza -  
t ion  checked wel l  w i t h  the  corrosion ra te  de t e r -  
m i n e d  by  ana lys i s  (Tab le  I ) .  

Usua l ly  3-4 r u n s  at  i nh ib i t o r  concen t r a t ions  be -  
tween  0.05 and  0.2 mole/1  were  car r ied  out. For  each 
i nh ib i t o r  concen t r a t i on  final  va lues  of j ..... j ' ,  bH, 
and  E .... were  ob ta ined  b y  o b t a i n i n g  the  a lgebra ic  
m e a n  of six s ingle  m e a s u r e m e n t s ,  two per  electrode.  
A typ ica l  example  of the  r e su l t i ng  curves  of the  
e lect rode proper t ies  as a f unc t i on  of concen t r a t i on  is 
shown  in  Fig. 4 for m - t o l u i d i n e .  A t  C ~ 0.08 to 0.1 
mole / l ,  al l  i nh ib i to r s  showed a m a x i m u m  effect on 
the e lect rode proper t ies  i n d e p e n d e n t  of f u r t h e r  i n -  
crease of concen t r a t i on  up  to 0.2 mo le / l ,  the  h ighes t  
concen t r a t i on  inves t iga ted .  As no  a t t e m p t  was  made  
to measu re  fu l ly  the  changes  of the  e lect rode p r op -  
ert ies  at  concen t r a t ions  0 ~ C <_--0.1, Tab le  II  l ists 
on ly  the  electrode proper t ies  a t  m a x i m u m  in h i b i t o r  
effect ob ta ined  g raph ica l ly  f rom plots of the  ex -  
p e r i m e n t a l  va lues  aga ins t  concen t ra t ion .  Wi th  p ro -  
p y l a m i n e  as i nh ib i t o r  the  slope b%~ of the  anodic  
pa r t i a l  overvol tage  cu rve  was  d e t e r m i n e d  at  m a x i -  
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Fig. 4. The var iat ion of  the corrosion potential E . . . .  and 
the corrosion rote jcorr of  O set of  3 Fe electrodes as funct ion 
of the concentrat ion of m-toluidine hydrochloride. 

m u m  inh ib i t o r  effect and  found  to be of the  order  of 
0.080 -- 0.01 v / l o g  i. 

The  e r ro r  l imi t s  g iven  in  the  tab les  are  caused by  
differences in  the  behav io r  of d i f ferent  electrodes.  
Compared  wi th  these differences the  l imi t ed  p r e -  
cision of the m e a s u r e m e n t s  has l i t t le  significance. 
This inc ludes  the  e r ror  i n t roduced  by  the  res i s tance  
b e t w e e n  the  t ip  of the  re fe rence  e lect rode and  the  
i ron  electrodes abou t  2 cm away.  I t  does no t  inc lude  
the  e r ror  l imi t  of the co lo r imet r i ca l ly  d e t e r m i n e d  
va lues  of j ..... 

Discussion 
Inhibition of the cathodic partial reaction.--Table 

II  shows t h a t  j '  is lower  t h a n  j~ for all  the  i n h i b i -  

Table II. Average value of the corrosion potential E .. . . .  the 
corrosion rate j . . . . .  and the cathodic Tafel slope b~ of three 
electrodes with no inhibition (0) and at maximum inhibition (m), 

also the cathodic current at maximum inhibition at E%or, 

EOeorr baH j~ 
E'rtcor r bmH jmcorr J '  

I n h i b i t o r  (my) ( v / l o g  i) (p,a/cm 2) (/La/cm 2) 

A n i l i n e  O --249 0.091 47 
m --237 0.090* 30 40 

m - T o l u i d i n e  O --248 0.092 48 
m --239 0.093 33 42 

o - T o l u i d i n e  O --257 0.086 51 
m --240 0.091 29 44 

N - M e t h y l a n i l i n e  O --249 0.092 51 
m --241 0.089 38 46 

N - E t h y l a n i l i n e  o --269 0.088 53 
m --260 0.094 37 46 

N - n - P r o p y l a n i l i n e  O --267 0.089 49 
m --258 0.095* 32 38 

N - D i m e t h y l a n i l i n e  O --249 0.085 53 
m --231 0.085 31 47 

N - D i e t h y l a n i l i n e  o --268 0.083 54 
m --255 0.093 25 34 

N - D i - n - p r o p y l a n i l i n e  O --266 0.084 53 
m --252 0.093 24 29 
o M e t h y l a m i n e  --265 0.086 52 
m --268 0.086 45 43 
o E t h y l a m i n e  --268 0.091 54 
m --268 0.091 42 42 

P r o p y l a m i n e  O --269 0.085 55 
m --267 0.091 42 44 

E r r o r  l i m i t  ~_~2 ___0.002-3 ~-2 --3 

* To -----0.004 i n  t h e s e  c ase s .  
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t o r s  a n d  in  m a n y  cases  b'~H ( i n h i b i t e d )  is l a r g e r  
t h a n  b~ The re fo re ,  a l l  i n h i b i t o r s  i n v e s t i g a t e d  e x -  
h ib i t  ca thod ic  i n h i b i t o r  act ion.  To o b t a i n  a q u a n t i -  
t a t i v e  m e a s u r e  of th is  ac t ion  r e c a l l  t ha t ,  w i t h  bE 
cons tan t ,  j ' / j  .... m u s t  e q u a l  (jo)~H/(3o)~ and  t h e r e -  
fo re  be  a m e a s u r e  of  t he  d e c r e a s e  of t he  ca thod ic  
e x c h a n g e  cu r r en t .  E v e n  for  s m a l l  v a l u e s  of AbH (----- 
b ~  b~ t h e  s a m e  r e l a t i o n s h i p  ho lds  to a first  a p -  
p r o x i m a t i o n  a n d  was  t h e r e f o r e  c a l c u l a t e d  for  each  
inh ib i to r .  F o l l o w i n g  c o m m o n  usage  in  i n h i b i t o r  r e -  
search ,  i n s t e a d  of j'/j~ i t se l f ,  T a b l e  I I I  l i s ts  t he  
q u a n t i t y  ( I - -  j'/j~ �9 100% = Io. N e g l e c t i n g  the  
inf luence  of AbE th is  q u a n t i t y  is c a l l e d  the  "ca thod ic  
i n h i b i t o r  eff ic iency" (no t  i d e n t i c a l  w i t h  t h e  i n h i b i t o r  
eff iciency w h i c h  w o u l d  b e  o b s e r v e d  w i t h  a g i v e n  I ,  
in t he  absence  of a l l  anod ic  i n h i b i t i o n ) .  The  v a l u e s  
of Ab~ a n d  the  " t o t a l  i n h i b i t o r  eff ic iency" Ir  = 
(1 - - j " , . o~ / j%o~) .  100% a re  also t a b u l a t e d .  I t  is 
seen  t h a t  I ,  i s  p r a c t i c a l l y  cons t an t  for  t he  first  g r o u p  
a n d  the  l a s t  g roup  ( the  a l k y l a m i n e s ) .  W i t h  i n c r e a s -  
ing  cha in  l e n g t h  of t he  s u b s t i t u e n t  of N - a l k y l a n i -  
l ines,  i n h i b i t i o n  increases ,  m o r e  n o t i c e a b l y  in  t he  
N - d i a l k y l a n i l i n e s  t h a n  in  t he  N - m o n o a l k y l a n i l i n e  
ser ies .  

R e m e m b e r i n g  t h a t  a l l  n u m b e r s  a r e  l i m i t i n g  v a l -  
ues for  m a x i m u m  inh ib i t i on  and  t h e r e f o r e  p r o b a b l y  
m a x i m u m  adso rp t ion ,  i t  can  be  e x p e c t e d  t h a t  t he  
a d s o r b e d  molecu le s  a r e  o r i e n t e d  n e a r l y  p e r p e n d i c u -  
l a r l y  to t he  sur face .  I f  th i s  is t rue ,  t h e n  the  o b s e r v e d  
t endenc i e s  of t he  change  of Io s t r o n g l y  sugges t s  an  
effect of t he  p r o j e c t e d  a r e a  p e r  molecu le .  F o r  p e r -  
p e n d i c u l a r l y  o r i e n t e d  mo lecu l e s  t he  p r o j e c t e d  a r e a  
of s t r a i g h t  cha in  a l k y l a m i n e s  is i n d e p e n d e n t  of t h e  
cha in  l e n g t h  and  equa l s  t he  p r o j e c t e d  a r e a  of the  
a m i n e  group .  On the  o t h e r  hand ,  p e r p e n d i c u l a r  a d -  
so rp t ion  of a N - s u b s t i t u t e d  an i l i ne  m e a n s  t ha t  a l l  
s u b s t i t u e n t s  f o r m  an  ang le  s m a l l e r  t h a n  90 ~ w i t h  
t he  m e t a l  sur face .  A n  i n c r e a s e  of cha in  l e n g t h  con-  
s e q u e n t l y  i nc reases  t he  p r o j e c t e d  area .  Also,  w i t h  
N - d i a l k y l a n i l i n e s  a l a r g e r  i n c r e a s e  of t he  p r o j e c t e d  
a r e a  is to be  e x p e c t e d  s ince  two  a l k y l  g roups  a r e  
a d d e d  i n s t e a d  of one as  in  t h e  case  of  N - m o n o a l k y l -  
an i l ines .  W h i l e  no q u a n t i t a t i v e  i n t e r p r e t a t i o n  is 
poss ib le  i t  is c l ea r  tha t ,  for  a l k y l a m i n e s  and  N - a l -  
k y l a m i n e s ,  changes  of I ,  p a r a l l e l  changes  of t he  p r o -  

Table III. Total, cathodic, and anodic inhibitor efficiency calculated 
for each inhibitor from j '~  . . . .  j', and j", respectively; and j~ 
as found in uninhibited solution with the same set of electrodes; 

also ~b~ ~ bin. - -  bcH calculated in the same way. 

I7, Ie Ab~I Ia 
Inh ib i to r  (%) (%) (v/ log i) (%) 

Anil ine  36 15 --0.001 55 
m-To lu id ine  31 13 +0.001 46 
o-Tolu id ine  43 14 +0.005 65 
N-Methy lan i l ine  25 10 --0.003 41 
N-Ethy lan i l ine  30 13 W0.006 47 
N - n - P r o p y l a n i l i n e  36 26 W0.006 53 
N-Dime thy lan i l i ne  41 11 0.000 66 
N-Die thy lan i l ine  54 37 +0.010 68 
N - D i - n - p r o p y l a n i l i n e  57 40 +0.008 71 
Methy lamine  13 18 0.000 0 
E thy lamine  17 20 W0.002 20 
P ropy lamine  23 20 W0.006 29 
Er ro r  l imi t  4 4 0.003-4 4 

j e c t e d  a r e a  w i t h i n  each  group .  As  Ic is t he  s a m e  for  
a n i l i ne  and  t h e  t o l u i d i n e s  i t  fo l lows  t h a t  on ly  sub -  
s t i t u t i on  for  H on the  a m i n o  g roup  is effect ive,  t h a t  
is, c lose to the  su r f a c e  of t he  u n d e r l y i n g  me ta l .  I t  
is also poss ib l e  t ha t  a s m a l l e r  effect  w o u l d  be  o b -  
s e r v e d  on i n c r e a s i n g  the  cha in  l e n g t h  of t h e  s u b -  
s t i t u e n t  on the  b e n z e n e  r ing .  

If  a l l  t y p e s  of an i l i ne  d e r i v a t i v e s  i n v e s t i g a t e d  
have  the  s a m e  m a x i m u m  n u m b e r  of mo les  a d s o r b e d  
p e r  sq c m  of t he  me ta l ,  t h e n  the  t o t a l  p r o j e c t e d  a r e a  
shou ld  inc rease  in  t he  ser ies  an i l ine ,  N - m e t h y l a n i -  
l ine,  N - d i m e t h y l a n i l i n e ,  a n d  Io shou ld  also inc rease .  
A c t u a l l y  Io is g r e a t e r  for  a n i l i n e  t h a n  for  e i t he r  
N - m e t h y l -  or  N - d i m e t h y l a n i l i n e ,  a n d  ' is  a b o u t  t he  
s a m e  for  these  two  compounds .  E x p e r i m e n t a l  d a t a  
for  the  m a x i m u m  a d s o r b e d  a m o u n t  a r e  no t  a v a i l -  
able ,  b u t  i t  is r e a s o n a b l e  to p r e d i c t  a dec rea se  w i t h  
i n c r e a s i n g  b r a n c h i n g  of t he  s u b s t i t u e n t s  due  to 
s te r ic  h ind ra nc e .  T h e r e f o r e  i t  is l i k e l y  tha t ,  w h i l e  
the  p r o j e c t e d  a r e a  p e r  m o l e c u l e  increases ,  t he  t o t a l  
p r o j e c t e d  a r e a  dec reases  f rom an i l i ne  to N - m e t h y l -  
a n i l i ne  because  of a dec rea se  of t he  n u m b e r  of a d -  
so rbed  moles .  Thus  the  d e c r e a s e  of L h e r e  is not  
c o n t r a d i c t o r y .  

The  dec rease  of (jo)n is u s u a l l y  a s c r i b e d  to a d e -  
c rease  of t h e  t r ue  su r f ace  a r e a  a v a i l a b l e  for  h y -  
d r o g e n  depos i t i on  (6, 7, 9) .  The  o b s e r v e d  changes  
of bH, neg l ec t ed  in  t he  d i scuss ion  j u s t  above ,  is of 
i m p o r t a n c e  here .  In  p r inc ip l e ,  changes  of  b~ can  in -  
deed  be  caused  b y  m e r e  changes  of t he  t r u e  su r f ace  
a r e a  ava i l ab l e .  This  fo l lows  no t  on ly  for  the  case  of 
c o m p e t i n g  a d s o r p t i o n  of i n h i b i t o r  and  H - a t o m s  b u t  
also because  of c o m p e t i n g  p a r a l l e l  r e a c t i o n  p a t h s  
for  H - d e p o s i t i o n ,  d e p e n d i n g  to d i f f e ren t  deg rees  on 
the  H - c o n c e n t r a t i o n  of t he  sur face .  H o w e v e r ,  th is  
r e q u i r e s  v e r y  spec ia l  a s s u m p t i o n s  no t  jus t i f i ed  b y  
e x p e r i m e n t a l  ev idence .  

A p r e f e r a b l e  less  e l a b o r a t e  a s s u m p t i o n  is t h a t  
bo th  p a r t i a l  r eac t ions  a r e  c on t ro l l e d  b y  an  e n e r g y  
b a r r i e r  a t  the  p h a s e  b o u n d a r y  w h i c h  r e q u i r e s  a s low 
d i s c h a r g e  m e c h a n i s m  for  t he  ca thod ic  p a r t i a l  r e -  
ac t ion.  A c c o r d i n g  to t he  H - o v e r v o l t a g e  t he o ry ,  b~ 
shou ld  t hen  be  of t h e  fo rm 2.303RT/azF,  w h e r e  R is 
t he  gas cons tan t ,  T the  a b s o l u t e  t e m p e r a t u r e ,  a a 
f ac to r  b e t w e e n  0 and  1, z t he  e l ec t ron  n u m b e r ,  and  
F the  F a r a d a y .  F o r  F e  in d i f fe ren t  i n h i b i t o r - f r e e  
so lu t ions  va lue s  of b~ b e t w e e n  0.08 and  0.15 v / l o g  i 
h a v e  been  o b s e r v e d  b y  d i f f e r en t  a u t h o r s  (3, 5, 13, 14) 
i n d i c a t i n g  v a l u e s  of a r a n g i n g  f r o m  0.7 to 0.4. The  
a v e r a g e  v a l u e  of b ,  f o u n d  d u r i n g  the  p r e s e n t  i n -  
v e s t i g a t i o n  is 0.088 _+ 0.004; a t h e r e f o r e  is 0.66. The  
t h e o r y  of s low d i s c h a r g e  p r e d i c t s  a = 0.5 for  t he  
case  t h a t  e x a c t l y  ha l f  of t he  o v e r v o l t a g e  is u sed  to 
l o w e r  the  a c t i v a t i o n  e n e r g y  of t he  f o r w a r d  reac t ion ,  
t he  o t h e r  ha l f  be ing  used  to i nc rea se  t h e  a c t i v a t i o n  
e n e r g y  of  t he  r e v e r s e  reac t ion .  H o w e v e r ,  th is  i dea l  
s y m m e t r y  need  no t  be  fo l l owed  in e v e r y  case  and,  
w i t h  a d i f f e ren t  a, s low d i s c h a r g e  (or  t h e  e l e c t r o -  
c h e m i c a l  m e c h a n i s m )  m a y  s t i l l  be  r a t e - d e t e r m i n i n g .  
If  th is  is a ccep t ed  for  t he  ca thod ic  p a r t i a l  r e a c t i o n  i t  
fo l lows  t h a t  an i nc rea se  of bH ind ica t e s  a d e c r e a s e  of 

and  t h e r e f o r e  a d e c r e a s e  in t he  f r ac t i on  of the  
ca thod ic  o v e r v o l t a g e  used  to l o w e r  t he  a c t i v a t i on  
e n e r g y  of the  H § t r a n s f e r  across  t h e  p h a s e  b o u n d a r y .  
This  r e q u i r e s  a d i s to r t i on  of t he  p o t e n t i a l  d i s t r i b u -  
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tion in the phase boundary .  I t  is then reasonable  to 
assume tha t  the cause of this dis tor t ion is the es tab-  
l i shment  of an addi t ional  energy  ba r r i e r  due to in-  
h ibi tor  adsorption.  Consequently,  the inhibi tor  l ayer  
is t r ea ted  as a uni form film which leaves the ava i l -  
able surface unchanged but  increases the act ivat ion 
energy  of H ~ t ransfer ,  thus decreas ing the p robab i l -  
i ty  of this  t ransfer .  While  dis tor t ion of the  potent ia l  
d is t r ibut ion  may  be responsible  for the change of 
bH lower ing  the t ransfe r  p robab i l i ty  is responsible  
for the decrease  of ( jo), .  The observed influence of 
the total  p ro jec ted  area  is then not tha t  of increas-  
ing surface coverage but  of increasing dens i ty  of 
the  uniform inhibi tor  layer .  The increase in densi ty  
should cause a propor t iona l  increase in the ac t iva-  
t ion energy. In  view of the considerable  e r ror  l imi t  
of the • values,  a s imilar  in te rp re ta t ion  cannot  be 
a t t empted  for bH as a function of the molecular  
s t ruc ture  of the inhibi tor .  

Inhibition oS the anodic partial reaction.--Except 
for the  single pa i r  of da ta  of b~.o before  and af ter  add i -  
t ion of p ropy lamine  as inhibi tor  no other  in fo rma-  
tion on anodic inhibi t ion has been obta ined  except  
the shift  of E~o. Assuming b~o = constant  : 0.075 
for inhib i ted  and un inh ib i ted  electrodes,  an anodic 
pa r t i a l  cur ren t  j" of the  inhibi ted electrode at  E~ 
can be obta ined  f rom I .... and Io and a quan t i ty  
(1-- j" / j~  " 100% ----I, can be ca lcula ted  which 
is comparab le  to L. This has been done g raph ica l ly  
and the resul t ing  values  of L (Table  III)  a re  used 
instead of the shift  of E"oorr for the discussion of 
anodic inhibit ion.  In view of the  a r b i t r a r y  assump-  
tion b~.e ~ constant  the same er ror  l imi t  has to be 
a t t r ibu ted  to the Io values  as to those of Ic. With in  
this l imi t  L, if not  a measure  of the  decrease of 
( j . )~ ,  is at  any r a t e  a measure  of the anodic in-  
h ibi t ion and therefore  jus t ly  cal led the "anodic in-  
hibi tor  efficiency". Table  III  shows that,  wi th  the 
except ion of methylamine ,  all  inhibi tors  inves t i -  
gated exhibi t  anodic as wel l  as cathodic inhibi t ion 
and a re  therefore  inhibi tors  of the  mixed  type.  
F u r t h e r m o r e  it is also seen tha t  all  ani l ine de r iva -  
t ives are  of a p redominan t ly  anodic type.  

Io is zero for methy]amine  and increases r ap id ly  
wi th  increasing chain length  of a lkylamines .  I t  has 
a l ready  been argued tha t  the to ta l  pro jec ted  area  
for a lky lamines  is constant  wi th  respect  to the 
cathodic pa r t i a l  reaction.  With in  the concept of gen-  
era l  adsorpt ion  and uni form electrode surface, the  
same mus t  be t rue  for the anodic pa r t i a l  reaction.  
An explana t ion  of the increase for I, in spite of 
constant  total  pro jec ted  area,  is offered by  the  
theory  of chemisorption.  I t  has been pointed out  by  
Hacke rman  and Makr ides  (8) tha t  chemisorpt ion of 
amines should increase wi th  electron donor p rop-  
ert ies and that ,  lacking other  data,  the  bas ic i ty  of 
the free amine  should be considered represen ta t ive  
of these propert ies .  As the basici t ies of the  a lky l -  
amines used here are  p rac t ica l ly  constant  (15), this  
suggestion gives no clue to the var ia t ion  of the  
chemisorpt ion of these compounds. Therefore,  it  
can only be assumed t en ta t ive ly  tha t  the contr ibut ion  
of chemisorpt ion to the  to ta l  adsorpt ion  may  in-  
crease wi th  increasing chain length,  whi le  the total  
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adsorbed amount ,  and therefore  the  to ta l  pro jec ted  
area, remains  constant  because of the existence of a 
sa tu ra ted  monolayer  of adsorbed amines. As has 
been ment ioned before,  this can be  expected to r e -  
sul t  in a decrease  of the  a p p a r e n t  r eac t iv i ty  of Fe  in 
the electrode surface. If slow charge t rans fe r  across 
the  in ter face  is r a t e - d e t e r m i n i n g  for  the  anodic 
pa r t i a l  reaction,  the anodic exchange cur ren t  (jo)F~ 
may  then be t rea ted  as the product  of the  t rue  sur -  
face a rea  (which is constant  if the  concept of uni -  
form adsorpt ion is correct) ,  a t ransfe r  p robab i l i t y  
( the p robab i l i ty  of the pene t ra t ion  of the  act ivat ion 
ba r r i e r  across the double  l aye r  by  Fe§247 and the 
iron surface react iv i ty .  The predominance  of anodic 
inhibi t ion can then be in te rp re ted  as being due to 
the lower ing  of the reac t iv i ty  by  chemisorption,  
where  the lower ing  of the t rans fe r  p robab i l i ty  by  
inhibi tor  adsorpt ion is roughly  the same as tha t  for 
the cathodic inhibi t ion.  

Ani l ine  der iva t ives  are  much less basic than  
s t ra ight  chain a lkylamines ,  but  they  a re  none the 
less the be t te r  anodic inhibitors .  The N - a l k y l a n i -  
l ines show a compara t ive ly  small  increase of Io wi th  
increasing chain length  of the  a l iphat ic  subst i tuent ,  
but  it  is doubtful  whe the r  this can be a t t r ibu ted  to 
the  basicity.  Basici ty  constants  of ani l ine der iva t ives  
(15) in di lute  solutions show tha t  the basic i ty  does 
not  increase r egu la r ly  wi th  chain length  of a l iphat ic  
subst i tuents .  The difference in basic i ty  of different  
compounds is usual ly  small,  so tha t  no predic t ions  
as to the basici ty  in concentra ted  solutions are pos-  
sible. Both the to ta l  amount  and the differences of 
anodic inhibi t ion observed wi th  ani l ine  der iva t ives  
are  therefore  difficult to explain.  Considering that  
wi th in  each group of N-a lky lan i l ines  the changes of 
Ia para l l e l  the changes of Ic, it  may  be assumed 
ten ta t ive ly  tha t  this indicates  an influence of the  
energy ba r r i e r  s imi lar  to tha t  of the cathodic pa r t i a l  
reaction. Whether  the large  to ta l  va lue  of I,  is 
caused by  addi t iona l  s trong chemisorpt ion of the 
ani l ine der iva t ives  cannot be decided here. 
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ABSTRACT 

When a t an ta lum wire  p a r t l y  covered by  s i lver  is exposed  to iodine vapor  
at  I74~ a AgI  l aye r  is fo rmed not  only  on s i lver  but  also r ap id ly  along the 
t an t a lum surface by  v i r tue  of local cell action involving migra t ion  of s i lver  
ions in AgI  and migra t ion  of electrons in the  t an t a lum wire  and across the  
AgI  layer .  The observed ra te  of s idewise g rowth  of the AgI  layer  a long the 
t an t a lum surface is in accord wi th  theore t ica l  calculations.  By and large, local 
cell act ion may  increase  the  ra te  of d ry  corrosion when there  are  different  
phases,  one of which involves easy flow of ions and another  involves  easy flow 
of electrons.  

Cor ros ion  of m e t a l s  in  aqueous  so lu t ions  a t  r o o m  
t e m p e r a t u r e ,  as  w e l l  as  co r ros ion  of m e t a l s  in  o x y g e n  
or  su l fu r  a t  e l e v a t e d  t e m p e r a t u r e s ,  has  been  i n t e r -  
p r e t e d  in  t e r m s  of  e l e c t r o c h e m i c a l  r e ac t i ons  and,  
acco rd ing ly ,  t he  r a t e s  of bo th  t y p e s  of  r eac t ions  m a y  
be  c a l c u l a t e d  f r o m  e l ec t r i c a l  m e a s u r e m e n t s .  T h e r e  
are,  h o w e v e r ,  s ign i f ican t  d i f fe rences  b e t w e e n  these  
two  t y p e s  of r eac t ions .  The  r a t e  of co r ros ion  in  
aqueous  so lu t ions  is f r e q u e n t l y  d e t e r m i n e d  b y  the  
m a g n i t u d e  of a c t i v a t i o n  po l a r i za t i on ,  and  ca thod ic  
a n d  anod ic  r eac t i ons  m a y  occur  a t  d i f fe ren t  i n t e r -  
faces  c o r r e s p o n d i n g  to loca l  cel l  act ion.  In  c o n t r a -  
d i s t inc t ion ,  t he  r a t e  of o x i d a t i o n  of m e t a l s  a t  e l e v a t e d  
t e m p e r a t u r e s  is f r e q u e n t l y  d e t e r m i n e d  b y  the  r a t e  
of  d i f fus ion  in  t he  so l id  r e a c t i o n  p r o d u c t  r a t h e r  t h a n  
b y  the  r a t e  of p h a s e  b o u n d a r y  reac t ions ,  and  d i f fu-  
s ion of ions  and  e l ec t rons  occurs  in  t he  s a m e  phase .  

I t  is a l r e a d y  k n o w n  t h a t  loca l  cel l  ac t ion  t a k e s  
p l ace  in  s o l i d - s t a t e  r eac t i ons  of t y p e  A + B ~ C + 
D, e.g., Cu + AgC1 = CuC1 W A g  at  230~ (1) .  
L ikewi se ,  i t  can  be  a n t i c i p a t e d  t h a t  loca l  cel l  ac t ion  
wi l l  be  o p e r a t i v e  w h e n  m e t a l s  a r e  ox id i zed  a t  e l e -  
v a t e d  t e m p e r a t u r e s  u n d e r  cond i t ions  i n v o l v i n g  sev -  
e r a l  phases ,  w i t h  easy  flow of ions  in  one p h a s e  a n d  
ea sy  flow of e l ec t rons  in a n o t h e r  phase .  In  p a r t i c u l a r ,  
w h e n  the  m a i n  p r o d u c t  of  an o x i d a t i o n  r e a c t i o n  has  
a h igh  e l ec t ron ic  b u t  a low ionic  conduc t i v i t y ,  a d d i -  
t ion  of  a n o t h e r  p h a s e  p r o v i d i n g  ea sy  flow of ions 
m a y  r e s u l t  in  a m u c h  h i g h e r  o v e r - a l l  co r ros ion  ra te .  
The  s a m e  is t r ue  if, conver se ly ,  t he  m a i n  p r o d u c t  
has  a h igh  ionic  b u t  a l ow  e l ec t ron ic  c o n d u c t i v i t y  
and  a n o t h e r  p h a s e  p r o v i d i n g  ea sy  flow of e l ec t rons  
is added .  A s  an  e x a m p l e  for  t he  l a t t e r  case, t he  r e -  
ac t ion  b e t w e e n  s i lve r  a n d  iod ine  v a p o r  has  been  in -  
ve s t i ga t ed .  A c c o r d i n g  to R e i n h o l d  and  Se ide l  (2)  

1Present  address:  Zent ra l forschungansta l t  Fried. Krupp,  Essen, 
Germany .  

~Present  address:  Max Planck Inst i tute  for Physical  Chemistry,  
Goett ingen,  Ge rmany .  

and  Jos t  and  Weiss  (3) ,  the  r a t e  of f o r m a t i o n  of A g I  
is d e t e r m i n e d  b y  t r a n s p o r t  of e l ec t rons  r a t h e r  t h a n  
ions across  t he  A g I  l a y e r  s ince  A g I  is m a i n l y  an  ionic  
conduc tor .  

Experimental 
To m a k e  loca l  cel l  ac t ion  poss ib le ,  Ta  w i r e s  w e r e  

cove red  b y  A g  b y  i m m e r s i n g  the  ends  of the  Ta  
w i r e s  in  m o l t e n  A g  c o n t a i n e d  in  a v y c o r  tube .  A f t e r  
c l e a n i n g  the  sur face ,  t he  Ta  w i r e s  w e r e  p l a c e d  to -  
g e t h e r  w i t h  d r i e d  iod ine  in  P y r e x  t u b e s  cooled  b y  
m e a n s  of d r y  ice. The  P y r e x  tubes  w e r e  e va c u a t ed ,  
s ea l ed  off, h e a t e d  in bo i l ing  decane  a t  174~ for  
15-150 min ,  and  p l a c e d  a g a i n  in  d r y  ice in  o r d e r  to 
t e r m i n a t e  t he  reac t ion .  A t  174~ the  v a p o r  p r e s s u r e  
of i od ine  a m o u n t s  to 575 m m  Hg. 

I t  was  o b s e r v e d  t ha t  a A g I  l a y e r  g r o w s  not  on ly  
on the  A g  su r f a c e  b u t  also s p r e a d s  a long  t h e  Ta  s u r -  
face  as is shown  s c h e m a t i c a l l y  in  Fig .  1. S u p p o s e d l y ,  
s i l ve r  ions m i g r a t e  in t he  A g I  l a y e r  and  e l ec t rons  
m i g r a t e  in the  Ta  w i r e  and  across  t h e  A g I  l aye r .  T h e  
d i s t a n c e  X '  b e t w e e n  t h e  t ip  of  t he  A g I  l a y e r  and  t h e  
s tep  n e x t  to the  A g  s lug  was  m e a s u r e d  and  the  e s t i -  
m a t e d  th i ckness  8 of t he  A g I  l a y e r  on the  s i l ve r  s lug  
was  a d d e d  in o r d e r  to o b t a i n  t he  l e n g t h  X ~ X'  W 8 
of t h e  A g I  l a y e r  on Ta. 

I I 
I 

x :O . . . .  x x:lX 

Fig. I .  React ion o f  iodine vapor  wi th  Ag  on Ta 
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Fig. 2. Square of the length X of a Agl  layer on To (x), 
Pt (o), and graphite (-f-) vs. t ime. 

where  V~, = 1/c~ is the molar  volume of AgI  and K 
is the total  conduct iv i ty  which is v i r t ua l ly  equal  to 
the cationic conduct iv i ty  K~. 

The electrochemical  po ten t ia l  ,7~ is the sum of the 
chemical  potent ia l  g~ of the  s i lver  ions and the p rod -  
uct 6F where  r is the local e lectr ical  potential .  In 
view of the high degree  of d isorder  of the  cations in 
AgI  above 146 ~ the i r  chemical  potent ia l  g~ is v i r tu -  
a l ly  constant.  Thus the gradient  of the e lec t rochem- 
ical potent ia l  vl is essent ia l ly  equal  to the  product  
of the gradient  of the electr ical  potent ia l  and the 
F a r a d a y  constant,  

a~, /Ox ~ F ( O 6 / O x )  [4] 

In view of Eqs. [2] and [4],  Eq. [1] may  be re -  
wr i t t en  as 

~ ~-- - u~c~(O6/ox)  [5] 

Results  are shown in Fig. 2. In accord wi th  Eq. 
[25] der ived  below, a plot  of the square of length  
X vs. t ime t yields a s t ra ight  line. F igure  2 also 
shows results  obta ined wi th  Pt  and graphi te  ins tead 
of Ta. These results  show no significant difference, 
a l though Pt  i tself  reacts  to a minor  extent  wi th  
iodine vapor  and yie lds  a ve ry  th in  blackish film 
which can be dis t inguished easi ly  f rom the much 
th icker  ye l low AgI  layer .  

Some samples were  sectioned and examined  micro-  
scopically. The thickness of the  AgI  layer  on Ag was 
found to be 0.046 cm for t = 4740 sec. The thickness 
of the AgI  layer  on Ta was found to decrease wi th  
increasing dis tance x from the Ag slug, qua l i t a t ive ly  
in accord wi th  Eq. [20] der ived  below. 

Theoretical Calculations 
The location of the  th ree -phase  bounda ry  A g - T a -  

AgI  at  t = 0 is supposed to be at x ~ 0 ( s ee  Fig. 1) 
and moves at t > 0 wi th  respect  to a hypothe t ica l  
m a r k e r  inside the Ta wire  since Ag is consumed by 
the sidewise growth  of the  AgI  layer .  If  the  th ick-  
ness of the  Ag layer  on the Ta wire  is much grea te r  
than  the thickness of the AgI layer ,  the shift  of the 
location of the t h r ee -phase  bounda ry  with  t ime is 
only minor  and wil l  be d is regarded  in what  follows. 

In principle,  migra t ion  of s i lver  ions, iodine ions, 
and electrons denoted as par t ic les  of type  1, 2, and 3 
is to be considered. Pract ica l ly ,  the migra t ion  of 
iodine ions is insignificant (4).  

The flux j~ of s i lver  ions in the AgI  layer  on the 
Ta wire  along the surface (x -d i rec t ion)  may  be 
calcula ted as (5) 

jl = - - (K1/F ~) (O~JOx) at 0 < x < X [1 ]  

where  ~1 is the local e lect rochemical  potent ia l  of the 
s i lver  ions, F is the  F a r a d a y  constant,  x is dis tance 
as shown in Fig. 1, and X denotes the  location of the  
t ip of the AgI  layer  at  t ime t. The pa r t i a l  conduc-  
t iv i ty  K~ for s i lver  ions in AgI  m a y  be wr i t t en  as 
the product  of their  concentra t ion cl, the i r  e lectr ical  
mobi l i ty  u,, and the F a r a d a y  constant,  

K~ = c~u~F [2] 

F rom Eq. [2] the  mobi l i ty  u, m a y  be calcula ted as 

u~ = KI/c~F = KVA~,/F [3] 

i.e., the dr iv ing  force for the migra t ion  of s i lver  ions 
in AgI  results  ma in ly  f rom an electr ical  field. 

The format ion of AgI  from si lver  and iodine vapor  
follows the parabol ic  ra te  law (2, 3) 

6 = (2 k ' t )  1/~ at x < 0 [6] 

where  8 is the thickness of the AgI  film at  t ime  t and 
k' is the ra te  constant  of Tammann ' s  ra te  law. Since 
the ra te  is de te rmined  essent ia l ly  by  migra t ion  of 
electrons, the  ra te  depends v i r tua l ly  only on the 
grad ien t  of the e lectrochemical  potent ia l  ~73 of the 
electrons. In view of the high conduct iv i ty  of Ag 
and Ta, n.', is p rac t ica l ly  constant  along the  ent i re  
m e t a l - A g I  in ter face  ( x  > <  0). Thus the thickness 6 
of the AgI  l aye r  on the Ta wire  follows the same 
ra te  law af ter  t ime t,  at  which the tip of the AgI  
layer  has a r r ived  at  x, 

6 =  [ 2 k ' ( t - - t ~ ) ] I / ~ ' a t O < x < X  [7] 

corresponding to the different ia l  equat ion 

06/Ot = k ' / 8  at t > t,  [8] 

and the bounda ry  condit ion 

8---- 0 at  t = t= [ 9 ]  

The cont inui ty  condit ion requires  tha t  the amount  
of AgI  formed per  uni t  wid th  is equal  to the nega-  
t ive  value  of the d ivergence  of the  flow of s i lver  ions 
per  uni t  width.  Thus 

c1(06 /0 t )  = 0 ( j 6 ) / O x  [10] 

Subst i tu t ion of Eqs. [1], [2], and [8] in Eq. [10] 
yields 

F O x  0x = ~-  [11] 

At  the tip of the AgI  l aye r  the  average  veloci ty  of 
the s i lver  ions equal  to j l / c ,  must  be  equal  to the 
ra te  of advancement  of the tip, d X / d t .  In view of 
Eqs. [1] and [2] i t  follows tha t  

ci :~ F :x 

At the two-phase boundary Ag-Agl at x----O, 
equilibrium for the reaction 
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Ag(s) = Ag + (in AgI) -~ e- [13] 
is supposed to be established. Thus 

txAg ~ = *h(x ---- 0) -4- ,/~ [14]  

w h e r e / ~ o  is t he  s t a n d a r d  c h e m i c a l  p o t e n t i a l  of Ag.  
A l o n g  the  t h r e e - p h a s e  b o u n d a r y  T a - A g I - g a s  at  

x - - - -X,  e q u i l i b r i u m  for  t he  r e a c t i o n  

1 
Ag~( in  A g I )  ~- e- A- -~- I : ( g )  = A g I  [15]  

is s u p p o s e d  to be  e s t ab l i shed .  Thus  

1 
, h (x  : X )  -4- ~73 A- - -~ ,~  = ~Ag' ~ [16] 

2 

w h e r e  ~i., and  ~A~X ~ deno t e  the  c h e m i c a l  p o t e n t i a l s  of 
i od ine  in t h e  gas  p h a s e  and  so l id  s i l ve r  iodide ,  r e -  
spec t ive ly ,  and  the  e l e c t r o c h e m i c a l  p o t e n t i a l  w of 
t h e  e l ec t rons  has  the  s ame  v a l u e  as in  Eq. [14]  in 
v i e w  of t he  h igh  e l ec t ron ic  c o n d u c t i v i t y  of  t h e  
m e t a l l i c  phases .  

Upon  a d d i n g  c o r r e s p o n d i n g  s ides  of Eqs. [14] and  
[ 16] and  r e g r o u p i n g ,  i t  fo l lows  t h a t  

[ 1 ]  
~1 ( X  : 0 )  - - n l ( X  : X )  : - -  J[LAgI~ - -  t~s176 - -  " ~ 1 2  

: - - •  : E F  [17] 

w h e r e  AF is the  f ree  e n e r g y  of f o r m a t i o n  of A g I  a n d  
E is t he  e m f  of a g a l v a n i c  cel l  i n v o l v i n g  f o r m a t i o n  
of one m o l e  A g I  f rom the  e l e m e n t s  on pas s ing  one 
f a r a d a y  as v i r t u a l  ce l l  r eac t ion .  

S ince  th is  is a s emi - i n f i n i t e  d i f fus ion p r o b l e m ,  the  
loca t ion  of t he  t ip  of the  A g I  l a y e r  is s u p p o s e d  to be  
p r o p o r t i o n a l  to the  s q u a r e  roo t  of t i m e  t, 

X = 2(Tt)  ~/~ [18] 

w h e r e  T is a cons t an t  p a r a m e t e r  w h i c h  has  t he  
d i m e n s i o n  of a d i f fus ion  coefficient.  

In  v i e w  of Eq. [18] ,  t he  v a l u e  of t~ i n t r o d u c e d  in 
Eq. [7]  is 

t~ ~ x~/4T [19] 

w h e r e u p o n  Eq. [7]  becomes  

= [2 k ' t (1  -- x~ /X  ~) ]~/~ [20] 

S u b s t i t u t i o n  of Eq. [20]  in Eqs. [11] and  [12] 
y i e ld s  

u~ 0 2 k ' t  ( 1 -- x"/X-') 
F O x  ax 

k '  
: [21]  

[2 k ' t (1  - -  x V X  ~) ]~/~ 

2F~, ( 0 , /1 )  _ [22] 

Upon  i n t e g r a t i n g  Eq. [21] once w i t h  r e spe c t  to 
x a t  c o n s t a n t  t and  us ing  Eq. [18] a n d  [22] 

0,/~ 2TF cos -1 ( x / X )  [22] 
ax u~X (1 - -  x~IX'-) ~t~ 
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Upon  i n t e g r a t i n g  Eq. [23] b e t w e e n  x = 0 and  
x ~ X ,  us ing  Eq. [17],  a n d  so lv ing  for  ~, i t  fo l lows  
t h a t  

T =  (4/~r~)ul E [24] 

In  v i e w  of Eqs. [18]  and  [24] ,  the  l oca t i on  X of 
the  t ip  of A g I  l a y e r  a t  t i m e  t is found  to be  

X : (4 /~ )  (ulEt)  ~/2 [25] 

E q u a t i o n  [24] has  been  e v a l u a t e d  b y  us ing  t h e  
n u m e r i c a l  va lue s  VAg,=38 .4  cm3/mole  (6 ) ,  K~g, 
1.5 ohm -1 cm -1 (7) ,  ul----6.0 X 10 - '  cm 2 vo l t  -1 sec 1 
c a l c u l a t e d  f rom Eq. [3] ,  AF = --16,135 c a l / m o l e  ca l -  
c u l a t e d  f rom the  h e a t  of f o r m a t i o n  at  25~ e n -  
t h a l p y  inc remen t s ,  and  e n t r o p y  va lue s  (8, 9) co r -  
r e s p o n d i n g  to E = 0.70 v. Thus  T has  been  f o u n d  to 
be  1.7 X 10 4 cm~/sec. The  s t r a i g h t  l ine  in Fig .  2 
has  been  d r a w n  in accord  w i t h  th is  v a l u e  a n d  ag rees  
c lose ly  w i t h  t he  o b s e r v e d  va lues .  This  conf i rms  the  
p r i nc ip l e s  of t he  t h e o r e t i c a l  ana lys i s .  

Concluding Remarks 
The r e su l t s  of t h e  fo rego ing  e x p e r i m e n t s  m a y  be  

gene ra l i zed .  S i d e w i s e  g r o w t h  of t a r n i s h i n g  l a y e r s  
m a y  also be e x p e c t e d  w h e n  Ta  w i r e s  p a r t l y  cove red  
b y  A g  a re  e x p o s e d  to c h l o r i n e  or  b r o m i n e  gas. In  
v i ew of t he  l o w e r  ionic  c o n d u c t i v i t y  of AgC1 and  
A g B r  c o r r e s p o n d i n g  to a l o w e r  a v e r a g e  m o b i l i t y  
u, of s i l ve r  ions  in AgC1 a n d  A g B r ,  h o w e v e r ,  s ide -  
wi se  g r o w t h  wi l l  be  less  spe c t a c u l a r .  

E s p e c i a l l y  h igh  o x i d a t i o n  r a t e s  m a y  r e su l t  w h e n  
an  a l l oy  y i e lds  a compos i t e  scale  cons i s t ing  of a m e l t  
p r o v i d i n g  easy  flow of ions and  a sol id  phase  p r o v i d -  
ing  easy  flow of e lec t rons .  E x p e r i m e n t a l  i n v e s t i g a -  
t ions  a r e  in p r e p a r a t i o n .  
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The Effect of Temperature and Thickness on the Electrical 
Resistivity of Ceramic Coatings 
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ABSTRACT 

Tests show that  the electr ical  resis t ivi ty of ceramic coatings less than 3 mils 
thick vary  wi th  thickness, a l though the var ia t ion  of resis t ivi ty wi th  t empera -  
ture  is normal.  It  is bel ieved that  the resis t ivi ty-thickness var ia t ion is due to 
surface i r regular i t ies  and meta l -ceramic  interface factors which together  pro- 
duce nonuniform, nonhomogenous coatings. Consequently,  electr ical  character is-  
tics of ceramic coatings intended for electr ical  insulat ion use should be evaluated  
only from measurements  made on coatings closely approximat ing  actual service 
thicknesses. 

Recen t  demands  for  e lec t r i ca l  and  e lec t ron ic  c o m -  
ponen ts  capab le  of ope ra t ion  at t e m p e r a t u r e s  as h igh  
as 500~ h a v e  led to the  i nves t i ga t i on  of ce ramic  m a -  
te r ia ls  app l i ed  in th in  coat ings  for  e l ec t r i ca l  i n su l a -  
tion. Such  coat ings  are  of the  o rde r  of 0.0005 in. or 
less in th ickness .  H o w e v e r ,  the  e l ec t r i ca l  p roper t i es ,  
p a r t i c u l a r l y  the  res i s t iv i ty ,  of such th in  coat ings  a r e  
f r e q u e n t l y  l ower  t h a n  those  r e p o r t e d  for  the  same  or 
s imi la r  m a t e r i a l  in mas s ive  fo rms  or w h e n  app l ied  
in t h i c k e r  coat ings.  C o n s e q u e n t l y  it  was  t h o u g h t  
wise  to exp lo r e  the  r e s i s t i v i t y  vs. th ickness  r e l a t i o n -  
ship for  t h in  coat ings  on the  t h e o r y  tha t  fac tors  
ope ra t i ng  at  the  m e t a l - c e r a m i c  i n t e r f ace  as we l l  as 
ou te r  su r face  i r r egu l a r i t i e s  m i g h t  be e x p e c t e d  to 
affect the  m e a s u r e d  res i s tance  of v e r y  th in  coat ings.  
If this w e r e  t rue ,  i t  w o u l d  be u n w i s e  to e v a l u a t e  
ce ramics  for  des ign purposes  on the  basis of res i s -  
t i v i t y  m e a s u r e d  on th i ck  coatings.  

Strauss ,  R icha rds  and  Moore  (1) app l ied  ce ramic  
type  coat ings  to Incone]  s t r ips  by  d ipp ing  and 
s tud ied  the  effects of t e m p e r a t u r e  on res i s t iv i ty .  
T h e y  concIuded  tha t  the  r e s i s t i v i t y  of  c e r a m i c  coa t -  
ings is i n d e p e n d e n t  of th ickness  ove r  the  th ickness  
r ange  0.003 in. to 0.020 in. 

Experimental 
The  e x p e r i m e n t a l  t e c h n i q u e  used in this  i nves t i -  

ga t ion  was  s imi la r  to t h a t  of Strauss ,  et al. (1) .  
Incone l  p la tes  21/2 in. by  1~/2 in. by  1/16 in. w e r e  
po l i shed  and  ox id ized  to g ive  a sur face  su i t ab le  for  
the  app l i ca t ion  of a c e r amic  coat ing.  The  ox ida t ion  
was  p e r f o r m e d  in a con t ro l l ed  w e t  h y d r o g e n  a t m o s -  
p h e r e  to s ecu re  the  p r o p e r  t y p e  and a m o u n t  of 
ox ide  to f o r m  a s t rong  ce ramic  to m e t a l  bond  (as 
d e t e r m i n e d  in p r ev ious  w o r k  h e r e ) .  Ten  of these  
p la tes  w e r e  coa ted  w i t h  each of two  k inds  of ce-  
ramic .  The  n o m i n a l  ox ide  composi t ions  for  the  
coat ings  are  g iven  in Tab le  I. In  each  g roup  two  
p la tes  w e r e  coa ted  at  each  of the  fo l lowing  t h i c k -  
nesses:  0.005 in., 0.003 in., 0.001 in., 0.0005 in., and  
0.00025 in. T h e  ce r amic  f r i t  was  suspended  in  iso-  
p ropano l  and sp rayed  f r o m  a De Vilbiss  a t o m i z e r  
onto one  side of the  plates.  A f t e r  air  d r y i n g  the  

Table I. Ceramic coatings composition 

G-6 (I) G-6G (I) I-2 (i) 5210 H-147 

SiO~ 27.73 28.40 49.48 48.16 39.30 
B~O~ 4.36 4.46 15.24 7.85 8.71 
A120~ 1.90 1.90 7.37 3.62 0.98 
Cr.~O~ 28.76 28.76 - -  - -  
BaO 29.53 30.29 - -  18.26 33.24 
CaO 2.68 2.75 5.21 1.06 2.95 
ZnO 3.36 3.44 - -  4.32 3.75 
BeO 1 . 6 8  . . . .  
Na~O - -  - -  13.75 2.58 2.24 
K~O - -  - -  3.54 1.08 1.60 
F~ - -  - -  3.44 0.10 0.77 
MnO - -  - -  0.76 - -  - -  
C o O  - -  - -  0.56 - -  - -  
NiO - -  - -  0 . 6 5  - -  

T i O 2  - -  - -  - -  8 . 4 0  3 . 4 6  

ZrO - -  - -  - -  4.67 2.08 
MgO . . . .  0.17 
P s O 5  . . . .  0.62 
Co20~ . . . .  0.03 
MnO2 - -  - -  - -  - -  0.05 
N i ~ O ~  . . . .  0 . 0 5  

coa t ing  was  fired for  3 m i n  a t  1050 ~ or  1195~ de -  
p e n d i n g  on fo rmu la t i on .  A 3/4 in. d i a m e t e r  e l ec t rode  
was  f o r m e d  on the  ce ramic  by  b r u s h i n g  s i lve r  pa in t  
on t h r o u g h  a t e m p l a t e  c e n t e r e d  on the  plate .  A f t e r  
a i r  d r y i n g  the  s i lve r  pa in t  was  baked  to f o r m  a 
smooth,  a d h e r e n t  e l ec t rode  of  k n o w n  area.  This  is 
e s sen t i a l ly  the  same as the  B u r e a u  of S t a n d a r d s  
t e c h n i q u e  (1) .  Add i t i ona l ly ,  r e s i s t ance  m e a s u r e -  
men t s  w e r e  m a d e  us ing  a conduc t i ng  r u b b e r  e l ec -  
t rode.  M e a s u r e m e n t s  w e r e  m a d e  w i t h  d i r ec t  v o l t a g e  
at 24~ and 50% r e l a t i v e  h u m i d i t y  us ing  a K e i t h l e y  
v a r i a b l e  vo l t age  p o w e r  supp ly  and a K e i t h l e y  e lec -  
t ron ic  v o l t m e t e r  w i t h  a shun t  w h i c h  conve r t s  i t  to 
a m i c r o m i c r o a m m e t e r .  No po l a r i t y  effect  was  ob-  
served,  nor  did the  res i s t ance  v a r y  w i t h  the  v o l t a g e  
appl ied.  Vo l t age  v a r i e d  f r o m  10 v on t h e  t h innes t  
spec imens  to 500 on the  th ickes t ,  the  inc rease  in t he  
v o l t a g e  be ing  necessa ry  to a ch i eve  m e a s u r a b l e  c u r -  
ren ts  w i t h  the  t h i cke r  specimens .  The  res i s t ance  of 
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the  spec imens  v a r i e d  so w i d e l y  t h a t  i t  w a s  neces -  
s a ry  to v a r y  the  vo l t age  in  o r d e r  to m a i n t a i n  t h e  
c u r r e n t  w i t h i n  the  r a n g e  of t he  m e a s u r i n g  e q u i p -  
ment .  Consequen t ly ,  n e i t h e r  cons t an t  vo l t age  no r  
cons t an t  vo l t age  g r a d i e n t  was  m a i n t a i n e d .  The  con-  
d i t ions  m o r e  n e a r l y  a p p r o x i m a t e d  cons t an t  cu r r en t .  

In  o r d e r  to assess  the  effect of su r f ace  i r r e g u l a r i -  
t ies  be t t e r ,  t he  0.005 in. spec imens  w e r e  r e d u c e d  
p r o g r e s s i v e l y  in c e r amic  th ickness .  This  p r o c e d u r e  
w o u l d  f u r t h e r  show w h e t h e r  r e s i s t ance  was  u n i -  
f o r m  t h r o u g h o u t  t he  t h i cknes s  of t he  film. The  
spec imens  w e r e  g r o u n d  on a m e t a l l u r g i c a l  po l i sh ing  
w h e e l  to success ive  a p p r o x i m a t e  t h i cknesses  of 
0.004, 0.003, 0.002, 0.001, and  0.0005 in. Res i s t ance  
m e a s u r e m e n t s  w e r e  m a d e  w i t h  conduc t i ng  r u b b e r  
e l ec t rodes  at  each  s tage.  

F o r  h igh  t e m p e r a t u r e  app l i ca t ion ,  t h e  r e s i s t i v i t y  
at  t e m p e r a t u r e  is o b v i o u s l y  t he  i m p o r t a n t  p r o p e r t y .  
To e s t ab l i sh  th is  t he  0.001, 0.003, a n d  0.005 in. 
spec imens  w e r e  used  to d e t e r m i n e  the  r e s i s t i v i t y  
at  t e m p e r a t u r e s  f rom 25 ~ to 500~ 

Resul ts  

F i g u r e  1 shows  r e s i s t i v i t y  vs. t h i ckness  f rom th is  
s t u d y  a n d  f r o m  t h a t  of S t rauss ,  R icha rds ,  a n d  Moore  
(1) .  The  p r e s e n t  d a t a  w e r e  g a t h e r e d  a t  r o o m  t e m -  
p e r a t u r e  ( e x c e p t  for  po in t s  E and  F )  and  t h e  o the r s  
w e r e  m e a s u r e d  a t  e l e v a t e d  t e m p e r a t u r e s .  In  t h e  
o r i g i n a l  r e s i s t i v i t y  vs. t h i cknes s  cu rves  of (1) ,  t h e r e  
a r e  s e v e r a l  po in t s  s c a t t e r e d  b e l o w  t h e  G-6 ,  G - 6 G  
l ine  b e t w e e n  0.003 a n d  0.005 in. w h i c h  m i g h t  in -  
d ica te  the  b e g i n n i n g  of  a d o w n w a r d  t r end .  

The  a u t h o r ' s  d a t a  show tha t  bo th  ce ramics  d e -  
c rease  in r e s i s t i v i t y  as t h i cknes s  decreases ,  the  
m a j o r  dec l ine  b e i n g  a t  t h i cknesses  b e l o w  0.001 in. 

F i g u r e  2 is a p lo t  of the  r e s i s t i v i t y  vs. t h i cknes s  
for  the  g r o u n d  samples .  F o r  t he  5210 ceramic ,  the  
g r o u n d  spec imens  fo l low the  o r i g i n a l  c u r v e  c losely ,  
w h e r e a s  as soon as the  H-147 coa t ing  was  g r o u n d  

~ o c "k 
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Fig. l .  Resistivity vs. ceramic thickness, measured with 
silver electrodes. A, 52]0, room temperature; B, H-147, room 
temperature; C, G-6 and G-6G, 400~ (1); D, I-2, 300~ (1); 
E, 5210, 400~ F, H-147, 400~ 

f rom 0.005 to 0.004 in. the  r e s i s t i v i t y  d e c r e a s e d  b y  
3 decades .  

The  cu rves  for  r e s i s t i v i t y  vs. t e m p e r a t u r e  ob -  
t a i n e d  in  th is  s t u d y  as w e l l  as t ha t  f r o m  t h e  B u r e a u  
of S t a n d a r d s  (1) a re  a l l  s im i l a r  in  s h a p e  and  s lope  
(Fig .  3) .  The  dec rease  of l lA to 2 decades  in r e -  
s i s t i v i t y  p e r  100~ inc rea se  in t e m p e r a t u r e  ind ica t e s  
t ha t  t he  ce ramics  a r e  n o r m a l  at  u s u a l  t h i cknes se s  
and  t h a t  the  v a r i a t i o n  of r e s i s t i v i t y  w i t h  t h i cknes s  
is no t  p e c u l i a r  to the  spec ia l  c e r amics  used  in th is  
work .  

Discuss ion  

I t  is a p p a r e n t  f r o m  Fig.  1 t h a t  t he  r e s i s t i v i t i e s  of  
a p p l i e d  ce ramics  a r e  no t  i n d e p e n d e n t  of  coa t ing  
th i ckness  w h e n  the  t h i cknes s  is b e l o w  0.003 in. 
W h i l e  the  r e s i s t i v i t y  of a t i n y  sec t ion  of  t he  c e r a m i c  
e n c o m p a s s i n g  on ly  a few mo lecu l e s  in  a n y  d i r ec t i on  
m a y  be  cons tan t ,  t he  m e a s u r e d  r e s i s t i v i t y  m u s t  i n -  
c lude  m a n y  such sec t ions  as w e l l  as sec t ions  w h i c h  
a re  no t  f ree  f rom the  effects of t he  c e r a m i c - m e t a l  
i n t e r f a c e  or  su r f ace  i r r e g u l a r i t i e s .  As  the  o v e r - a l l  
c e r a mic  t h i cknes s  dec reases  t h e s e  d i s t u r b i n g  effects 
m u s t  m a n i f e s t  t h e m s e l v e s  to an  i n c r e a s i n g  degree .  In  
t h i cknesses  of t he  o r d e r  of 0.0005 in. t he  a p p l i c a t i o n  
t e c h n i q u e  w h i c h  has  an  effect on su r f ace  r o u g h n e s s  
and  the  i n t e r f a c e  c h a r a c t e r i s t i c s  o v e r b a l a n c e  the  
i n t e r n a l  e l ec t r i ca l  c h a r a c t e r i s t i c s  of the  ce ramic .  
Such  i n t e r f a c e  c h a r a c t e r i s t i c s  as c e r a m i c  to m e t a l  
b o n d i n g  ( i n t e r p e n e t r a t i o n  of t he  c e r a mic  a n d  m e t a l  
by  each  o t h e r ) ,  m e t a l  ox ide  cha rac te r i s t i c s ,  a n d  
roughnes s  of t he  s u b s t r a t e  sur face ,  a l l  inf luence  the  
m e a s u r e d  r e s i s t a nc e  f r o m  w h i c h  r e s i s t i v i t y  m u s t  be  
ca l cu la t ed .  This  c a l cu l a t i on  has  to be  m a d e  on the  
bas i s  of a n o m i n a l  or  g e n e r a l  t h i ckness  m e a s u r e -  
m e n t  w i t h  a m i c r o m e t e r  w h i c h  touches  on ly  t he  
h igh  spots  of t he  c e r a mic  sur face .  As  c e r a m i c  s u r -  
face  roughnes s  increases ,  the  a c t u a l  s u r f a c e  a r e a  of 
the  m e a s u r i n g  e l ec t rode  va r i e s  f rom the  a p p a r e n t  
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Fig. 2. Resistivity vs. ceramic thickness, measured with 
rubber electrodes at room temperature. A, open circle, 52]0, 
as applied, open square, 52]0, applied at 5 mils, then ground 
to plotted thickness; B, open triangle, H-147, as applied, 
x, H-]47, applied at 5 mils, then ground to plotted thickness. 
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area  based on a d i ame te r  m e a s u r e m e n t  an d  the  
ceramic  th ickness  also varies ,  be ing  a lways  less 
t h a n  tha t  ind ica ted  by  a m i c r o m e t e r  m e a s u r e m e n t .  
As a consequence  of these considerat ions ,  the  elec-  
t r ica l  charac ter is t ics  of ceramics  i n t e n d e d  for elec-  
t r ica l  i n su l a t i on  use should  be eva lua t ed  on ly  f rom 
m e a s u r e m e n t s  on coat ings closely a p p r o x i m a t i n g  
ac tua l  service th ickness .  

I t  is be l i eved  tha t  the  e x p l a n a t i o n  for the  v a r i a -  
t ion  of res i s t iv i ty  w i th  th ickness  lies in  two effects, 
ceramic  surface  i r r egu la r i t i e s  and  c e r a m i c - m e t a l  
in te r face  factors. The la rger  th icknesses  show a 
h igher  and  more  cons tan t  res i s t iv i ty  wi th  the  r u b -  
ber  e lect rode t h a n  w i th  the  s i lver  p a i n t  e lect rode 
(compare  Fig. 1 w i th  Fig. 2), i nd i ca t ing  tha t  the  
surface  i r r egu la r i t i e s  are more  i m p o r t a n t  a t  these 
thicknesses,  s ince the r u b b e r  e lec t rode  does no t  fol-  
low these  i r r egu la r i t i e s  as wel l  as does the s i lver  
pa in t  electrode.  

However ,  at  ve ry  smal l  th icknesses ,  the  in te r face  
factors become more  impor t an t ,  and  these affect 
the  res is t iv i t ies  d e t e r m i n e d  wi th  e i ther  electrode.  

The sudden  drop wi th  on ly  a s l ight  decrease in  
th ickness  observed  wi th  the  H-147 ceramic  is re -  
la ted  to the m a n n e r  in  which  the  ceramic  was  fired. 
This  m a t e r i a l  was  deve loped  for f ir ing in  a p ro -  
tec t ive  a tmosphere ,  bu t  i t  was fired in  air  to assess 
the effect of such t r ea tmen t .  The  air  f i r ing increased  
the subs t r a t e  ox ida t ion  and  hence  the  a m o u n t  of 
oxide dissolved in  the  ceramic  coat ing.  This  ox ide-  
r ich ce ramic  was  over la in  by  a n o r m a l  ceramic  
layer .  Once this  low oxide l ayer  was  removed,  the 
r e m a i n i n g  oxide r ich layer  exh ib i t ed  its m a r k e d l y  
lower  e lec t r ica l  proper t ies .  

There  was  cons ide rab le  v a r i a t i o n  in  the res i s tance  
of the t h i n n e s t  samples  at  t e m p e r a t u r e s  b e t w e e n  
25 ~ and  200~ Some of t hem showed h igher  r e -  
s is tances at  100 ~ and  200~ t h a n  at  25~ A second 
series of m e a s u r e m e n t s  gave a fa i r ly  good dup l i ca -  
t ion  of this  pe r fo rmance .  

I t  is be l i eved  tha t  this  behav io r  was caused b y  the  
p e n e t r a t i o n  of the  t h i n  and  imper fec t  ceramic  films 
by  the moi s tu re  in  the  50% h u m i d i t y  room w he r e  
the samples  were  condi t ioned  and  tes ted a t  25~ 
The m o i s t u r e  was  r emoved  by  h e a t i n g  to 100 ~ 
200~ af ter  wh ich  the  res i s tance  of these samples  
fol lowed a n o r m a l  course. W h e n  the  spec imens  were  
cooled to 25~ for the  repea t  test  mo i s tu re  aga in  
p e n e t r a t e d  the  ceramic  and  the curves  were  r e -  
pea ted  for these mo i s tu r e  sens i t ive  samples.  The  
th icker  samples,  of course, showed a smooth ly  de-  
c reas ing  res i s tance  vs. t e m p e r a t u r e  curve,  as de-  
picted in  Fig.  3. 
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Fig. 3. Resistivity vs. temperature measured with silver 
electrodes. A, 5210; B, H-147; C, G-6 and G-6G (1); D, 1-2 
(1). 

Conclusions 
1. The res i s t iv i ty  of ceramic  coat ings  decreases 

wi th  inc reas ing  t empera tu re ,  as is to be  expected.  
2. The  res i s t iv i ty  of t h i n  ceramic  coat ings is 

affected by  surface  i r r egu la r i t i e s  and  factors  exis t ing  
at  the m e t a l - c e r a m i c  in te r face  which  opera te  to 
p roduce  a n o n h o m o g e n o u s  coat ing of n o n u n i f o r m  
thickness .  

3. Elec t r ica l  charac ter is t ics  of ceramics  i n t e n d e d  
for use as e lect r ical  i n su l a t i on  should be eva lua t ed  
on ly  f rom m e a s u r e m e n t s  on coat ings closely ap-  
p r o x i m a t i n g  ac tua l  service condit ions.  
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ABSTRACT 

Absorp t ion  of x - r a y  fluorescence f rom the base meta l  of a p la ted  sample  is 
the most  f r equen t ly  used x - r a y  method  for  coating thickness  determinat ions .  If 
both coat ing and base me ta l  y ie ld  f luorescent x - rays ,  it  is necessary to isolate 
the base  meta l  fluorescence before  measurement .  

Balanced filters a re  used for  isolat ing the fluorescence f rom the base metal ,  
and resul ts  show close agreement  wi th  crys ta l  reflection techniques.  S impl ic i ty  
of the  method,  toge ther  wi th  low equipment  cost and high accuracy,  r ecom-  
mend it  as a useful  tool in measur ing  p la t ing  thicknesses.  

The  m e t h o d  of m e a s u r i n g  coa t ing  t h i cknes se s  b y  
f luorescen t  x - r a y  a b s o r p t i o n  i nvo lves  i r r a d i a t i n g  a 
s a m p l e  w i t h  an  i n c i d e n t  x - r a y  b e a m  of suff icient  
e n e r g y  ( 1 )  to exc i t e  base  m e t a l  f luorescence.  The  
t h i cknes s  of t he  coa t ing  l a y e r  is d e t e r m i n e d  b y  ob -  
se rv ing ,  w i t h  a G e i g e r  counte r ,  t h e  a b s o r p t i o n  of 
ba se  m e t a l  f luorescence  as i t  passes  t h r o u g h  the  
coat ing .  

I f  t he  base  m e t a l  is of l o w e r  a tomic  n u m b e r  t h a n  
t h e  coat ing ,  i n t e r f e r e n c e  f r o m  coa t ing  f luorescence  
can  be  e l i m i n a t e d  b y  a d j u s t m e n t  of t he  i n c i d e n t  
x - r a y  t u b e  p o t e n t i a l  (1 ) .  This  w a s  d e m o n s t r a t e d  b y  
B e e g h l y  (2)  in  h is  d e t e r m i n a t i o n  of t in  coa t ing  
t h i cknes s  on steel ,  w h e r e  t he  x - r a y  t u b e  p o t e n t i a l  
was  he ld  b e l o w  tha t  r e q u i r e d  to exc i t e  t in.  

In  s a m p l e s  w h e r e  t he  coa t ing  is of l o w e r  a tomic  
n u m b e r  t h a n  the  base  me ta l ,  bo th  coa t ing  and  base  
m e t a l  w i l l  be  exc i t ed  b y  the  i n c i d e n t  x - r a y  beam.  
The re fo re ,  i t  is n e c e s s a r y  to i so la te  base  m e t a l  f luo-  
r e scence  f r o m  t h a t  of the  coa t ing  be fo re  m e a s u r e -  
m e n t s  a r e  t aken .  Z e m a n y  and  L i e b h a f s k y  (3)  h a v e  
shown  t h a t  coa t ing  t h i cknes se s  can  be  d e t e r m i n e d  
b y  a b s o r p t i o n  p r o c e d u r e s  us ing  good c o l l i m a t i o n  
a n d  c r y s t a l  re f lec t ion  for  i so la t ion  of base  m e t a l  
f luorescence.  

The  p r o p o s e d  t echn ique ,  b a s e d  on a b s o r p t i o n  of 
base  m e t a l  f luorescence  b y  the  coa t ing ,  is i n d e p e n -  
d e n t  of a tomic  n u m b e r  r e l a t i o n s h i p s  b e t w e e n  coa t -  
ing  and  base  me ta l ,  a n d  c o m p l e t e l y  e l i m i n a t e s  t he  
need  for  p rec i se  c r y s t a l  re f lec t ion  p rocedu re s .  A 
d i f f e r en t i a l  f i l te r  sys t em,  f irst  d e v e l o p e d  b y  Ross (4)  
a n d  r e c e n t l y  used  in  coa t ing  f luorescence  m e a s u r e -  
m e n t  (5) ,  i so la tes  t he  ba se  m e t a l  f luorescence  f r o m  
a n y  i n t e r f e r i n g  r ad i a t i on .  This  af fords  a s imp le  
m e t h o d  of m o n o c h r o m a t i z a t i o n  w i t h  a g r e a t  ga in  in 
i n t e n s i t y  ove r  c r y s t a l  re f lec t ion  p r o c e d u r e s  (6 ) ,  a n d  
i ts  use  co r rec t s  for  b a c k g r o u n d  e r r o r s  n o r m a l l y  e n -  
c o u n t e r e d  us ing  o t h e r  m e t h o d s  of  m o n o c h r o m a t i z a -  
t ion.  

Apparatus 
A G e n e r a l  E lec t r i c  X R D - 3  x - r a y  un i t  was  used  

for  the  coa t ing  t h i cknes s  d e t e r m i n a t i o n s .  The  x - r a y  
t u b e  was  a t u n g s t e n  t a r g e t  M a c h l e t t  A E G - 5 0 T ,  used  

in  c o n j u n c t i o n  w i t h  t he  G e n e r a l  E lec t r i c  f luorescen t  
s a m p l e  c h a m b e r .  T h e  G e i g e r  c o u n t e r  of t h e  un i t  was  
p l a c e d  d i r e c t l y  oppos i t e  t he  c o l l i m a t o r  of t he  s a m p l e  
c h a m b e r ,  and  an  a c c u r a t e l y  m a c h i n e d  s l ide  used  to 
p l a c e  the  f i l ters  a l t e r n a t e l y  in  t he  f luorescen t  b e a m .  
No c r y s t a l  re f lec t ion  was  e m p l o y e d ,  and  on ly  so l l e r -  
t y p e  c o l l i m a t o r s  w e r e  used  [see (5)  for  m o r e  d e -  
t a i l s ] .  

Experimental 
To tes t  the  use  of a d i f f e r e n t i a l  f i l ter  s y s t e m  for  

coa t ing  t h i cknes s  d e t e r m i n a t i o n s ,  s a m p l e s  w e r e  p r e -  
p a r e d  us ing  i ron  foi l  as  t h e  coa t ing ,  a n d  z i r c o n i u m  
and  s i lve r  as  t he  base  m e t a l s  ( T a b l e  I ) .  These  
choices  w e r e  m a d e  so t h a t  a d i r ec t  c o m p a r i s o n  could  
be  o b t a i n e d  w i t h  r e c e n t  e x p e r i m e n t s  b y  Z e m a n y  and  
L i e b h a f s k y  who  u t i l i z ed  c r y s t a l  re f lec t ion  p r o c e d u r e s  
(3) .  The  use of i ron  foi l  s impl i f i ed  t h e  p r e p a r a t i o n  
of a c c u r a t e  t h i cknes s  coa t ings ,  and  p r o v i d e d  an  e x -  
a m p l e  w h e r e  t he  f luorescence  f r o m  the  coa t ing  
could  no t  be e l i m i n a t e d  b y  se lec t ion  of x - r a y  t u b e  
po ten t i a l .  

Before  m a k i n g  m e a s u r e m e n t s  i t  is n e c e s s a r y  to 
se lec t  and  p r e p a r e  the  f i l ters  u sed  for  i so la t ion  of 
t he  c h a r a c t e r i s t i c  r a d i a t i o n  of t h e  base  me ta l .  The  

Table I. Experimental data 

T h i c k n e s s  of Silver Z i r c o n i u m  
iron coating f luorescence  f luorescence  

(mils)  (cps) (cps) 

0.0 9654 36680 
0.5 6404 12320 
1.0 4250 3502 
1.5 2029 1107 
2.0 1370 342 
2.5 868 104 
3.0 535 35 
3.5 339 11 
4.0 199 3 
4.5 122 1 
5 . 0  6 9  - -  

5.5 4 7  - -  

6.0 24 - -  
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elements  selected for filters are chosen so tha t  thei r  K 
edges fal l  on both the long and short  wave  length  side 
of the character is t ic  K rad ia t ion  to be measured  (base 
meta l  f luorescence).  These filter elements,  in e le-  
menta l  or compound form, are  mixed  thoroughly  
wi th  po lys ty rene  flour and pressed in a die heated 
to 350~ forming a r ig id  filter disk wi th  the ele-  
ment  or compound uni formly  dispersed throughout .  
The appropr i a t e  filters are  ba lanced  by sanding so 
that  they  t r ansmi t  the  unwan ted  rad ia t ion  (coating 
fluorescence) equal ly.  F i l t e r s  used in this exper i -  
men ta l  work  were  ba lanced to -----0.3%, and thei r  se-  
lection was based on da ta  given in Table  II. The 
balancing procedure  e l iminated  the  in ter ference  
from coating fluorescence and background  radiat ion.  

In tak ing  a measurement  of a pa r t i cu la r  sample,  
filters are  placed a l t e rna te ly  in the beam consisting 
of f luorescent rad ia t ion  f rom both the  coating and 
base metal .  Since previous  filter balance  equalized 
t ransmiss ion of coating fluorescence, the difference 
in observed in tens i ty  wi th  the  two filters in the 
beam is due to the  character is t ic  K rad ia t ion  f rom 
the base metal ,  which falls  in the wave - l eng th  in-  
terval ,  or pass band, be tween the two filter K edges. 
The high t ransmiss ion of the filters reduced the 
power  requ i rements  of the x - r a y  tube to 35 kvp,  
20 ma. 

Discussion 

As shown in Fig. 1, s t ra ight  l ine  re la t ionships  be-  
tween observed base meta l  in tens i ty  and coating 
thicknesses are obta ined d i rec t ly  by  exper iment  and 
do not involve  any correct ions for background  in- 
terference.  This is possible because of the balancing 
procedure,  which involves equal izing the t ransmis -  
sion of the two filters for both the coating fluores- 
cence and the background  radiat ion.  Subt rac t ion  of 
intensi t ies  obta ined wi th  the two filters e l iminates  
the effects of coating fluorescence and background  
radiat ion,  and yields  only the  ne t  in tens i ty  of the 
radia t ion  in the  prev ious ly  selected pass band.  The 
high t ransmiss ion of the different ia l  filter sys tem 
reduced the power  requ i rements  to 35 kvp, 20 ma. 

Table II. Filter selection 

I r o n  c oa t i ng  on s i l v e r  base  m e t a l  
(Ag f luorescence  = 0.56A) 

K edge  (A) F i l t e r  

Mo 
Rh 

0.618 
0.533 

I r o n  coa t ing  on  z i r c o n i u m  base  m e t a l  
(Zr f luorescence  = 0.78 A) 

F i l t e r  

Rb (as RbCI) 
Sr (as SrSO~) 

K e d g e  (A) 

0.814 
0.768 
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Fig. 1. Experimental results for the measurement of base 
metal fluorescence with balanced filters. 

The s t ra ight  l ine logar i thmic  re la t ionships  ob-  
ta ined in measurements  of both  the s i lver  and z i r -  
conium base meta l  fluorescent intensi t ies  indicate  
adherence  to the wel l  known x - r a y  absorpt ion laws, 
confirming that  the in tens i ty  difference obta ined 
with  the two filters is essent ia l ly  monochromat ic  
beam. 

A comparison of the proposed ba lanced filter 
method and the crys ta l  reflection technique of Ze-  
many  and Liebhafsky  (3) shows close agreement  
obta ined be tween  the two methods of analysis.  Ul t i -  
mate ly ,  however,  ba lanced filters do not afford as 
cr i t ical  a wave - l eng th  isolat ion as reflection methods,  
bu t  thei r  use in coating thickness  de te rmina t ions  re -  
duces equipment  costs, simplifies power  r equ i r e -  
ments,  and au tomat ica l ly  compensates  for back -  
ground rad ia t ion  with  no significant loss in accuracy.  

Manuscript received Sept. 20, 1957. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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ABSTRACT 

The lead oxide-lead sulfate and lead oxide-lead selenate systems have been 
investigated using the room tempera ture  x-ray powder method. The two sys- 
tems are very similar and the preparat ion and x-ray powder pat terns  are given 
of lead sulfate PbSO,, lead monoxysulfate  PbO.PbSO,, lead tetroxysulfate 
4PbO.PbSO,, lead selenate PbSeO4, lead monoxyselenate  PbO.PbSeO4, and lead 
tetroxyselenate 4PbO.PbSeO,. The lead oxyselenates are isomorphous with the 
corresponding lead oxysulfates and the pa t te rn  of lead monoxyselenate  has 
been indexed on the basis of a monoclinic uni t  cell of dimensions, a ~ 13.94A, 
b ~ 5.78A, c ~ 7.25A, ~ ~ 115.9 ~ . 

The lead ox ide - l ead  sul fa te  sys tem has been  in -  
ves t iga ted  by  a n u m b e r  of worke r s  bu t  w i thou t  m u c h  
a g r e e m e n t  as to the  chemical  f o rmu lae  of the  v a r i -  
ous lead oxysul fa tes  present .  The  compounds  r e -  
por ted  by  the var ious  au thors  are  l i s ted in  Tab le  I. 

The x - r a y  powder  pa t t e rn s  of the  lead oxysul fa tes  
detec ted  have  been  pub l i shed  by  Clark,  et al. (3) ,  
L a n d e r  (4) ,  and  by  the  Shel l  P e t r o l e u m  Co., Ltd.  
(5) .  

The  s t ruc tu res  of lead sulfate ,  PbSO~, and  lead 
monoxysu l f a t e ,  PbO.PbSO4, which  occur n a t u r a l l y  
as angles i te  and  l ana rk i t e ,  respect ively ,  have  been  
descr ibed (6,7).  

The lead ox ide - l ead  se lena te  sys tem has not  been  
inves t iga ted  previous ly .  The p re sen t  work  was car -  
r ied out  to r e - i n v e s t i g a t e  the compounds  p r e s e n t  in  
the  lead ox ide - l ead  sul fa te  sys tem and  the i r  x - r a y  
pa t te rns ,  and  to d e t e r m i n e  the compounds  p re sen t  
in  the  lead ox ide - l ead  se lenate  sys tem and  the i r  
powder  pa t te rns .  

Experimental 
Series of lead ox ide - l ead  su l fa te  and  lead oxide-  

lead se lenate  ma te r i a l s  of k n o w n  composi t ions  were 
prepared .  X - r a y  powder  pa t t e rn s  we re  recorded at 
room t e m p e r a t u r e  us ing  a Phi l ips  114.83 m m  d i a m -  
eter  cy l indr i ca l  camera  and  C u K  a rad ia t ion ,  the  
spec imen  be ing  coated on a t h in  glass fiber at  the  
cen te r  of the  camera .  Suppose  ma te r i a l s  of x, y, and  
z mo lecu l a r  % PbSO,  show on the  x - r a y  powder  
p a t t e r n s  the  p resence  of PbO + compound  A, com-  

p o u n d  A ~- c o m p o u n d  B, a nd  compound  B ~- PbSO,,  
respect ively .  I t  fol lows tha t  pu re  A m u s t  con ta in  be -  
t w e e n  x and  y % PbSO,  a nd  p u r e  B s imi l a r ly  lies in  
the r ange  y --  z. Other  ma te r i a l s  in  the  r a nge  x - -  y 
can now  be selected un t i l  a composi t ion  is found  
which  gives on ly  the  l ines  associated w i th  A:  this 
wi l l  be  the  composi t ion  of pu re  A. I t  should  be no ted  
that  the me thod  detects  on ly  those compounds  tha t  
are  s table  at room t e m p e r a t u r e .  

The  x - r a y  powder  p a t t e r n s  are  g iven  be low in  the  
fo rm of tables  of the  i n t e r p l a n a r  spacing d ( in  A)  
and  i n t e n s i t y  I of each l ine  of the  pa t t e rn .  The  i n t e r -  
p l a n a r  spacings  were  d e t e r m i n e d  by  m e a s u r e m e n t  
of the d is tance  b e t w e e n  l ines  on the  film and  the  es- 
t ima ted  accuracy  of d is g iven  in  Tab le  II. 

The in tens i t i e s  of the l ines  we re  gene ra l l y  est i -  
m a t e d  v i sua l ly  a nd  are g iven  in  t e rms  of the  scale 
vvs (100-90) ,  vs (90-70) ,  s (70-40) ,  ms (40-30,) m 
(30-20) ,  m w  (20-15) ,  w (15-10) ,  v w  ( <  10). The  
figures in  b racke t s  denote  the  a p p r o x i m a t e  re la t ive  
in tensi t ies .  

In  some cases the  l ines w e r e  also mic ropho to -  
me t e r e d  and  the va lues  of r e l a t ive  in tens i t i es  ob-  
t a ined  in  these cases are g iven  as figures in  the i n -  
t ens i ty  c o l u m n  of the  tables.  

Results 

Lead Oxide PbO (red) 

The red ( t e t r agona l )  fo rm of lead oxide was  p re -  
pa red  by  hea t ing  lead  n i t r a t e  in  air  at  500~ for 30 

Table I 

Authors  Compounds reported 

Jaeger  and 
Germs (1) 

Schenck (2) 
Clark, 

et al. (3) 
Lander  (4) 

3PbO.PbSO4 
3PbO.PbSO~ 

2PbO.PbSO4 
2PbO.PbSO~ 

4PbO.PbSO, 3PbO.PbSO, 2PbO.PbSO, 
4PbO.PbSO4 2PbO.PbSO, 

PbO.PbSO~ 
PbO.PbSO~ 

PbO.PbSO, 
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Table II 

d, A 8.0 4.00 3.00 2.00 1.500 
___Ad, A 0.1 0.05 0.02 0.01 0.005 

min,  the  x - r a y  p o w d e r  p a t t e r n  o b s e r v e d  be ing  in 
a g r e e m e n t  w i t h  t h a t  of S w a n s o n  and  F u y a t  (8) .  

Lead Oxide-Lead Sulfate System 

Lead sulfate PbSO,--Preparation.--Lead ace ta t e  
was  d i s so lved  in w a t e r  and  d i lu te  H~SO, added  to 
the  solut ion.  The  m i x t u r e  was  a l l owed  to s t and  un t i l  
p r ec ip i t a t i on  was  comple t e ;  t he  p r ec ip i t a t e  was  t h e n  
f i l te red  off, washed ,  and dr ied.  

C h e m i c a l  ana lys is  of the  m a t e r i a l  so p r e p a r e d  
gave  PbO/SO8  ---- 1.00 in a g r e e m e n t  w i t h  the  f o r m u l a  
PbSO,.  
X-ray data.--The x - r a y  p o w d e r  p a t t e r n  ob t a ined  
f r o m  the  l ead  su l fa t e  so p r e p a r e d  is g iven  in Tab l e  
III.  

H e a t i n g  the  l ead  su l fa t e  at  600~ in a i r  and t h e n  
cool ing  to r o o m  t e m p e r a t u r e  r e s u l t e d  in no change  
in the  x - r a y  pa t t e rn ,  so tha t  lead  su l fa t e  is s tab le  
u n d e r  these  condi t ions.  

Lead oxide-lead sulfate compounds.--For the  p r e p -  
a ra t ion  of k n o w n  compos i t ion  lead  o x i d e - l e a d  su l fa te  
m a t e r i a l s  t he  fo l l owing  g e n e r a l  m e t h o d  was  e m -  
p loyed ,  v a l u e s  of x and y be ing  chosen  to  g ive  the  
r e q u i r e d  composi t ion ,  x g of lead  n i t r a t e  w e r e  dis-  
so lved  in wa te r ,  y g of a m m o n i u m  su l fa te  added  to 
t he  solut ion,  and the  m i x t u r e  e v a p o r a t e d  to dryness .  
The  p roduc t  was  h e a t e d  in a i r  at  500~ for  30 m i n  
and, w h e n  cool, was  g round  and r e h e a t e d  in a i r  at  
a t e m p e r a t u r e  b e t w e e n  600 ~ and 700~ for  60 min.  

A ser ies  of such m a t e r i a l s  of d i f fe ren t  compos i t ion  
was  p r e p a r e d  and the  resu l t s  of  the  x - r a y  analys is  
a re  g iven  in Tab le  IV. P b O ( r )  deno tes  t he  r ed  
( t e t r a g o n a l )  f o r m  of l ead  oxide.  

U n d e r  the  condi t ions  of p r e p a r a t i o n  employed ,  in 
add i t ion  to lead  ox ide  and  lead  su l f a t e  two  o the r  
def ini te  c o m p o u n d s  w h i c h  a re  s tab le  a t  r o o m  t e m -  
p e r a t u r e  occur  in the  sys tem.  These  compounds  A 
and B occur  at  compos i t ions  co r r e spond ing  to f o r -  
mu la s  4PbO.PbSO,  and  P b O . P b S O ,  r e spec t ive ly .  

Lead tetroxysulfate 4PbO.PbSO~--Preparation.-- 
G e n e r a l  m e t h o d  w i t h  x : 66.0, y ---- 5.2. C h e m i c a l  
analys is  of the  m a t e r i a l  so p r e p a r e d  g a v e  PbO/SO3 
= 4.95 (calc. for  4PbO.PbSO4, 5.00). 
X-ray data.--The x - r a y  p o w d e r  p a t t e r n  ob ta ined  

Table Ill 

d / d I d / 

4.3 vs 90 2.40 m 25 1.88 w 
3.80 s 45 2.37 vw - -  1.79 m 30 
3.62 m 25 2.28 m 25 1.74 mw 15 
3.47 m 30 2.24 vw  ~ 1.70 m 25 
3.32 vs 80 2.16 m 30 1.65 mw 20 
3.21 s 60 2.12 vw  - -  1.61 m 30 
3.00 vvs 100 2.07 vvs 100 1.57 w 
2.78 ms 40 2.02 vs 80 1.54 v w  
2.70 ms 40 1.97 m 30 1.49 m - -  
2.62 m w  - -  1.90 vw  

Table IV 

Composi t ion 
molecular  X - r a y  powder  pa t t e rn  
% PbSO~ cor responding  to 

0 PbO (r) 
10.0 PbO (r) -k Compound A 
16.7 PbO (r) q- Compound A 
20.0 Compound A 
25.0 Compound A -k Compound B 
33.3 Compound A q- Compound B 
50.0 Compound B 
66.7 Compound B q- PbSO~ 
75.0 Compound B -k PbSO, 
80.0 Compound B q- PbSO4 
83.3 Compound B q- PbSO4 
90.0 Compound B q- PbSO, 

100 PbSO~ 

f r o m  the  l ead  t e t r o x y s u l f a t e  so p r e p a r e d  is g iven  in 
Tab le  V. 

Lead monoxysulfate PbO.PbSO~--Preparation.-- 
(a) G e n e r a l  m e t h o d  w i t h  x ---- 66.2, y ---- 13.2; (b )  
50 g of basic l ead  aceta te .  

(CH8 COO)~ P b . P b ( O H ) 2  w e r e  d i sso lved  in w a t e r  
and  the  t u r b i d  so lu t ion  p o u r e d  into  a w a r m  solu t ion  
of 200 g of sod ium su l fa t e  in wa te r .  T h e  m i x t u r e  was  
a l l o w e d  to s t and  un t i l  p r ec ip i t a t i on  was  comple t e ;  
t he  p r e c i p i t a t e  was  t h e n  f i l t e red  off, washed ,  and  
dr ied.  

Chemica l  ana lys i s  of t he  m a t e r i a l  p r e p a r e d  by  
m e t h o d  (b) g a v e  a v a l u e  of  PbO/SO8 ---- 1.95 (calc. 
for  PbOPbSO~, 2.00). 
X-ray data.--The x - r a y  p o w d e r  pa t t e rn s  ob ta ined  
for  the  lead  m o n o x y s u l f a t e  p r e p a r e d  by  the  t w o  
m e t h o d s  w e r e  iden t i ca l  and  the  p a t t e r n  is g iven  in 

Tab le  VI. 

Table V. 4PbO PbSO~ 

d r 

8.3 m - -  
7.2 w - -  
6.3 w - -  
5.8 v w - -  
5.5 vw - -  
4.3 w - -  
3.23 vvs 100 
3.10 ms 
3.06 ms - -  
2.97 w 
2.88 ms 35 
2.68 S 65 
2.60 v w  - -  
2.45 vw  - -  
2.35 v w  

2.20 vw  - -  
2.14 vw  - -  
2.06 vw  
1.97 ms 30 
1.95 ms 40 
1.86 w 
1.83 mw 15 
1.72 m 20 
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Table Vl. PbO PbS04 

d I 

Table VIII 

Composition 
molecular X- ray  powder pattern 
% PbSe04 corresponding to 

6.4 m 30 
5.9 m w  - -  
5.3 v w  - -  
4.4 m 20 
3.70 m 25 
3.52 m 30 
3.34 v v s  100 
3.19 w 
2.96 vs  85 
2.85 s 45 
2.60 v w  - -  
2.48 m 25 
2.43 m w  15 
2.35 m w  - -  
2.28 m 20 
2.24 v w  - -  
2.17 v w  - -  
2.12 v w  - -  
2.05 m 25 
1.96 w - -  
1.91 m w  - -  
1.85 m s  35 
1.76 w - -  
1.72 m w  - -  

Table VII 

d I d I d I 

5.5 w - -  2.78 m 25 1.99 m 30 
5.0 m s  35 2.61 m 30 1.97 m w  15 
4.4 m 30 2.59 w N 1.93 w 10 
3.74 m 25 2.49 w 10 1.86 m s  40 
3.49 s 50 2.31 m 25 1.79 w 10 
3.38 v w  - -  2.27 m 25 1.74 v w  
3.28 v v s  100 2.21 w ~ 1.72 w -  
3.16 m w  - -  2.10 m s  40 
3.08 v v s  95 2.07 w - -  

Lead Oxide-Lead Selenate System 
Lead selenate PbSeO~--Preparatian.--38 g of  l e a d  

a c e t a t e  w e r e  d i s s o l v e d  i n  w a t e r  a n d  t h e  s o l u t i o n  
a d d e d  to  a s o l u t i o n  o f  19 g of  s o d i u m  s e l e n a t e  i n  
w a t e r .  T h e  m i x t u r e  w a s  a l l o w e d  t o  s t a n d  u n t i l  p r e -  
c i p i t a t i o n  w a s  c o m p l e t e ;  t h e  p r e c i p i t a t e  w a s  t h e n  
f i l t e r e d  off, w a s h e d ,  a n d  d r i e d .  C h e m i c a l  a n a l y s i s  of  
t h e  m a t e r i a l  so  p r e p a r e d  g a v e  P b O / S e O .  = 1.03 
(ca lc .  f o r  P b S e O , ,  1 .00) .  
X-ray data.--The x - r a y  p o w d e r  p a t t e r n  o b t a i n e d  
f r o m  t h e  l e a d  s e l e n a t e  so p r e p a r e d  is  g i v e n  i n  T a b l e  
VI I .  

H e a t i n g  o f  t h e  l e a d  s e l e n a t e  a t  6 0 0 ~  i n  a i r  a n d  
t h e n  c o o l i n g  t o  r o o m  t e m p e r a t u r e  r e s u l t e d  i n  a 
c h a n g e  i n  t h e  x - r a y  p a t t e r n  i n d i c a t i n g  t h a t  t h e  l e a d  
s e l e n a t e  is u n s t a b l e  u n d e r  t h e s e  c o n d i t i o n s .  T h e  d e -  
c o m p o s i t i o n  p r o d u c t  is  u s u a l l y  c o m p l i c a t e d ;  l e a d  
o x i d e  a n d  l e a d  o x y s e l e n a t e s  h a v e  b e e n  d e t e c t e d .  
W h e n  t h e  h e a t i n g  w a s  c a r r i e d  o u t  b e l o w  a b o u t  
5 0 0 ~  f o r  t h e  p e r i o d s  u s e d  i n  p r a c t i c e  ( 3 0 - 6 0  m i n )  
d e c o m p o s i t i o n  of  t h e  l e a d  s e l e n a t e  d i d  n o t  o c c u r  t o  
a n y  a p p r e c i a b l e  e x t e n t .  

Lead oxide-lead selenate compounds.--For t h e  
p r e p a r a t i o n  of  k n o w n  c o m p o s i t i o n  l e a d  o x i d e - l e a d  
s e l e n a t e  m a t e r i a l s  t h e  f o l l o w i n g  g e n e r a l  m e t h o d  w a s  
e m p l o y e d ,  v a l u e s  of  x a n d  y b e i n g  c h o s e n  t o  g i v e  t h e  
r e q u i r e d  c o m p o s i t i o n ,  x g of  l e a d  n i t r a t e  w e r e  d i s -  

0 
10.0 
16.7 
20.0 
25.0 
33.3 
50.0 
66.7 
75.0 
80.0 
83.3 
90.0 

IO0 

P b O  ( r )  
P b O  ( r )  -p C o m p o u n d  C 
P b O  ( r )  ~ C o m p o u n d  C 
C o m p o u n d  C 
C o m p o u n d  C -{- C o m p o u n d  D 
C o m p o u n d  C -p C o m p o u n d  D 
C o m p o u n d  D 
C o m p o u n d  D + P b S e O ,  
C o m p o u n d  D -}- P b S e O ,  
C o m p o u n d  D ~ P b S e O ,  
C o m p o u n d  D -~ P b S e O ,  
C o m p o u n d  D -}- P b S e O ,  
P b S e O ,  

s o l v e d  i n  w a t e r ,  y g o f  l e a d  s e l e n a t e  ( p r e p a r e d  as  

a b o v e )  a d d e d  to  t h e  s o l u t i o n  a n d  t h e  m i x t u r e  e v a p o -  
r a t e d  to  d r y n e s s .  T h e  p r o d u c t  w a s  h e a t e d  i n  a i r  a t  
4 5 0 ~  f o r  30 m i n  a n d  w h e n  coo l  w a s  g r o u n d  a n d  
r e h e a t e d  i n  a i r  a t  T ~ f o r  60 m i n .  T h e  v a l u e  of  T 
w a s  c h o s e n  so t h a t  d e c o m p o s i t i o n  of  t h e  l e a d  s e l e n a t e  
d i d  n o t  o c c u r .  I t  w a s  f o u n d  t h a t  i n  t h e  r a n g e  0 - 5 0  
m o l e c u l a r  % l e a d  s e l e n a t e  T ---- 600 w a s  s a t i s f a c t o r y ,  
b u t  i n  t h e  r e g i o n  5 0 - 1 0 0  m o l e c u l a r  % l e a d  s e l e n a t e  
i t  w a s  n e c e s s a r y  t o  r e d u c e  T t o  450.  

A s e r i e s  of  l e a d  o x i d e - l e a d  s e l e n a t e  m a t e r i a l s  of  
d i f f e r e n t  c o m p o s i t i o n  w e r e  p r e p a r e d  a n d  r e s u l t s  of  
t h e  x - r a y  a n a l y s i s  a r e  g i v e n  i n  T a b l e  V I I I .  

U n d e r  t h e  c o n d i t i o n s  of  p r e p a r a t i o n  e m p l o y e d ,  i n  
a d d i t i o n  to  l e a d  o x i d e  a n d  l e a d  s e l e n a t e ,  t w o  o t h e r  
d e f i n i t e  c o m p o u n d s  w h i c h  a r e  s t a b l e  a t  r o o m  t e m -  
p e r a t u r e  o c c u r  i n  t h e  s y s t e m .  T h e s e  c o m p o u n d s  C 
a n d  D o c c u r  a t  c o m p o s i t i o n s  c o r r e s p o n d i n g  to  f o r -  
m u l a s  4 P b O . P b S e O ~  a n d  P b O . P b S e O ~ ,  r e s p e c t i v e l y .  

Lead tetroxyselenate 4PbO.PbSeO~--Preparation. 
- - G e n e r a l  m e t h o d  w i t h  x = 33.00,  y = 8.75, T ----- 
600. C h e m i c a l  a n a l y s i s  o f  t h e  m a t e r i a l  so p r e p a r e d  

Table IX. 4PbO PbSeO4 

d I 

8.3  m - -  
7.5 w - -  
6.3 w - -  
5.9 w - -  
5.5 v w  - -  
4.4 v w  - -  
3.27 v v s  100 
3.18 m s  - -  
3.11 m s  - -  
3.00 v w  - -  
2.91 m s  40 
2.71 S 60 
2.62 v w  - -  
2.49 v w  - -  
2.39 v w  - -  
2.35 v w  - -  
2.28 v w  - -  
2.22 v w  - -  
2.16 v w  - -  
2.07 v w  - -  
2.00 m s  30 
1.96 m s  40 

1.86 m 20 
1.75 m 2 0  
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Table X. PbOPbSe04 

d I Indices 

6.5 m 25 001 
6.0 m w  - -  20~ 

4.5 mw 15 111 
3.79 w 10 111 201 
3.57 vw - -  31~ 
3.41 vvs 100 310 
3.27 mw 15 002 
3.01 vs 80 112 402 
2.89 s 40 020 
2.62 vw - -  220 221 
2.50 m 20 202 

2.39 w -  512 203 
2.33 mw - -  403 
2.28 m w -  221 602 
2.20 vw - -  3 ~  
2.16 v w -  022 003 
2.09 m 25 600 
2.01 v w - -  312 
1.96 vw - -  511 
1.89 m 20 402 222 
1.79 mw 15 204 
1.75 m - -  

s t a n d a b l e  s ince  on ly  c o m p o u n d s  s t a b l e  a t  r o o m  t e m -  
p e r a t u r e  w o u l d  be  de tec t ed .  

The  x - r a y  p o w d e r  p a t t e r n  g iven  for  l e a d  s u l f a t e  
PbSO~ is in  good  a g r e e m e n t  w i t h  t h a t  of Swanson ,  
F u y a t ,  and  U gr in i c  (9) ,  w h i l e  t he  p a t t e r n s  of l e a d  
m o n o x y s u l f a t e  PbO.PbSO4 a n d  l e a d  t e t r o x y s u l f a t e  
4PbO.PbSO~ a r e  in  r e a s o n a b l e  a g r e e m e n t  w i t h  those  
ef  L a n d e r  (4)  a n d  t h e  She l l  P e t r o l e u m  Co. (5 ) .  

The  l e a d  o x i d e - l e a d  s e l e n a t e  s y s t e m  is v e r y  s i m i l a r  
to t he  l e ad  o x i d e - l e a d  su l f a t e  sys tem,  two  l e a d  o x y -  
se lena tes ,  n a m e l y ,  l e a d  m o n o x y s e l e n a t e  P b O . P b S e O ,  
a n d  l e a d  t e t r o x y s e l e n a t e  4PbO.PbSeO, ,  b e i n g  s t ab l e  
a t  r o o m  t e m p e r a t u r e .  The  x - r a y  p a t t e r n s  of t he se  
a r e  v e r y  s i m i l a r  to  t h e  c o r r e s p o n d i n g  oxysu l f a t e s ,  
a n d  the  l e a d  o x y s e l e n a t e s  a r e  t h e r e f o r e  i s o m o r p h o u s  
w i t h  t he  c o r r e s p o n d i n g  l e a d  oxysu l f a t e s .  

B inn i e  (7)  f o u n d  the  u n i t  ce l l  of  l e a d  m o n o x y -  
su l f a t e  to be  monoc l i n i c  of  d imens ions ,  a = 13.75A, 
b ---- 5.68A, c ---- 7.05A, fl ---- 116.2 ~ a n d  s ince  t he  
p r e s e n t  w o r k  shows  l ead  m o n o x y s e l e n a t e  to  be  i so-  
m o r p h o u s  w i t h  l e a d  m o n o x y s u l f a t e ,  t he  x - r a y  p o w d e r  
p a t t e r n  of l e a d  m o n o x y s e l e n a t e  can  be  i n d e x e d  f r o m  
t h a t  of l e a d  m o n o x y s u l f a t e .  The  un i t  ce l l  d i m e n s i o n s  
of  l e a d  m o n o x y s e l e n a t e  t h e n  b e c o m e  a = 13.94A, 
b = 5.78A, c ---- 7.25A, fl = 115.9 ~ t h a t  is t he  s ides  
of t h e  un i t  ce l l  a r e  a l l  i n c r e a s e d  a n d  t h e  a n g l e  d e -  
c r e a se d  f r o m  those  of l e a d  m o n o x y s u l f a t e .  

gave  PbO/SeO8  = 4.89 (calc.  for  4PbO.PbSeO, ,  5.00).  
X - r a y  data . - -The  x - r a y  p o w d e r  p a t t e r n  o b t a i n e d  
f r o m  the  l e a d  t e t r o x y s e l e n a t e  so p r e p a r e d  is g iven  
in  T a b l e  IX. 

Lead monoxyselenate  PbO.PbSeO~--Preparation. 
- - ( a )  G e n e r a l  m e t h o d  w i t h  x ---- 11.30, y ~ 12.00, 
T ---- 600. (b )  T w o  g of bas ic  l e a d  a c e t a t e  w e r e  d i s -  
so lved  in  w a t e r  a n d  the  t u r b i d  so lu t ion  p o u r e d  in to  
a so lu t ion  of 12 g s o d i u m  s e l e n a t e  in  w a t e r .  The  
m i x t u r e  was  a l l o w e d  to s t a n d  u n t i l  p r e c i p i t a t i o n  was  
comple t e ;  t he  p r e c i p i t a t e  was  t h e n  f i l t e red  off, 
washed ,  a n d  d r ied .  C h e m i c a l  a n a l y s i s  of t he  m a t e -  
r i a l  p r e p a r e d  b y  m e t h o d  (b) gave  a v a l u e  of P b O /  
SeO8 ---- 2.04 (calc.  for  PbO.PbSeO~, 2.00).  
X - r a y  data . - -The x - r a y  p o w d e r  p a t t e r n s  o b t a i n e d  
for  t he  l e a d  m o n o x y s e l e n a t e  p r e p a r e d  b y  the  two  
m e t h o d s  w e r e  i d e n t i c a l  a n d  the  p a t t e r n  is  g i v e n  in 
T a b l e  X. 

Discussion 
The  w o r k  on the  l e ad  o x i d e - l e a d  su l fa t e  s y s t e m  

conf i rms t h a t  of L a n d e r  (4)  in t h a t  t w o  l e a d  o x y -  
su l fa tes ,  n a m e l y ,  l e a d  m o n o x y s u l f a t e  PbO.PbSO4 and  
t e t r o x y s u l f a t e  4PbO.PbSO, ,  ex i s t  u n d e r  t h e  c o n d i -  
t ions  e m p l o y e d .  The  l e ad  d i o x y s u l f a t e  2PbO.PbSO ,  
r e p o r t e d  b y  L a n d e r  to be  u n s t a b l e  b e l o w  450~ was  
no t  d e t e c t e d  in  t he  p r e s e n t  work ,  b u t  th i s  is u n d e r -  
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Equilibria between Titanium Metal and Solutions of Titanium 

Dichloride in Fused Magnesium Chloride 
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ABSTRACT 

A method has been developed for collecting vapors over solid TIC12 or over 
mixtures of TIC12 and MgCl~ in a specially designed t i tanium pipette at elevated 
temperatures. The reaction of t i tanium tetra-  and trichloride with Ti metal  
could not be prevented on cooling, but the analytical total content of chlorine 
could be used to determine the apparent  total concentration of t i tanium in the 
vapor phase. The study indicated strong positive deviations from Raoult's Law 
for liquid MgC12-TiCI~ solutions and limited solubility of TIC12 in liquid MgCl~ 
in the range from 720 ~ to B00~ This was confirmed by thermal analyses of 
mixtures. The system MgCL-TiClz is of the peritectic type. The peritectic point 
lies at about 0.3 wt % TiCh and at 716~ The melting point of TiCl~ is 1025~ 
Salt mixtures in equilibrium with Ti metal contain only TiCL, and no measur- 
able quantities of TiCL or TiCL. 

In Kro l l ' s  method of Ti meta l  production,  TIC1, 
reacts  wi th  Mg at t empera tu res  above 700~ So- 
lut ions of TiCI~ and TiCls in l iquid MgCI~ are  l ike ly  
to occur as in te rmedia te  stages of this  reaction.  The 
present  work  proposes to inves t iga te  the  na tu re  of 
such solutions in the presence of Ti metal .  Two 
expe r imen ta l  methods  were  used: (a)  a special ly  
designed method  of measur ing  the vapor  pressure  
of vola t i le  const i tuents  over  mol ten  mixtures ,  and 
(b)  t he rma l  analys is  of mol ten  salts.  

Measurements of the Apparent Vapor Pressure 
The fol lowing method appeared  to be promis ing  in 

de te rmin ing  the composit ion of the gas phase over  
fused sal t  mixtures .  If a known volume of vapor  
over  the  mol ten  salt  could be collected by  means  of 
a p ipe t t e  wi thout  d i s tu rb ing  the vapo r - l i qu id  equi-  
l ibr ium,  and the closed p ipe t te  were  r ap id ly  cooled, 
the sal t  vapors  would  condense on the inside wal ls  
of the  p ipe t te  and could be analyzed  for the  different  
molecular  species present  in the vapor,  and the i r  
re la t ive  amounts  could be determined.  The pa r t i a l  
pressures  could then be calculated,  assuming ideal  
behavior  of the  gas phase.  For  p rac t ica l  reasons the 
volume of the  p ipe t t e  cannot  be ve ry  large,  and  
therefore  an accurate  mic roana ly t i ca l  method is r e -  
qui red  to analyze  the  salts  condensed f rom the va -  
por  on the p ipe t te  walls.  The ana ly t ica l  resul ts  wi l l  
be correct  only if no react ion be tween  the vapors  
and the p ipe t te  ma te r i a l  takes place dur ing  cooling. 
Here, the  choice of the  p ipe t t e  ma te r i a l  was l imi ted  
to Ti metal ,  because any  other  ma te r i a l  would affect 
the equi l ib r ium be tween  l iquid and vapor.  As shown 
below, the  react ion be tween  TIC13 or TIC14 and meta l  
could not  be prevented .  This fact, and other  difficul- 
ties inherent  in the sys tem under  study,  did not  a l -  
low de te rmina t ion  of the values  of pa r t i a l  pressures  
of different  t i t an ium chlorides. However ,  the a p p a r -  

ent values  of the  vapor  pressure  der ived  f rom the 
authors '  measurements  pe rmi t t ed  d rawing  some con- 
clusions on the na tu re  of the MgCI~-TiCI~ mixtures .  

The final design of the apparatus used for the study 
of the vapor phase is shown in Fig. 1. After  assembly 
of the apparatus, the whole system is evacuated at 
room temperature,  and then transferred into a furnace 
preheated to a temperature at which the vapor pressure 

~g 

Fig. 1. Apparatus for collecting salt vapors. B, bellows; 
F1, Is, Fs, flanges; s, screw; S, spring; T, t, stainless steel 
tubes; R, Ti tube; L, Ti lid; P, pipette; J, Ti vessel; j, ground 
boll joint; C, salt container. 

210 



Vol. 105, No. 4 E Q U I L I B R I A  B E T W E E N  T i  M E T A L  & Ti-CI~ 211 

of the  salts  is negligible.  The evacuat ion of the  sys tem 
is cont inued and the  t e m p e r a t u r e  s lowly  increased.  
When  the t e m p e r a t u r e  of the  Ti vessel  approaches  the  
des i red  level ,  the  p ipe t t e  is ra i sed  to close the  l id  L. 
The vapors  of the salts  sa tura te  the  space inside vessel  
V, and  p ipe t t e  P. The closed vessel  is then he ld  for  
the  des i red  t ime  to equal ize the  t e m p e r a t u r e  in the  
vessel  and  to a t ta in  equ i l ib r ium be tween  salt,  vapor ,  
and meta l  parts .  The  t e m p e r a t u r e  in the  uppe r  pa r t  of 
the  vessel  in which  the  p ipe t t e  is loca ted  is ma in t a ined  
about  2 ~ to 3~ above the t e m p e r a t u r e  of the  sal t  con- 
ta iner .  This was thought  necessary  to p reven t  con- 
densat ion of sal ts  in the  p ipe t te  due  to smal l  f luctua- 
tions of t empera tu re .  

When  the  space inside the closed vessel  V and p ipe t te  
P had  equ i l ib ra ted  wi th  the  vapor  of sa l t  in the  sa l t  
container ,  the  p ipe t te  was lowered  unt i l  its opening 
was closed by  the  ba l l  jo in t  j a t t ached  to the  sal t  con- 
tainer.  Then the whole  stainless steel  tube  was wi th-  
d r a w n  f rom the furnace  and cooled. Af t e r  comple te  
cooling, argon at a tmospher ic  pressure  was in t roduced  
into the  appara tus  so tha t  it  could be  opened and the 
p ipe t te  r emoved  f rom the tube  for  analysis.  

The ba l l  jo in t  j sealed the  p ipe t te  qui te  t ight ly .  I t  
was f r equen t ly  observed that,  when  the p ipe t t e  was 
carefu l ly  removed  f rom the  tube,  the  sa l t  container ,  
hanging  on the ba l l  joint ,  was also l i f ted  f rom the  tube.  
The difference in p r e s s u r e - - p a r t i a l  vacuum inside the  
p ipe t te  and  a tmospher ic  pressure  outs ide  i t - - c o u l d  be 
p rese rved  for  at  least  1 hr.  

The po la rographic  method  was used for mic roana ly -  
sis. The salts  condensed on the inner  wal l s  of the  
p ipe t te  were  dissolved in a smal l  volume of 1N H2SO,. 
I t  was found tha t  this  acid does not  dissolve Ti f rom 
the vessel  at  room t e m p e r a t u r e  in a po la rograph ica l ly  
de tec tab le  amount .  Only  the  to ta l  content  of Ti, Mg, 
and C1 could be  de t e rmined  po la rographica l ly .  

The convenient  concentra t ion range  of Ti "§ and CI' 
ions for  po la rographic  analysis  is f rom about  5 • 10 -~ 
to 1O -~ moles per  liter.  If  the  to ta l  p ressure  of t i t an ium 
chlorides is about  1 m m  Hg at  1000~ the amount  of 
Ti sal t  condensed on the inner  wal ls  of the  p ipe t te  
(22.4 ml)  wi l l  be  about  4 • 10-' moles. In  o rde r  to 
obta in  the  final concentra t ion of Ti '~ in the  ana lyzed  
solut ion of the  order  of 10-' moles pe r  l i ter ,  the  re-  
qui red  vo lume of the  final solut ion is about  4 ml. F o r  
l a rge r  amounts  of condensed t i t an ium chlorides,  corre-  
spondingly  l a rge r  volumes  of acid solut ion can be  used 
for  leaching.  

This  m e t h o d  was  a p p l i e d  f irst  to d e t e r m i n e  the  
compos i t i on  of t he  v a p o r  p h a s e  ove r  sol id  TiCI~ in 
e q u i l i b r i u m  w i t h  me ta l .  The  d i c h l o r i d e  w a s  p r e -  
p a r e d  b y  d i s p r o p o r t i o n a t i n g  sol id  TIC13 u n d e r  v a c -  
u u m  a t  450~ for  a b o u t  30 hr .  T h e  r e a c t i o n  w a s  c a r -  
r i ed  out  in  t h e  a p p a r a t u s  s h o w n  in Fig .  1 e x c e p t  t h a t  
t h e  p i p e t t e  was  no t  i n t roduced .  F r o m  0.2 to  0.5 g of 
so l id  TiCI~ was  c h a r g e d  in to  t h e  sa l t  con t a ine r .  T h e  
t r i c h l o r i d e  was  cove red  b y  a l a y e r  of i od ide  t i t a n i u m  
ch ips  to r e d u c e  the  t e t r a c h l o r i d e  f o r m e d  d u r i n g  t h e  
r e a c t i o n  to  d i ch lo r ide .  A f t e r  th i s  t r e a t m e n t ,  t he  Ti  
p i p e t t e  was  i n t r o d u c e d  in to  t h e  a p p a r a t u s ,  a n d  t h e  
v a p o r  p r e s s u r e  d e t e r m i n e d  as d e s c r i b e d  above .  

D e n o t i n g  the  n u m b e r  of m o l e s  of  d i - ,  t r i -  a n d  
t e t r a c h l o r i d e  in  t he  gas  p h a s e  ove r  t he  sa l t  a t  t h e  
t e m p e r a t u r e  of t h e  e x p e r i m e n t  as n~, n,, a n d  n,, r e -  
spec t ive ly ,  t h e  t o t a l  con t en t  of Ti  a t o m s  is 

n~ + n~ + n, = ~n~, ( I )  

and  the  t o t a l  con t en t  of ch lo r ine  a toms :  

2n~ W 3n~ W 4n, = ~nc, ( I I )  

A s s u m i n g  t h a t  t h e  gas  condensed  in  t he  p i p e t t e  can  
be  cooled  a n d  condensed  so t h a t  t h e  r e a c t i o n  of  
h i g h e r  ch lo r ides  w i t h  t h e  w a l l s  of t h e  p i p e t t e  can  be  
neg lec ted ,  t h e  ana lys i s  w i l l  g ive  t h e  v a l u e s  of ~n~, 
a n d  ~nci. E q u a t i o n s  ( I )  a n d  ( I I )  a r e  n o t  suff icient  
to d e t e r m i n e  a l l  t h r e e  u n k n o w n  va lues ,  n~, ns, a n d  n,, 
un le s s  one of t h e m  is n e g l i g i b l y  s m a l l  or  un less  one  
of t h e m  can  be  d e t e r m i n e d  b y  an  i n d e p e n d e n t  
me thod .  

T h e  r a t i o  C1/Ti  in  t he  condensed  sa l t  was  f o u n d  
to be  e q u a l  to 2 w i t h i n  e x p e r i m e n t a l  e r r o r  (-----0.05). 
Two i n t e r p r e t a t i o n s  of th i s  fac t  a r e  poss ib le :  (A)  t h e  
v a p o r  consis ts  p r e d o m i n a n t l y  of TiCI~ molecu les ,  t h e  
con ten t  of TiCI~ a n d  TIC1, b e i n g  n e g l i g i b l y  sma l l ;  
(B)  t r i -  a n d  t e t r a c h l o r i d e  r e a c t  w i t h  m e t a l  of  t h e  
p i p e t t e  on cool ing  to  f o r m  TiCI~. The  l a t t e r  i n t e r p r e -  
t a t i o n  s e e m e d  m o r e  p r o b a b l e .  In  th i s  case, t he  t o t a l  
n u m b e r  of  Ti  a toms,  ~n'~,, as d e t e r m i n e d  a n a l y t i c a l -  
ly ,  w i l l  b e  g iven  b y  t h e  e q u a t i o n :  

~.n'~, = ~ ~ncl = n~ + 1.5n~ + 2n, ( I I I )  

The  " a p p a r e n t "  t o t a l  p r e s su re ,  i.e., ~P'~, = p~ ~ 1.5 
p~ ~ 2p4, c a l c u l a t e d  f r o m  the  a n a l y s i s  of  t h e  con -  
d e n s e d  sal t ,  w i l l  be  h i g h e r  t h a n  t h e  e q u i l i b r i u m  
p r e s s u r e  ~P~, = p~ + p,  + p,. The  v a l u e s  of  t h e  a p -  
p a r e n t  p r e s s u r e  fo r  t he  e x p e r i m e n t s  r e p o r t e d  in  
T a b l e  I a r e  g i v e n  in  t h e  t h i r d  co lumn.  

The  d i s p r o p o r t i o n a t i o n  of l o w e r  t i t a n i u m  ch lo r ides  
was  s t u d i e d  r e c e n t l y  b y  S k i n n e r  and  R u e h r w e i n  (1 ) .  
T h e y  m e a s u r e d  the  t o t a l  p r e s s u r e  of v a p o r s  o v e r  
so l id  d i c h l o r i d e  and  c a l c u l a t e d  t h e  p a r t i a l  p r e s s u r e s  
of  d i -  t r i -  a n d  t e t r a c h l o r i d e  f r o m  o t h e r  t h e r m o d y -  
n a m i c  d a t a  and  e s t i m a t e d  e n t r o p i e s  a n d  specific 
hea ts .  T h e i r  v a l u e s  for  p~, p~, and  p, a r e  s h o w n  in 
Fig .  2. S a n d e r s o n  a n d  M a c W o o d  (2) m e a s u r e d  the  
hea t s  of f o r m a t i o n  of TiCI~ a n d  TiCI~ a n d  the  d i s p r o -  
p o r t i o n a t i o n  e q u i l i b r i a  of  t r i c h lo r i de .  F r o m  these  
m e a s u r e m e n t s  a n d  f r o m  t h e  e s t i m a t e d  e n t r o p i e s  a n d  
specific h e a t s  t h e y  d e d u c e d  a cons i s t en t  se t  of  t h e r -  
m o d y n a m i c  d a t a  for  t i t a n i u m  ch lor ides .  The  v a l u e s  
of p a r t i a l  p r e s s u r e s  of t r i -  a n d  t e t r a c h l o r i d e  ove r  
sol id  TIC12 c a l c u l a t e d  f r o m  t h e i r  d a t a  a r e  also s h o w n  
in  Fig .  2. U n c e r t a i n t i e s  in  t h e  e s t i m a t e d  t h e r m o d y -  
n a m i c  d a t a  a r e  r e s p o n s i b l e  for  c o n s i d e r a b l e  d i f f e r -  
ences  in  t he  c a l c u l a t e d  v a l u e s  of t he  p a r t i a l  p r e s s u r e  
d e r i v e d  f r o m  bo th  inves t iga t ions .  

Table I. Disproportionation of TiCls 

G - a t o m s  • 10 -~ 
c h l o r i n e  ZP'TI 

T e m p ,  ~ in  22.5 m l  m m  H g  

652 3.64 5 
670 6.04 8.5 
682 6.3 9.0 
687 8.9 12.5 
695 10.4 15 
703 14.5 21 
704 9.7 14 
730 20.8 31 
733 26.1 39 
735 22.0 33 
737 32.0 48 
762 45.6 70 
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Fig. 2. Comparison of experimental ~P'~t values with the 
values derived from Skinner's and Sanderson's papers. 

The b r o k e n  l ine  in  the  d iagram,  Fig. 2, r ep resen t s  
the  sum Y+P'~, = p, + 1.5p~ + 2p,, ca lcu la ted  f rom the  
da ta  by  S k i n n e r  and  R u e h r w e i n  to m a k e  a compar i -  
son w i t h  o u r  e x p e r i m e n t a l l y  found  values ,  shown  in  
t h e  same figure as fu l l  circles. The  a g r e e m e n t  is 
good, bu t  m a y  be for tu i tous .  S a n d e r s o n  and  Mac-  
Wood have  not  e s t ima ted  the  va lue  of p~ ( the  s u b -  
l i m a t i o n  p re s su re  of TiCI~). If the i r  va lues  for  p~ 
and  p, are  t aken  to be more  correct  t h a n  those es t i -  
m a t e d  by  S k i n n e r  and  Rueh rwe in ,  t h e n - - i n  order  to 
c o n f o r m  wi th  p resen t  m e a s u r e m e n t s - - o n e  has to 
assume tha t  the  s u b l i m a t i o n  p ressure  of TIC12 should  
be on ly  s l igh t ly  lower  t h a n  the a p p a r e n t  pressures .  
F u r t h e r  e x p e r i m e n t a l  s tudies  wi l l  be  necessa ry  to 
decide this  ma t t e r .  

F u r t h e r  m e a s u r e m e n t s  of the  a p p a r e n t  to ta l  p res -  
sure  XP'T, w e r e  m a d e  over  m i x t u r e s  of TiCI~ and  
m o l t e n  MgCI~. Resul ts  for m i x t u r e s  c o n t a i n i n g  more  
t h a n  40 mole  % TiCI~ a re  shown  in  Tab le  II. At  the  
t ime  w h e n  these  e x p e r i m e n t s  we re  car r ied  out, a 
su i t ab le  d ry  box  was  no t  ava i l ab le  to r e m o v e  the  sal t  
f rom the  reac t ion  t u b e  for analysis .  W h e n  the  salt  
con t a ine r  was  r emoved  f rom the  a rgon- f i l l ed  s t a in -  
less s teel  t u b e  the  sal t  reac ted  v io l en t ly  w i th  mois t  
a i r  w i th  evo lu t ion  of l ight.  In  on ly  th ree  cases was  
it  possible  to ob t a in  a p p r o x i m a t e  ana lyses  of the  
sal t  by  i n t r o d u c i n g  a n  acid so lu t ion  d i rec t ly  in to  the  
a rgon- f i l l ed  t i t a n i u m  vessel.  The  accuracy  was  p r o b -  
ab ly  no t  g rea te r  t h a n  -----1% Ti b y  weight .  

Since the  sal t  m i x t u r e s  were  a lways  p r e p a r e d  in  
s imi la r  propor t ions ,  one can conc lude  tha t  the  con-  
t e n t  of TiCI~ va r i ed  w i t h i n  the  l imi t s  f ound  in  th ree  
ana lyzed  mix tu res ,  i.e., f rom abou t  40 to 60% TiCI~. 
The  va lues  of ~,P'~, found  by  the  ana lys i s  of vapors  
e n t r a p p e d  in  the  p ipe t t e  a re  p lo t ted  in  Fig. 2 as open 
circles. I t  is seen t ha t  w i t h i n  the  l imi t s  of expe r i -  
m e n t a l  accuracy,  the  po in ts  fa l l  on the  same l ine  as 
for p u r e  TiCI~. This  fact ind ica tes  tha t  the  ac t iv i ty  
of TiCI~ in  sal t  m i x t u r e s  con t a in ing  more  t h a n  abou t  
40 mo l a r  % of Ti is p rac t i ca l ly  the  same as t ha t  of 
pu re  TiCI~. In  o ther  words,  it  can  be safe ly  s ta ted  
tha t  the  so lub i l i ty  of TiCI~ in  m o l t e n  MgCI~ at  abou t  
750~ is less t h a n  40 mole  % TiCI~. 

E x p e r i m e n t s  wi th  d i lu te  solut ions  of TiCI~ in  mo l -  
t en  MgCI~ also po in ted  to the  same conclusion.  A 
few e x p e r i m e n t s  car r ied  out  in  the  r ange  up  to abou t  
2.4 mole  % TiCI~ are show n  in  Ta b l e  III .  

The ac t iv i ty  of TiCI~ in  these d i lu te  solut ions  can 
be t a k e n  as a p p r o x i m a t e l y  equa l  to the  ra t io  of the  
a p p a r e n t  pressure ,  ~P'~i, for the  g iven  so lu t ion  to the  
a p p a r e n t  p ressure  of the  MgC12-free TiCI~ at  the  
same t e m p e r a t u r e  ( ex t r apo la t ed  f rom the  da ta  of 
Tables  I and  II  a nd  des igna ted  by  Po in  Tab le  I I I ) .  
The  ac t iv i ty  coefficient, 7, ca lcu la ted  in  this  m a n n e r  
is abou t  5, i nd i ca t ing  a s t rong  posi t ive  dev ia t ion  
f rom Raou l t ' s  Law.  

F u r t h e r  d e t e r m i n a t i o n s  w i th  the  descr ibed  m e t h -  
od were  not  ca r r i ed  out. A l t h o u g h  the  accuracy  of 
the me thod  could be i m p r o v e d  by  f u r t h e r  expe r i -  
men ta t i on ,  m e a s u r e m e n t s  of the  a p p a r e n t  to ta l  vapor  
p re s su re  for the  sole purpose  of d e t e r m i n i n g  the  
so lub i l i ty  of TiCI~ in  MgCI~ were  no t  justif ied.  

Therma l  Analysis in the System MgCI2 -T iC I2  
E x p e r i m e n t a l  p rocedure . - -Mater ia l s  used  for this  

i nves t iga t ion  were  a n h y d r o u s  MgCI~ a nd  TiCI~. The  
MgCl~ was  ob ta ined  f rom the  B u r e a u  of Mines  Expe -  
r i m e n t a l  S ta t ion  in  A lbany ,  Oregon,  in  a p u r e  a n h y -  
drous  fo rm as rece ived as a b y - p r o d u c t  f rom the  
p roduc t ion  of z i r c on i um me t a l  by  the  Kro l l  process. 
The  sal t  dissolved in  w a t e r  w i t h o u t  a n y  res idue.  I ts  
m e l t i n g  po in t  was  d e t e r m i n e d  to 715~ which  
agreed  wel l  wi th  the  va l ue  of 714~ repor ted  in  the  
l i t e r a t u r e  (3) .  

The TiCl~ was obtained by react ing high pur i ty  TiCL 
with Ti metal. The TiCL was furnished in par t  by the 
Bureau  of Standards and the rest was purchased from 
the Fisher Scientific Company. The former was 99.99% 
pure  and the lat ter  was purified according to NBS 

Table II. Values of the apparent vapor pressure of TiCI~, ~P'~,, 
over mixtures of MgCI~ with over 40 mole % TiCI: 

A p p r o x i m a t e  G-atoms • 10-s 
m o l e  % T I  i n  ~P 'T!  PMgC]~ 

T e m p ,  ~ TiCI~ 22.5  m l  m m  H g  m m  H g  

Table III. Values of the apparent vapor pressure of TiCl+ (ZP'~) 
over mixtures of MgCI2 with small contents of TiCI~ 

A p p r o x i m a t e  G - a t o m s  • 10 -6 
m o l e  % of  T i  i n  ~,P'Tz PMg Po 

T e m p ,  * e  TIC12* 22.5 rn l  m m  H g  m m  H g  m m  H g  7 

720 42 8.1 24 - -  
726 - -  14.0 42 0.5 
730 - -  11.7 35 0.4 
737 63 15.4 46 0.5 
740 - -  9.6 29 - -  
742 - -  25.8 78 - -  
751 45 13.8 42 0.6 
757 - -  15.0 46 1.2? 
763 - -  34.1 105 - -  

760 1.8 2.3 7.0 - -  75 5.2 
791 1.4 3.2 10.3 - -  142 5.2 
800 2.4 5.5 17.5 1.7 170 4.3 
839 1.3 7.6 25.0 - -  390 4.9 
846 - -  8.0 26.5 3.3 450 - -  
857 1.2 9.3 31 3.4 550 4.7 

T h e  m o l a r  p e r c e n t a g e  o f  TIC12 w a s  c a l c u l a t e d  o n  t h e  a s s u m p t i o n  
t h a t  o n l y  t h i s  s p e c i e s  is  p r e s e n t  in  t h e  m o l t e n  sa l t .  
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Report 3874 by addit ion of CL to the refluxing liquid. 
The TiCL was t ransferred by dist i l lat ion to avoid ex- 
posure to humid  air. The Ti metal  used was either 
iodide-grade with 99.98% Ti or an electrolytic product  
(Bureau of Mines, Boulder City) with 99.53% Ti. 

The reaction between the tetrachloride and the metal  
was carried out in a quartz apparatus. A quartz flask 
of 250 ml  capacity served as a container  for the tetra-  
chloride. The neck of the flask was connected to a 
quartz tube 1 3/16 in. in diameter  and approximately 
15 in. long. The tube was constricted about 5 in. above 
the flask to keep the solid piece of Ti metal  in  place, 
and then tetrachloride was distilled into the flask in 
excess of the amount  required  to react with the metal  
to form TiCI~. The tetrachloride was cooled to --70~ 
the apparatus  evacuated to about 1~ and the quartz 
tube was finally sealed close to the upper  end. The 
flask had a th in  sealed side tube through which the 
excess of TiCL could be distilled off after the run. The 
quartz tube wi th  the metal  was then inserted in a 
furnace and the metal  heated to 750~ while the tem- 
pera ture  of the l iquid TIC1, was main ta ined  at 80 ~ 
100~ The reaction was allowed to proceed for about  
14 days. T i tan ium trichloride condensed in the wider 
parts of the quartz tube  above and below the metal  in  
the form of dense, deep violet crystal  masses which 
would gradual ly  fill the whole diameter  of the tube. 
When no decrease in the volume of tetrachloride was 
noticeable, the tempera ture  of the furnace was slowly 
lowered to convert  TiCh to TiCL. The side tube  of the 
flask was then broken, the excess of tetrachloride dis- 
tilled off, and finally the TiCl~ was heated to about 
20O~ and the whole apparatus evacuated to remove 
all tetrachloride. The quartz tube was then cut off 
f rom the flask in  a dry box; the tr ichloride was re- 
moved and stored in glass bottles. One run  produced 
about 110 g of very  dense TiCl~. 

For the thermal  analysis, mixtures  of MgCI~ and  
TiCI~ were prepared in a dry  box in argon atmosphere. 
The crucibles and the thermocouple protection tubes 
which were in  direct contact with mol ten salt were 
made of commercial  Ti. In  one modification, the cru- 
cible was open at the top and a th in  Ti tube closed at 
the lower end served as the thermocouple well. The 
lat ter  carried also at its lower end a perforated Ti disk 
to make the st i rr ing of the melt  more efficient. The 
crucible was covered with a screwed-in lid provided 
with an opening for the thermocouple well. To prevent  
excessive evaporat ion of salt at temperatures  above 
950~ an ent i re ly  closed crucible was employed. The 
cap of the crucible wi th  the thermocouple well  was 
machined from one piece of Ti. The cap could be 
t ight ly screwed on the top of the crucible, with a th in  
annealed  Ti sheet serving as a gasket. 

The crucibles were placed in a stainless steel tube of 
a design similar  to that  shown in  Fig. 1. The Ti ther-  
mocouple protection tube was screwed to a th in  stain- 
less steel tube which served as an extension of the 
thermocouple well, and was connected wi th  the upper  
brass flange. The brass bellows permit ted rais ing or 
lowering of the thermocouple well  to stir the melt  in 
the open crucible or to shake the closed type crucible. 
The large stainless steel tube  with two brass top flanges 
was connected with the argon purification t ra in  by a 
series of movable  glass elbows with ground joints so 
that  the tube could be inserted into the preheated ver-  
tical furnace and quenched in cold water  after the r un  
wi thout  disconnecting it. The chromel-alumel  thermo- 
couple wires were sealed, vacuum tight, into the glass 
par t  of the top of the stainless steel tube with black 
Apiezon wax. The wires were insula ted by a double- 
bore, hard porcelain tube. This tube  reacted at elevat- 

ed temperatures  with Ti parts:  a shiny coating, pre-  
sumably  of t i t an ium silicide, was formed on its surface 
which could fur ther  contaminate  the thermocouple. 
F requen t  calibrations of the thermocouple with pure 
NaC1 (Baker, analyt ical  grade) and pure MgCh have 
shown that  the change in the thermocouple readings 
amounted to only 1~176 after two or three runs.  

Magnesium chloride and  t i t an ium trichloride were  
mixed in the desired proportions in a dry box filled 
with argon, and were charged in Ti crucibles. In  some 
cases, a certain amount  of Ti powder  was added to 
avoid excessive corrosion of Ti crucibles, especially at 
higher contents of TiCh in the charge. The amount  of 
salt charged in the crucibles was always about 20 g. 
The crucibles were t ransferred into the stainless steel 
tube under  argon. The tube was connected with the 
vacuum system, evacuated, filled with argon, and then 
put  into the preheated furnace. The salt was heated 
well  above the expected freezing point  and the melt  
was st irred or shaken f requent ly  to homogenize the 
melt  dur ing  an hour, the t ime sufficient to a t ta in  equi- 
l ibrium. The power input  of the furnace was then 
gradual ly  lowered by  means of a Variac t ransformer  to 
obtain a constant  cooling rate of 1-2~ Readings 
were taken at intervals  of 1 min, and between the read- 
ings the melt  was stirred. Since no thermal  arrests 
were found below 700~ the stainless steel tube was 
taken out of the furnace and quenched in a water  tank. 
The crucibles were then opened in the dry box and 
samples taken  for analysis. 

For  the  d e t e r m i n a t i o n  of to ta l  so luble  Ti  a sample  
was  dissolved in  a t i t r a t i on  flask wh ich  was  con t in -  
uous ly  f lushed w i t h  h y d r o g e n  to p r e v e n t  ox ida t ion  
of t r i v a l e n t  Ti. Then,  200 m l  0.5N HC1 a nd  5 ml  85% 
H~PO~ were  added,  a nd  the  t r i v a l e n t  Ti  was  oxi-  
dized w i th  50 ml  0.1N ferr ic  a m m o n i u m  sul fa te  so lu-  
t ion. Eight  drops  of a 0.2% aqueous  b a r i u m  d i -  
p h e n y l a m i n  su l fona te  so lu t ion  w e r e  added  as an  
ind ica to r  a nd  the  fer rous  ions w e r e  t i t r a t ed  w i th  
0.1N po tas s ium d ich roma te  solut ion.  

For  the  d e t e r m i n a t i o n  of TiCI~ the  fo l lowing  p ro -  
cedure  is suggested  in  l i t e r a t u r e  (4) .  T i t a n i u m  di -  
chlor ide  on d isso lv ing  in  d i lu te  acid reacts  according  
to the  equa t ion  

TiCI~ ~ HC1 ---- TIC18 -~ 1/2 H~ 

The  con ten t  of d ich lor ide  can  thus  be ob ta ined  f rom 
the  v o l u m e  of h y d r o g e n  fo rmed  in  this  react ion.  
The  r e su l t i ng  so lu t ion  of TIC18 can  be t i t r a t ed  for 
the  to ta l  con ten t  of Ti, a n d  the  in i t i a l  con ten t  of 
t r i v a l e n t  Ti  in  the  ana lyzed  sal t  is t h e n  ob t a ined  
f rom the  difference,  

% Ti  .... , - -  % Wi~,~ = % WiTlc,~ 

Most  of the  sal t  m i x t u r e s  were  ana lyzed  for d i v a l e n t  
a nd  t r i v a l e n t  t i t a n i u m  accord ing  to this  scheme. 
T i t a n i u m  dichlor ide  a nd  t r i ch lo r ide  were  a lways  
found  together ,  the  ra t io  be ing  abou t  7.5. The  fa i r  
r ep roduc ib i l i t y  of the  ana lyses  led the  a u t h o r  to be -  
l ieve  t h a t  the  know l e dge  of the  sum of d i -  and  t r i -  
chlor ide was  sufficient to define comple te ly  the  sal t  
composi t ion.  Therefore ,  the  con ten t  of MgCI~ and  
to ta l  ch lor ine  were  no t  de t e rmined .  However ,  the  
f inal  e x p e r i m e n t s  w i t h  MgCl~-free t i t a n i u m  chlor ide  
cast cons iderab le  doub t  on the  accuracy  of de t e r -  
m i n a t i o n s  of TiCI~ f rom the  v o l u m e  of hydrogen .  
The  MgCl~-free sal t  wh ich  solidified a t  1025~ gave 
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TiCI~ 
calculated 

Posit ion Total from total 
in the TiCl~ TIC18 TiCI= + TiCla soluble soluble  Ti  

crucible  % % % Ti % % 

Top 84.20 20.60 104.8 40.30 99.9 
Bottom 88.25 16.57 104.8 40.75 101.2 

the  values  shown in Table IV. The mel t  contained 
f rom 9.4 to 19.7% of finely dispersed Ti me ta l  which 
was separa ted  by f i l t rat ion af ter  dissolving the  sam-  
ples in d i lu te  HC1, and af ter  the volume of hydrogen  
had been  measured.  The percentages  of TiCI= and 
TiCI~ given in Table IV refer  to the composit ion of 
the me t a l - f r ee  salt.  

The above analyses  show tha t  the  sum, (TIC1, + 
TiCI~), was about  105%. This high resul t  could be 
due to the  fact tha t  not al l  hydrogen  formed dur ing  
the dissolution of samples in HC1 had been collected. 
This fa i lure  of the exact  de te rmina t ion  of d iva len t  
Ti f rom the volume of hydrogen  can be expla ined  by  
the format ion  of t i t an ium hydr ide  in the  react ion 
between the nascent  hydrogen  and Ti meta l  dis-  
persed in the solid salt.  

When, in the  case considered here, the total  solu-  
ble Ti was assumed to be presen t  exclus ively  in the 
d iva lent  form, the calcula ted percentage  of dichlo-  
r ide was found to be close to 100%, which is a more  
reasonable  ana ly t ica l  resul t  than  the 105% obta ined  
for the sum, (TiCI~ + TiCI~). In  other  words,  it  ap-  
peared  probab le  tha t  the salt  did not contain TiCI~. 
In order  to prove this conclusion, two fu r the r  p rep -  

heterogenous mix tu res  of MgCI~ and TIC1,. There -  
fore, the to ta l  contents of soluble Ti as found by  
t i t r a t ion  of samples  dissolved in HC1 were  reca lcu-  
la ted  to TIC1,. Table  VI gives the s um m a r y  of ana-  
ly t ica l  resul ts  and of t he rma l  analyses.  

These exper iments  show tha t  measurements  of the 
content  of TiCI~ f rom the volume of hydrogen  
evolved dur ing  dissolution in  acids in the  samples  
containing dispersed meta l  par t ic les  are not rel iable.  
We suspect tha t  er rors  s imi lar  to those exper ienced  
here  could occur in the work  of other  inves t igators  
who repor ted  analyses  for di -  and t r ich lor ide  in 
mel ts  containing dispersed meta l  part icles .  

The phase  d i ag ram of the  sys tem TiCI~-MgCI= 
shown in Fig. 3 indicates  tha t  the sys tem is of the  
per i tec t ic  type.  The per i tect ic  point  lies close to the  
mel t ing point  of pure  MgC1, at  about  0.29 mole % 
(0.35 wt  %) TiCI~ and 716~ The observed pe r i -  
tectic t empera tu re  shows a tendency to increase wi th  
increasing content  of TiCI= reaching about  725~ 
nea r  the TiCl~-end of the d iagram.  The reason for 
this  increase is not  known. 

The solubi l i ty  of TiCL in solid MgCI= is below 0.35 
wt  % TiCI= at  715~ the solubi l i ty  of MgCI= in solid 
TiCI= was not  de termined,  but  it  is be l ieved to be 
small .  

The solidified salt  low in TIC1, had  an emera ld  
green color which deepened to a da rk  green at  about  
50 wt  % TiCI=. Fu r t he r  increase of the concentra t ion 
of the dichlor ide  changed the color f rom a grayish  
da rk  green to b lack  wi th  a violet  tinge. The sal t  also 
changed in phys ica l  appearance,  and it was more and 
more  difficult to remove i t  f rom the crucible.  The 
magnes ium-ch lo r ide - f r ee  salt  was a g raph i t e - l i ke  

ara t ions  of the  MgCl~-free sal t  were  made  under  
wide ly  different  condit ions of cooling f rom the l iquid 
state, and were  analyzed  several  t imes for total  Ti 
and C1. Sample  N 15 was p repa red  by heat ing TiCI= 
at  about  1050~ cooling s lowly in the furnace  to 
about  675~ and then rap id ly  cooling. Sample  V 16 
was hea ted  to 1050~ in a closed Ti crucible  inser ted  
in a sealed quar tz  tube,  and then quenched in water .  
Port ions of the samples were  dissolved in di lute  
(2.5 % ) H~SO,, the  Ti par t ic les  removed  by fi l tration,  
and the to ta l  soluble Ti content  de te rmined  by p r e -  
c ipi ta t ion wi th  cupferron or wi th  acetic acid. Both 
methods gave the same results.  The chlorine content  
was de te rmined  as s i lver  chloride. 

Grav imet r i c  analyses  gave the  resul ts  shown in 
Table  V. 

The resul ts  show tha t  the solidified salt  contained 
only TiCI=. The content  of t r ichlor ide,  if it  was at  all  
present ,  must  be negl ig ib ly  small.  There are no 
reasons to suppose tha t  t r i va l en t  Ti would  be more  
s table in MgCI=-TiC1, mix tures  which solidified as 

Table V. 

Theoret ical  
compos i t ion  

of  pure  
Y 16 l~l 15 TiCl~ 

Wt % Ti 40.2 4 0 . 3  40.2 40.3 40.9 40.32 
Wt % (31 - -  59.5 5 7 . 8  58.3 59.1 59.68 
Total % - -  99.8 9 8 . 0  9 8 . 6  100 .0  100.00 

substance which had  to be scraped out of the  c ru-  
cible and which "smeared"  when it was crushed 
wi th  a pest le  in a mortar .  I t  was not  pyrophor ic  and 
not pa r t i cu l a r ly  sensi t ive to mois ture  when in com- 
pact  form. Much longer t ime was requi red  to dis-  
solve a sample of pure  TiCl~ in acid solution than  
samples  containing MgCI~. 

The Ti powder  was  most ly  deposi ted as a spongy 
mass on the wal ls  and on the thermocouple  pro tec-  
t ion tube. At  h igher  concentrat ions the  top pa r t  of 
the salt  contained more  Ti powder  than  the bot tom 
part ,  and sometimes a l ayer  of pure  salt  was ob-  
served at the  bot tom wi th  almost  no meta l l ic  Ti. 
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Fig. 3. Phase diagram of the MgCI2-TiCI2 system 
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Table VI. Summary of experimental results ~ 

Ti m e t a l  
( in so lub le  To ta l  T h e r m a l  

C h a r g e  W t  loss,  res idue)  so lub le  Ti,  TIC18 arrests, 
R u n  No. wt ,  g g w t  % w t  %8 W t  %2 mo le  % ~ 

Open Crucibles 
1 . . . .  0 0 08 714 
2 - -  - -  - -  2.68 6.6 5.35 769 718 
3 24.4 - -  0.41 4.28 10.57 8.64 795 719 
4 17.05 - -  1.1 10.21 25.18 21.22 848.5 720 
5 22.06 Apprec. 2.26 10.08 25.03 21.18 851 719 
6 19.16 - -  1.24 15.96 39.5 34.32 897 722 
7 19.75 - -  13.64 19.82 49.1 43.58 929 722 

Closed Crucibles 
12 - -  - -  - -  0 0 03 714 
11 - -  - -  - -  0.02 0.05 715.5 
10 - -  - -  - -  0.14 0.35 0.29 722 716 

9 - -  - -  - -  0.38 0.94 0.76 722 716 
8 - -  - -  - -  0.75 1.86 1.50 732 716 

13 17.32 0.1 41.1 29.55 73.2 68.63 977 
14 top 14.4 36.10 89.2 7 
14 middle  16.26 0.2 10.4 34.50 85.4 ~ 84.59 1001 726 
14 bot tom ~ 0.15 35.10 87.2J 
15 top 19.7 40.30 99.91 

20.85 3A ~ 100.0 1025 
15 bot tom ~ 11.8 40.75 101.2) s 

V 16 --6 - -  5.2 40.25 98.9 100.0 
N 15 8 __ 4.0 40.55 99.3 100.0 

R e m a r k s :  1 D e t e r m i n a t i o n s  of  TiCl2 c o n t e n t  f r o m  the  v o l u m e  of  h y d r o g e n  co l lec ted  a f t e r  d i s s o l v i n g  s a m p l e s  in  d i l u t e  ac id  a r e  no t  g i v e n  
he re  because  t h e y  w e r e  f o u n d  to  be  i naccu ra t e .  

8 The  p e r c e n t a g e s  of  t o t a l  s o lub l e  Ti  a n d  of  TIC18 w e r e  c a l c u l a t e d  f r o m  ana ly se s  a f t e r  s u b t r a c t i n g  t he  i n s o l u b l e  (meta l l i c )  T i  
d i spe r sed  i n  t he  salt .  

3 100% MgCI~ 
3 1.15 g metallic Ti powder added to the charge. 

3.9 g metallic Ti powder added to the charge. 
6 A v e r a g e  va lues .  
7 A v e r a g e  va lue .  
s A c c e p t e d  va lue .  

I t  has  to be po in t ed  ou t  t ha t  app rec i ab l e  amoun t s  
of me ta l l i c  Ti  d i spe r sed  in the  me l t s  w e r e  found  in 
a l l  cases, w h e t h e r  Ti  p o w d e r  was  added  to the  
cha rge  or  not.  As  it  is seen  f r o m  Tab le  VI, t he  p e r -  
cen tage  of d i spersed  m e t a l  g e n e r a l l y  inc reased  w i t h  
inc reas ing  con ten t  of so luble  Ti. The  o r ig in  of t he  
d i spersed  m e t a l  was  c e r t a i n l y  the  m a t e r i a l  of t he  
crucible .  The  d ispers ions  w e r e  f o r m e d  t h r o u g h  the  
cor ros ive  ac t ion  of TIC13 in the  cha rge  w h i c h  s t rong ly  
a t t a c k e d  the  inne r  wa l l s  of  t he  crucibles .  S o m e  
me ta l l i c  pa r t i c l e s  w e r e  coarse  (up  to 0.5 m m  in cross 
sect ion)  ; t h e y  w e r e  p r o b a b l y  m e t a l  c rys ta l s  loosened  
f r o m  the  c ruc ib l e  walls .  S i m i l a r  f o r m a t i o n  of  m e t a l -  
l ic d ispers ions  ( " p y r o s o l s " )  was  obse rved  by  S t r a u -  
man i s  (5) in t he  me l t s  exposed  to  a i r  or  w h e n  the  
m e t a l  i m m e r s e d  in a ha l ide  m e l t  con ta ined  oxygen .  
The  m a t e r i a l  of our  c ruc ib les  was  c o m m e r c i a l  g r ade  
Ti w i t h  abou t  0.3% oxygen :  i t  d id  no t  f o r m  S t r a u -  
man i s '  "py roso l s "  in p u r e  m a g n e s i u m  or  sod ium 
ch lo r ide  mel ts ,  u n d e r  a rgon  a tmosphe re ,  b u t  could  
do so w h e n  exposed  to t he  co r ros ive  ac t ion  of TIC18 
in t he  charge .  

The  f o r m a t i o n  of m e t a l  d i spers ion  by  some d i sp ro -  
po r t i ona t ion  r eac t ion  on cooling,  e.g., 

2TIC1-> Ti ~ TIC18 

does not  s eem probable .  Our  da ta  do no t  l end  any  
t ang ib l e  suppor t  fo r  the  a s sumpt ion  t h a t  t i t a n i u m  

m o n o c h l o r i d e  could  f o r m  in the  me l t s  and  d i sp ro -  
po r t i ona t e  on cooling. 
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ABSTRACT 

Thermal analyses of TiCl~ and NaCl in closed t i tanium metal crucibles 
were made in the range from 0 to I00 wt % TiCl~. The melting point of TiCl2 
was confirmed to be i025~ The phase diagram of the system has two com- 
pounds and one eutectic. The eutectic point lies at 50.0 wt  % TiCI~ and 605~ 
One compound, NaC1.TiCI~, is formed by a peritectic reaction at 628~ the 
other one, 2NaC1. TiCI~, decomposes in the solid state at 548~ 

The free energy curves derived from the phase diagram indicate that  
liquid NaC1-TiCh melts have the highest stabili ty at temperatures up to about 
800~ at the composition 2Na -b 1 Ti -k 4C1, thus making probable the exist-  
ence of [TiCL] ~- complex ions. At  higher temperatures or in the presence of 
large cations, more complex ionic clusters are l ikely to exist. 

Results  of an inves t igat ion of the MgCI~-TiCI~ sys-  
tem were  repor ted  in a previous  pape r  (1).  In for -  
mat ion  on other  sal t  systems conta ining t i t an ium 
t r i -  and d i -ch lor ide  is r a the r  scarce. Mixtures  of 
NaC1 and TiCl~ or TiCI~ are  of special  in teres t  be-  
cause they  are  formed t rans i t iona l ly  in the Na re -  
duction process, and m a y  also be used in the  elec-  
t ro lyt ic  product ion  of Ti metal .  

Thermal Analysis in the System NaCI-TiCl2 
This paper  gives the resul ts  of an inves t igat ion 

of the phase d iag ram in the sys tem NaC1-TiCI~ by 
the rmal  analysis.  The charge consisted of NaC1 and 
TiCl~. The NaC1 was of the  AR grade  and was dr ied 
by  heat ing in vacuo at 500~ Ti tan ium t r ich lor ide  
was p repa red  in this labora tory .  The mate r ia l s  were  
charged under  argon into Ti crucibles  made  of com- 
mercia l  Ti. The crucibles were  p rov ided  wi th  lids 
which pe rmi t t ed  them to be closed t ight ly .  The lid 
ca r r i ed  a t he rmocoup le -we l l  tube made  of Ti, which 
pro jec ted  into the  sal t  mixture .  The expe r imen ta l  
procedure  and the analysis  of sal t  mix tu res  have  been 
a l r eady  descr ibed (1).  On heating,  TiCI~ reacted 
wi th  the meta l  of the crucible,  giving ~iCl~. The 
weight  of the  mix tu re  was about  20 g. I t  was r a the r  
difficult to a t ta in  complete  t ightness  of the cruci -  
ble lid, so tha t  in most  cases some loss due to evap-  
orat ion was observed.  The average  amount  lost  from 
mix tures  conta ining NaC1 was 0.5 g or about  2.5% 
of the charge.  The mix tu res  were  hea ted  about  
100~ above the expected  mel t ing  point,  and the r -  
mal  ar res ts  were  de te rmined  on cooling. Chemical  
analyses  of solidified salts p resented  s imi lar  diffi- 
culties as were  observed in the  case of MgCI~-TiCI~ 
mixtures .  The salts contained dispersed Ti meta l  
powder  in va ry ing  amounts  ( f rom 1 to 5 g / m e l t ) .  
There  was no corre la t ion  be tween  the amount  of 
dispersed Ti me ta l  and the chemical  analysis  of the  
sal t  soluble in d i lu te  I-IC1. The most  p robab le  origin 

of this meta l l ic  dispersion was the  crucible mater ia l .  
The crucibles were  made of commercia l  grade  Ti 
which conta ined about  0.3% oxygen.  S t r auman i s  
and co-workers  have  shown recent ly  (2) tha t  oxy-  
gen-bea r ing  Ti tends to form fine dispersions of 
meta l  ("pyrosols")  in mol ten  halides. In the  present  
case, the format ion  of such dispersions was assisted 
by  corrosive action of TiCI~ in the  charge  which 
s t rongly  a t tacked  the  inner  wal ls  of the crucible.  
Some meta l l ic  par t ic les  were  r a the r  coarse, up to 
0.5 m m  in cross section; they  were  most  p robab ly  
meta l  crys ta ls  loosened f rom the inner  surface of 
the crucibles by  the corrosive action of TIC1,. 

The solidified salt  was scraped out of the crucible 
in a d ry  box under  argon. The mix tu re  was then 
dissolved in HC1 and the to ta l  ana lyzed  content  of 
soluble Ti was ca lcula ted  as TiCI~. I t  was shown 
previous ly  (1) tha t  TiCI~ sol idifying at  1025~ in 
closed Ti crucibles contained t i t an ium and chlorine 
a toms in the ra t io  1:2. This ra t io  was found in 
several  p repara t ions  of the salt  made  under  differ-  
ent  condit ions of cooling f rom the mol ten  s tate  and 
containing different  amounts  of suspended metal .  In 
the  present  work  i t  was assumed tha t  fused mix -  
tures  of NaC1 and TiC1 obta ined  in contact  wi th  Ti 
meta l  also contained only d iva len t  Ti. A di rec t  de-  
t e rmina t ion  of d iva len t  Ti f rom the volume of h y -  
drogen evolved dur ing  the dissolut ion of salts in 
acids was found to be unre l i ab le  in the presence of 
fine meta l l ic  part icles .  As a l r eady  ment ioned  (1) ,  
pa r t  of the hydrogen  reduced by  TiCI~ f rom di lu te  
acid reacts  wi th  finely d ispersed Ti me ta l  to form 
solid t i t an ium hydr ide .  Therefore,  the measured  
volume of hydrogen  gas is lower  than  would cor-  
respond to the  content  of TiCI~. 

Values of TiCl~ as found by  t i t r a t ion  are  given in 
Table  I and were  used in construct ion of the phase 
d i ag ram shown in Fig. 1. 

216 
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Table I. Summary of results 

Charge Weight 
weight  loss TIC12 TIC12 

in g in g w t  % m o l e  % Thermal  arrests in ~ 

22.0 - -  0 O* 801 - -  - -  - -  
21.1 0.6 15.84 8.46 762.5 - -  605.5 1 
19.1 0.8 21.75 12.02 740 - -  611.5 - -  
24.3 0.0 30.32 17.62 709.5 - -  612.5 566.5 
24.5 0.3 40.3 24.92 656.5 - -  611 549 
16.5 0.9 46.2 29.68 621 - -  603 547.5 
21.7 0.2 49.9 32.9 - -  - -  608 552 
21.2 0.2 52.7 35.3 680 629 605 548 
19.7 0.2 61.25 43.75 822 628 605 546 
20.8 1.3 76.8 61.9 938.5 625 (597.5) t (548) 
18.9 0.1 83.15 70.8 969 626.5 (598) t (543) t 
19.0 3.6 100 100 1025 - -  - -  - -  

* 100% NaC]; t Faint  arrests.  

~ooo f- N,,c~ -no2 . . ~  �9 

.2 
g 

Nc2TICI 4 NeTICl 3 

4oo ' ~0 ' Jo ' ,~  ' I~o ' ,oo 

Mole % TICI 2 

Fig. 1. Phase diagrams of the NaCI-TiCI~ and MgCI2-'J'iCI= 
systems. 

Discussion 
The phase  d i a g r a m  of the  sys tem has one eutect ic  

at  605~ and  at  50.0 wt  % (33.3 mole  %)  TiCI~. 
The  solid phase  in  e q u i l i b r i u m  w i t h  the  me l t  on  

the  NaCl - r i ch  side of the  d i a g r a m  is a solid so lu t ion  
of TiCI~ in  NaC1. The  ex t en t  of this  solid so lu t ion  
was  no t  de te rmined .  The  curve  of p r i m a r y  c rys t a l -  
l i za t ion  rises s teeply  on the side of h ighe r  concen -  
t r a t ions  of TiCI~ to the  m e l t i n g  po in t  of TiCI.~. The  
m e l t i n g  po in t  of TiCI~ was  r e d e t e r m i n e d  twice  and  
was  found  to be, respec t ive ly ,  1027 ~ a n d  1023~ 
which  is in  good a g r e e m e n t  w i th  the  p r ev ious ly  r e -  
por ted  va lue  of 1025 ~ The  composi t ion  of the  solid 
phase  in  e q u i l i b r i u m  w i t h  the  l iqu id  on the  TiCI~- 
r ich side was  no t  inves t iga ted ,  b u t  the  f o r m a t i o n  of 
ex tens ive  solid solut ions  of NaC1 in  TiCI~ seems to 
be improbab le .  

A t  628~ a per i tec t ic  r eac t ion  takes  p lace ;  the  
me l t  reacts  here  on cooling to fo rm a compound .  The  
composi t ion  of this  c o m p o u n d  was  no t  de t e rmined .  
A t e n t a t i v e  f o r m u l a  of NaC1. TiCI~ was  ass igned to 
this  compound .  

On f u r t h e r  cooling be low the  eutect ic  t e m p e r a -  
t u r e  ano the r  reac t ion  takes  place at  548~ This  can  
be i n t e r p r e t e d  as a per i tec to id  reac t ion :  a coral  

pound,  p r o b a b l y  2NaC1.TiCI~, d i spropor t iona tes  at  
548~ in to  two solid phases,  the  solid so lu t ion  of 
TiCI~ in  NaC1 a nd  the  above m e n t i o n e d  c o m p o u n d  
NaC1. TiCI~. The  f o r m u l a  2NaC1. TiCl~ is v e r y  p rob -  
able,  s ince the  ar res ts  are  s t ronges t  a r o u n d  33.3 mole  
% TiCI~. Ana logous  compounds ,  2KC1.TiCI~ and  
K C 1 .  TiCI~, have  b e e n  f o u n d  in  the  KC1-TiCI~ sys-  
t e m  b y  Ehr l i ch  (3) .  The  exis tence  of these  com- 
pounds  was conf i rmed by  x - r a y  studies.  

The  solidified sal t  low in  TIC1, had  a b l u i s h - g r e e n  
color which  deepened  w i t h  i nc reas ing  con ten t  of 
T i C I ~ .  At abou t  50 wt  % the  sal t  was  g r a y -g reen .  
At  h igher  con ten t s  of TiCI~ the  color changed  to a 
b l a c k - v i o l e t  and  the  phys ica l  appea rance  became  
l ike  t ha t  descr ibed  p r ev ious ly  for TiCI~. 

F igu re  1 shows a compar i son  of the  phase  d ia -  
g rams  for the  two systems---MgCl~-TiCl~ a nd  NaC1- 
T i C l r - - o n  the  mo l a r  concen t r a t i on  basis. A qua l i -  
t a t ive  discuss ion of t h e r m o d y n a m i c  proper t ies  of 
these  sys tems wi l l  be  he lp fu l  for a gene ra l  e x p l a n a -  
t ion  of the  behav io r  of TIC1, in  m o l t e n  salts. 

F i g u r e  2 shows schemat ic  cu rves  of the  f ree  e n -  
ergy of f o r ma t i on  of l iqu id  NaC1-TiCI~ solut ions  
f rom solid NaC1 and  solid TiCI~ at  th ree  t e m p e r a -  
tures :  jus t  above  the  eutect ic  t empe ra tu r e ,  jus t  
above  the  decompos i t ion  t e m p e r a t u r e  of NaC1. TiCI~, 

NoCt.TiCI 2 

o . . ,  : i l , ,  , . . . .  

/ 

[ . . . . . . .  2 
0 20 40 60 80 iOC 

NqCi Ti Cl z 
MOLE % ~Cl 2 

Fig. 2. Free energy curves for NaCI-TiCI~ system at 610 ~ 
650 ~ , ond 800~ Open circles correspond to two-phase 
boundories. 
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Fig. 3. Activities of TiCh in NaCI-TiCIs and MgCI2-TiCIs 
mixtures at 810~ 

and at 800~ I t  is seen that  the free energy of liq- 
uid NaC1-TiCI~ solutions is the lowest near the eu- 
tectic composition, i.e., at 33.3 mole % TiCI~. It  is 
evident also that this conclusion is not affected by 
the existence of the compound NaC1-TiC12 at t em-  
peratures below 650~ because the free energy of 
formation of this compound should be more positive 
than that of the liquid at temperatures above the 
eutectic point. 

Figure 3 shows a qualitative comparison of TIC12 
activities in both systems at 810~ i.e., above the 
melting points of NaC1 and MgCI~ but below the 
melting point of TiCI~. An appreciable solid solubil- 
ity of either MgCI~ or NaC1 in TiCI~ is improbable. 
Therefore, the activity of TiCI~ in the two-phase re-  
gions, liquid 4- TiCI~, should be very  close to unity. 
In the liquid phase, the activity should decrease 
with decreasing content of TiCI~. It  is evident that  
the activity of TiCI~ in liquid NaC1-TiCI~ solution 
will be considerably lower at all concentrations be- 
low about 42 mole % TiCI~ at 810~ than in MgCI~- 
TIC12 mixtures. Thus, TiCI= is more strongly bound 
in NaC1 liquid solutions than in MgCI~ melts. The 
fact that  the free energy of formation of NaC1-TiCI= 
melts has a minimum at the composition of 2NaC1. 
TiCI~ was used in construction of the activity curve 
in Fig. 3 to indicate that the activity of TiCI~ in 
NaCI melts should have an inflection point at this 
composition. 

The highest stability of the liquid at the composi- 
tion 2Na 4- 1Ti 4- 4C1 makes the assumption of 
stable complex ions [TiC14] ~- very probable. Thus 
the main structural  units of the melt on the NaC1- 
rich side of the phase diagram appear to be Na § CI-, 
and [TiC1,]*" ions. 

The liquidus on the TIC12 side of the NaC1-TiCI~ 
system rises steeply above the eutectic temperature  
and begins to deflect toward the temperature  axis at 
a perceptibly accelerated rate only above 800~ 
Thus, it can be concluded that  NaC1-TiC12 melts can 
dissolve TiCI~ in excess of 33.3 mole % only at the 
expense of an increase of the free energy in the 
system. The dichloride dissolving in the melt in ex- 
cess of 33.3 mole % should be present in a form dif- 
ferent from that  of the complex ions, [TiCI+]~-; it 
may  be either undissociated molecules of TiCI~ or 

1 
large ionic clusters composed of C1-Ti-C1 sub-units  

I 

April 1958 

with direct bonds between Ti atoms. The existence 
of undissociated molecules in ionic melts is ra ther  
improbable. On the other hand, by postulating the 
existence of large ionic clusters, the general be- 
havior of TiCl~ can be explained and par t ly  pre-  
dicted on the basis of the electrostatic theory of 
bonding in molten electrolytes. 

For clarity of fur ther  discussion, the term "com- 
plex ion" is reserved here for units containing only 
one metallic ion in the center, e.g., [TiC1,] ~-, 
[MgC1,] ~-, and the like. The bonding between the 
central atom and chlorine atoms is largely ionic. The 
"ionic clusters" are defined as structural  units con- 
taining more than one metallic atom per unit, e.g., 

C1 C1 C1 C1 C1 
I ! I I r 

C1-Ti-Ti-C1, C1-Ti-Ti-Ti-C1 etc. 
I I I I I 

C1 C1 C1 C1 C1 

The bonding between Ti ions is nonionic. 
The large clusters represent a transition to solid 

TIC12 which is known to possess a layer structure 
with direct bonds between Ti atoms. The activity of 
TiCI~ in melts containing such large clusters should 
be higher than in melts containing only [TiCI+] 2- 
ions; it approaches the value of unity on approach- 
ing the phase boundary  between the liquid solution 
and solid t i tanium dichloride. The structural  units 
of the MgCI~-TiCI~ melts are mainly large clusters 

I I 
composed of C1-Ti-C1 and C1-Mg-C1 sub units. 

1 T 
(Solid MgCI~ has also a layer structure, and it is 
reasonable to suppose that  the structure of liquid 
MgCI~ at not very  high temperatures  does not differ 
substantially f rom that of the solid.) Since divalent 
Mg and Ti atoms have approximately the same ionic 
radii, C1 ions are at tracted to them roughly to the 
same degree: neither Ti nor  Mg cations possess a 
marked tendency to form preferentially complex 
ions, [TiCL] ~- or [MgCI+] ~-. On the other hand, the 
electrostatic field of force of Na ions, which have a 
larger size and a smaller charge than Mg ions, is 
weaker  than that of divalent ions. Therefore, chlo- 
ride ions in the NaC1-TiCI~ melts are more strongly 
attracted by bivalent Ti ions than by Na ions with 
the formation of complex ions of the type [TiCI~] ~- 
The stability of these complex ions is strongly in- 
fluenced by the charge and size of the solvent ca- 
tions. Thus, the activity of divalent Ti in molten 
chlorides should decrease when Mg ions are re-  
placed by larger divalent cations (Ca ~§ Sr ~+, or 
Ba ~+) ; this decrease should be even more pronounced 
when Mg ions are replaced by  monovalent  cations 
(Na +, K § Rb § or Cs+). 

A similar effect of different cations on the activity 
of AgBr  in molten alkali bromides was observed 
by Salstrom and Hildebrand (4). They found that  Li 
and Na cations which have a smaller size than Ag 
ions increased the activity of AgBr, whereas K and 
Rb cations having larger diameters decreased it. 
Analogous effects of the solvent cation size are ob- 
served in molten basic steelmaking slags. The ac- 
t ivity of P, which is present in the slags in form of 
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[PO,] ~- complex ions decreases by several orders of 
magnitude when small Fe ~§ or Mg ~ ions are replaced 
by large Ca ~+ ions (5, 6). 

Large clusters composed of two or more C1-Ti-C1 
sub-units can be held in solution when the structure 
of the melt is sufficiently open. (An increased open- 
ness of the melt  s t ructure can be attained either by 
expansion due to temperature  increase or in the 
presence of large cations.) Sodium ions are evi- 
dently not large enough to make the structure of 
NaC1-TiC12 melts sufficiently open to permit  the dis- 
solution of TiCI~ much in excess of 33.3 mole % at 
temperatures below about 800~ i.e., the melt can- 
not accommodate much  of the large cluster ions. The 
solubility of TiCI~ in these melts increases rapidly at 
temperatures above 800~ thermal  expansion be- 
comes a predominant  factor here. Monovalent ca- 
tions of larger size than Na ions should permit  the 
accommodation of more of such clusters in the melt; 
in other words, they should extend the range of 
liquid solutions to the TiCI~ side more  than is ob- 
served in the NaC1-TiCI~ system. This conclusion is 
in agreement with observation. The solubility of 
TiCI~ in NaC1 melts at 800~ is 42 mole % (present 
work) ,  and in KC1 melts it is 67 mole % [Ehrlich's 
work (3)] .  One can safely predict that  this solubil- 
ity will be considerably lower in LiC1-TiCI~ melts 
and appreciably higher in RbC1-TiCI~ and CsC1- 
TiCI~ melts. In the binary systems with alkaline 
earth chlorides the solubility of TiCI~ will increase 
with increasing radius of solvent cation in the se- 
quence Mg, Ca, Sr, Ba. 

Analogous conditions are found in other binary 
systems where one of the components has a layer 
structure in the solid state. Thus, the solubility of 

solid CdCI~ (or of MgC12) in binary melts with alkali 
chlorides increases when Na ions are replaced by K 
ions. Similarly, the solubility of solid silica in sili- 
cate melts (7) increases in binary oxide systems in 
the direction of the increasing size of alkali or 
alkaline-earth cations: 

Cs>Rb>K>Na>Li>Ba>Sr>Ca>Mg 

(Silica dissolved in silicate melts forms large ionic 
units, i.e., chains, networks and even more complex 
spacial structures, in which some oxygen atoms are 
shared by two Si atoms and which require an open 
structure for their accommodation in the melt.) 
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Equilibria in the Niobium-Hydrogen System 
W. M. Albrecht, M. W. Mallett, and W. D. Goode 

Battel le  Memorial Institute, Columbus, Ohio 

ABSTRACT 

Equilibria in the niobium-hydrogen system were determined in the range 
100~176 10-1000 mm of mercury hydrogen pressure, and atomic ratios of 
hydrogen to niobium of 0.01-0.85. A single phase solid solution of hydrogen 
in niobium was produced throughout most of the system. In no region did the 
equilibrium solubility exactly follow a simple pressure dependency. The heat 
of solution increased with hydrogen content, which behavior may be related to 
an expansion in the niobium lattice. 

Until recently, the chief interest in niobium was 
its use as an alloying constituent of steels. Now in 
the nuclear reactor field, Nb per  se is attractive be- 
cause of its potential high temperature  properties. 
In order to evaluate these properties, a knowledge 
of the behavior of Nb in various environments is 
essential. In the present study the equilibria in the 
Nb-H system were determined. 

An early study of the solubility of hydrogen in 
rather impure Nb was reported by Hagen and Sie- 
verts (1). Later, Sieverts and Moritz (2) determined 

the solubility at 1 atm pressure using a purer  
(98.5%) metal. The major  impuri ty was Ta. It  is 
considered that the later study is more reliable. 
McKinley (3) recently presented an equilibrium- 
solubility study for low hydrogen compositions. 

Gulbransen and Andrew (4) investigated the re-  
action of hydrogen with Nb in the range 200~176 
at pressures up to 5.7 cm Hg. These investigators 
stated that  there were probably two hydrides of Nb 
which formed at low hydrogen pressures. In a few 
kinetic experiments performed at this laboratory no 
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Table I. Summary of room temperature x-ray studies of the Nb-H 
system 

B o d y - c e n t e r e d  c u b i c  
C o m p o s i t i o n ,  l a t t i c e  p a r a m e t e r ,  k X  R e f e r =  

H / N b  A l p h a  B e t a  e n c e  

0.39 3.300 to 3.306 3.416 to 3.420 (5) 
0 3.302 • 0.004 - -  (6) 
0.11 3.327 ___ 0.003 - -  (6) 
0.49 3.323 _ 0.003 Complex* (6) 
0 3.295 - -  (7) 
0.11 3.307 - -  (7) 
0.11 to 0.41 3.303 Or thorhombic t  (7) 

>0.41 - -  Or tho rhombic t  (7) 
0.091 3.297 • 0.005 3.420 • 0.005 (8) 
0.098 3.302 • 0.005 3.410 • 0.010 (8) 
0.63 - -  3 .410  • 0 .005  ( 8 )  
0.82 - -  3 .440  • 0 .005  ( 8 )  
0.09 3.301 • 0.002 - -  This w o r k  
0.20 3.305 • 0.002 3.43 This w o r k  
0.68 3.301 • 0.002 3.41 This w o r k  

* C l o s e  p a c k e d  h e x a g o n a l  s t r u c t u r e  b e l i e v e d  b y  B r a u e r  a n d  H e r -  
m a n n  (7)  t o  b e  n i t r i d e .  

t a = 4 . 7 1 8 ,  b = 4 . 7 6 8 ,  c = 3 .4 2 1 .  T h i s  s t r u c t u r e  w a s  a l s o  c o n s i d -  
e r e d  t o  b e  a d i s t e n d e d  B C C  s t r u c t u r e ,  ao  = 3 . 4 4  k X .  

su r f ace  p r o d u c t  w a s  f o r m e d  a t  400~176 a t  1 a t m  
of h y d r o g e n  p re s su re .  

S e v e r a l  l imi t ed ,  r o o m  t e m p e r a t u r e  x - r a y  s tud ies  
h a v e  been  r e p o r t e d  for  t he  N b - H  sys tem.  U m a n -  
sk i  (5)  f o u n d  a t w o - p h a s e  s t r u c t u r e  in  Nb  c o n t a i n -  
ing  H a t  an  a tomic  r a t i o  of H to N b  of 0.39. Bo th  
phase s  w e r e  g iven  as b o d y - c e n t e r e d  cubic  h a v i n g  
d i f f e ren t  l a t t i c e  cons tan ts .  H o r n  a n d  Z i e g l e r  (6)  
s t u d i e d  t h e  s y s t e m  a t  c o n c e n t r a t i o n s  up  to  0.49 
a tomic  r a t i o  a n d  r e p o r t e d  a s ing le  p h a s e  ( a l p h a  
p h a s e )  a n d  a t w o - p h a s e  ( a l p h a  p lus  g a m m a  p r i m e )  
region .  B r a u e r  a n d  H e r m a n n  (7)  r e p o r t  two  s ing le -  
p h a s e  r eg ions  w i t h  a t w o - p h a s e  r e g i o n  in b e t w e e n  
10 and  41 a / o  h y d r o g e n  (0.11 to 0.70 H / N b  r a t i o ) .  
K n o w l e s  (8 ) ,  l ikewise ,  r e p o r t s  two  s ing le  phase s  a n d  
a t w o - p h a s e d  r e g i o n  o v e r  t h e  r a n g e  of a tomic  r a t i o s  
of H to  N b  of 0.091-0.83. The  r e su l t s  of t he  v a r i o u s  
r o o m  t e m p e r a t u r e  x - r a y  i n v e s t i g a t i o n s  a r e  s u m m a -  
r i zed  in  T a b l e  I. In  genera l ,  t hese  s tud ies  show t h a t  
t h e r e  is a l a t t i c e  e x p a n s i o n  in  each  s i n g l e - p h a s e  r e -  
g ion as  t he  H con t en t  increases .  

Material 

B a r  n i o b i u m  h a v i n g  a V i c k e r ' s  h a r d n e s s  of  113 
was  f a b r i c a t e d  in to  r o d  a p p r o x i m a t e l y  0.3 c m  in d i -  
a m e t e r  a n d  in to  a 0.03 c m  sheet .  A n a l y s i s  of  t h e  
f a b r i c a t e d  Nb, s h o w n  in  T a b l e  II ,  w a s  o b t a i n e d  b y  
s pec t rog raph i c ,  chemica l ,  a n d  v a c u u m - f a s h i o n  t e c h -  
n iques .  

P u r e  h y d r o g e n  was  o b t a i n e d  f r o m  the  t h e r m a l  d e -  
compos i t i on  of u r a n i u m  h y d r i d e  p r e p a r e d  f r o m  d ry ,  
t a n k  h y d r o g e n  a n d  d e g r e a s e d  u r a n i u m  chips .  

Method 

A m i c r o - S i e v e r t s '  a p p a r a t u s ,  s h o w n  in Fig .  1, h a v -  
ing  a d o u b l e - w a l l e d  r e a c t i o n  t u b e  was  u sed  for  t h e  
p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n  e q u i l i b r i a  d e t e r -  
m ina t i ons .  T h e  t o t a l  v o l u m e s  of t h e  r e a c t i o n  sec t ion  
a t  r o o m  t e m p e r a t u r e  a n d  a t  s e v e r a l  se l ec ted  e l e v a t e d  
t e m p e r a t u r e s  w e r e  m e a s u r e d  w i t h  he l ium.  F r o m  
these ,  t h e  ef fec t ive  v o l u m e s  of  t h e  h o t  zone  ( a t  f u r -  

Table II. Analysis of Nb 

E l e m e n t  P P M  b y  w e i g h t  

Ta 1500 
Fe  200 
Sn 200 
Mo 50 
Si  50 
V 5O 
Cr 20 
A1 20 
Ti 20 
C 120 
02 430 
N2 120 
H= <3* 

* After degassing. 

nace  t e m p e r a t u r e )  and  cold  zone ( a t  r o o m  t e m p e r a -  
t u r e )  w e r e  c a l c u l a t e d  for  each  f u r n a c e  t e m p e r a t u r e .  
R e f e r e n c e  cu rves  w e r e  p l o t t e d  of t he  v a r i a t i o n  of t h e  
v o l u m e s  of t he  ho t  and  cold  zones  ove r  t h e  t e m p e r a -  
t u r e  r a n g e  of  t he  s t udy .  

S p e c i m e n s  cons i s t ed  of 3-4 g of shee t  N b  in p ieces  
1-2 c m  long,  0.6 c m  wide ,  a n d  0.03 cm th ick .  Also,  
s m a l l  p ieces  of 0.3 c m  d i a m e t e r  r o d  w e r e  u sed  in  
one  e x p e r i m e n t .  S a m p l e s  w e r e  d r y  a b r a d e d  w i t h  
240 -g r i t  s i l icon  c a r b i d e  p a p e r  and  p l a c e d  in  t h e  ca l i -  
b r a t e d  i n n e r  c h a m b e r  of t h e  r e a c t i o n  tube .  A P t - P t  
+ 10% Rh  t h e r m o c o u p l e  was  i n s e r t e d  in to  t h e  r e a c -  
t i on  t u b e  so t h a t  t he  b e a d  was  in  c lose  p r o x i m i t y  
w i t h  t h e  spec imen .  T h e  r e a c t i o n  t u b e  was  t h e n  e v a c -  
u a t e d  a n d  t h e  s p e c i m e n  d e g a s s e d  for  1 h r  a t  800~ 
a n d  0.02~ of  Hg.  

E q u i l i b r i u m  d a t a  w e r e  o b t a i n e d  in  t he  fo l l owing  
m a n n e r .  A n  i n i t i a l  m e a s u r e d  q u a n t i t y  of H w a s  
a d d e d  to t he  i n n e r  r e a c t i o n  t u b e  a t  t he  d e s i r e d  
t e m p e r a t u r e .  The  s y s t e m  was  a l l o w e d  to come  to a 
c o n s t a n t  p r e s s u r e  as m e a s u r e d  on a H g  m a n o m e t e r .  
This  p r e s s u r e  w a s  c ons ide r e d  to  b e  t he  e q u i l i b r i u m  
p re s su re .  T h e  e q u i l i b r i u m  compos i t i on  w a s  c a l c u l a t -  
ed  f r o m  the  e q u i l i b r i u m  p re s su re ,  s p e c i m e n  we igh t ,  
t he  gas  add i t ion ,  a n d  v o l u m e  of t he  r e a c t i o n  sys tem.  
T h e  t e m p e r a t u r e  was  i n c r e a s e d  a n d  e q u i l i b r i u m  
po in t s  d e t e r m i n e d  a t  v a r i o u s  t e m p e r a t u r e s .  A n o t h e r  
gas  a d d i t i o n  was  t h e n  m a d e  a n d  t h e  p rocess  r e -  
p e a t e d  b y  d e c r e a s i n g  t e m p e r a t u r e .  This  w a s  con-  
t i n u e d  u n t i l  t he  e n t i r e  r a n g e s  of  p r e s su re ,  t e m p e r a -  

UH~ 

geststance 
I p f urnece 

Do thermOc~u~p~ ' uoLe - ~ e a  J i l l  J I 

   1111t ~ercury 

~1u I = ~ ] I hydrogen 

........ ? %=', .... U ........ 
Fig. 1. Schematic diagram of micro-Sieverts apparatus 
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ture, and composition were covered. Equilibrium 
data were obtained in a comparable manner  by mak-  
ing gas extractions from the system. Also, H addi- 
tions and extractions were made isothermally at 
400 ~ 450 ~ and 500~ to note whether  hysteresis 
occurs. No hysteresis was noted. 

Throughout  the experiments, a pressure close to 
that in the system was maintained in the outer 
chamber of the furnace tube with dry, tank H. This 
was done to prevent  diffusion of H out of the reac- 
tion system. 

Vacuum-fusion analysis of the Nb specimens 
after the runs showed that  there was little or no 
change in the oxygen content of the metal. The Nb 
that originally contained 430 ppm oxygen by weight 
analyzed 460 ppm by weight, after an equilibrium 
experiment. This is within the normal  reproduci-  
bility limit for oxygen analyses. 

R e s u l t s  

The pressure-temperature-composi t ion equilibria 
of the Nb-H system were determined in the range 

t 
30O ~ 

E (a 
E o 

o_ 

o o, o2,,oO~,oO~,~ o0 o~ o, 

Fig. 2. Isotherms in the Nb-H system 
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6 0  

4 0  0 �9 

O 0  0 0 2  0 0 4  O a 6 O O S O t  O Z  O ~  0 6  0 9  ~0 

A t o m i c  R o t i o ,  H / N b  

Fig. 3. Logarithmic plot of isotherms in the Nb-H system. 
Open circle, present study; solid square, McKinley (3); solid 
triangle, Sieverts and Moritz (2). 
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100~176 10-1000 mm Hg, and atomic ratios of H 
to Nb of 0.01-0.85. Determinations were made with 
three different samples of 0.03 cm Nb sheet and one 
of 0.3 cm diameter rod. Figures 2 and 3 show iso- 
therms for all the equilibrium data. Figure 2 is a 
plot of equilibrium pressure against the H / N b  ratio, 
while Fig. 3 is a logarithmic plot of the same var ia-  
bles. The 300~ isotherm (Fig. 2) is invariant  at 
about 8 mm Hg, indicating the presence of a two- 
phase region. No other invariant  pressures were 
obtained for any of the isotherms at 350~ and 
above. Therefore, the results show that  nearly all 
of the equilibrium data were obtained in a single- 
phase region. This is also shown in Fig. 4, in which 
the equilibrium temperature  is plotted against the 
H/Nb  ratio to show isobars at 10, 100, and 1000 mm 
Hg. It  is seen that  only a small portion of the 10 mm 
isobar is invariant  in the range of H / N b  ratios of 
0.21-0.42. 

To determine room-tempera ture  structures, x - r a y  
diffraction patterns were obtained and metal]o- 
graphic examinations were made on several Nb 
specimens having compositions of H / N b  of 0.09, 
0.20, and 0.68. These samples were water  quenched 
from equilibrium at 700 ~ 500 ~ and 400~ respec- 
tively. The sample containing 0.09 H/Nb  showed 
primari ly a body-centered cubic Nb structure, 
alpha phase, with lattice parameter,  ao ~ 3.301 
_ 0.002 kX. A very  small amount of a second phase 
was also detected. This phase can be seen as needles 
in the photomicrograph of the material  shown in 
Fig. 5. The alpha matr ix phase of the microstruc- 
ture appears the same as that of the original hy-  
drogen-free Nb. Two phases were found in the 
specimen containing 0.20 H/Nb,  an alpha niobium 
phase (ao = 3.305 -- 0.002 kX) and another body-  
centered cubic structure, beta phase, with ao = 3.43 
kX. The two-phase structure of this material  can 
be seen in Fig. 6. The specimen containing 0.68 
H/Nb  contained primari ly the beta phase, ao = 3.41 
kX, and a small amount  of alpha phase, ao = 3.301 
• kX. This structure is shown in Fig. 7. These 
data are in agreement with the published results 
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Fig. 5. Niobium containing 0.09 H / N b  quenched from 
equilibrium at 700~ Magnification, 250X before reduction 
for publication. 

from room temperature  x - r ay  investigations (5-8) 
shown in Table I. If all the x - r a y  data are con- 
sidered, the two-phase region extends from about 
0.09 to 0.7 H/Nb at room temperature.  These limits 
were used with those obtained at 300~ in the pres- 
ent equilibria study to outline the probable two- 
phase boundary  in the Nb-H system shown in Fig. 4. 
Apparently,  the temperature  of the critical point 
where the two phases, alpha and beta, become iden- 
tical lies somewhere between 300 ~ and 350~ Above 
the critical temperature,  S-shaped isobars were ob- 
tained. This is also indicated in the experimental  
isotherms in Fig. 2 and Fig. 3. In equilibrium dia- 
grams S-shaped isotherms are usual in single-phase 
regions immediately above the critical point. Simi- 
lar curves have been shown in the pal ladium-deu-  
terium system reported by  Gillespie and Downs (9). 

Figure 3 shows that  the isotherms from a loga- 
rithmic pressure-composition plot were straight at 
concentrations up to 0.1 H/Nb.  At higher hydrogen 
contents the S-shaped curvature  of the isotherms is 
quite evident. Similar curves fit the limited data for 
the Nb-H equilibrium reported by Sieverts and 
Moritz (2) and McKinley (3). As shown in Fig. 3, 
their data corroborate those of the present study. 
However, at high H/Nb  ratios Sieverts and Moritz 
show a lower equilibrium hydrogen concentration 
at the same temperature  and pressure than the pres- 
ent work. Since they used Nb that  was less pure 
(98.5%) this would be expected. Impurities in the 
metal  would probably decrease the hydrogen solu- 
bility. This effect would be more pronounced in the 
high hydrogen concentration range. McKinley re-  
ports that  at concentrations up to H /Nb  of 0.055 the 
equilibrium solubility follows the square root of 
pressure or Sieverts law and a heat of solution of 
18.5 kcal /mole  was obtained. In the present study, 
a Plot of square root of equilibrium pressure against 
composition deviated from Sieverts law. Deviations 
were observed at lower compositions than expected. 
However, a heat of solution estimated from a Sie- 
verts type plot for compositions below about 0.085 
H / N b  agrees very  well with that  of McKinley. It  
would not be expected that the equilibrium solubili- 
ties at higher compositions necessarily follow a 
square root of pressure dependency since the pub-  
lished x - r a y  investigations show lattice expansions 

Fig. 6. Niobium containing 0.20 H/Nb quenched from 
equilibrium at 500~ Magnification, 250X before reduction 
for publication. 

Fig. 7. Niobium containing 0.68 H/Nb quenched from 
equilibrium at 400~ Magnification, 250X before reduction 
for publication. 

in Nb as the hydrogen content increases. This con- 
stitutes another variable which may affect equilib- 
r ium solubility. 
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C o m p o -  C o n s t a n t s  i n  
s i t i on  logloPmm = - - A / T  + B AH, 
H / N b  A B c a l / m o l e  

0.01 3509 4.92 16,050 +__ 380 
0.02 3628 5.54 16,600 • 170 
0.05 3674 6.30 16,810 • 170 
0.10 3693 6.83 16,900 -*- 190 
0.20 3908 7.49 17,880 • 240 
0.50 4131 8.33 18,900 ___ 450 
0.60 4503 9.21 20,610 • 190 
0.70 5093 10.80 23,300* 

* C a l c u l a t e d  f r o m  t w o  poin ts .  

To p u t  t h e  e q u i l i b r i u m  in t he  N b - H  s y s t e m  on a 
sound  basis ,  i t  is n e c e s s a r y  to cons ide r  t he  e q u i l i b -  
r i u m  of f o r m a t i o n  of v a r i o u s  p r o d u c t s  ( so l id  so lu -  
t ions)  h a v i n g  def in i te  H / N b  ra t ios .  The re fo re ,  v a r i o u s  
i sop le ths  w e r e  p lo t t ed ,  l o g a r i t h m  of e q u i l i b r i u m  
p r e s s u r e  a g a i n s t  r e c i p r o c a l  t e m p e r a t u r e ,  in Fig .  8. I t  
is seen  t h a t  a ser ies  of s t r a i g h t  l ines  w e r e  o b t a i n e d  
w h i c h  i nc rea se  in  s lope  w i t h  h y d r o g e n  content .  The  
e q u a t i o n  for  t h e s e  l ines  is 

A 
logloPm~, = - -  + B 

T ( K )  

The  va lue s  of the  cons tan t s ,  A and  B, in  th i s  e q u a -  
t ion  and  the  hea t s  of so lu t ion  fo r  t he  v a r i o u s  c o m -  
pos i t ions  a r e  g iven  in T a b l e  III .  I t  is seen  t h a t  t h e  
h e a t  of so lu t ion  inc reases  w i t h  h y d r o g e n  conten t .  

Conclusions 

The  N b - H  s y s t e m  has  been  i n v e s t i g a t e d  in  t h e  
r a n g e s  100~176 10-1000 m m  Hg, a n d  H / N b  r a -  
t ios  of 0.01-0.85. The  a b s o r p t i o n  of h y d r o g e n  r e s u l t -  

ed in  t he  f o r m a t i o n  of a s i n g l e - p h a s e  so l id  so lu t ion  
t h r o u g h o u t  mos t  of t h e  sys tem.  H o w e v e r ,  a t  a b o u t  
300~ a n d  a p r e s s u r e  of 8 m m  Hg, t h e  p re sence  of a 
t w o - p h a s e  r eg ion  was  i n d i c a t e d  b e t w e e n  H / N b  r a -  
t ios  of 0.21-0.42. In  t he  e q u i l i b r i u m  d i a g r a m ,  t h e  
c r i t i ca l  p o i n t  w h e r e  t he  two  phase s  b e c o m e  i d e n t i c a l  
p r o b a b l y  l ies  j u s t  w i t h i n  t he  r a n g e s  of th i s  w o r k .  

A t  l ow h y d r o g e n  compos i t i ons  t he  e q u i l i b r i u m  
s o l u b i l i t y  fo l lows  a p p r o x i m a t e l y  a s q u a r e  roo t  of 
p r e s s u r e  r e l a t i onsh ip .  This  ind ica t e s  t h a t  h y d r o g e n  
is a b s o r b e d  as a toms.  A t  t h e  h i g h e r  h y d r o g e n  c o m -  
pos i t ions ,  no s i m p l e  p r e s s u r e  d e p e n d e n c y  was  ev i -  
dent .  L a t t i c e  e x p a n s i o n  of t he  n i o b i u m  causes  
de v i a t i ons  f r o m  a s t r i c t  s q u a r e  roo t  of  p r e s s u r e  
d e p e n d e n c y .  Bo th  l a t t i ce  p a r a m e t e r  and  hea t  of 
so lu t ion  i nc rea se  w i t h  h y d r o g e n  concen t r a t i on .  

Manuscr ip t  received Sept. 10, 1957. Work  pe r fo rmed  
under  AEC Contract  W-7405-eng-92. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1958 
JOURNAL. 
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ABSTRACT 

The emf of the  cell  C e l C e C L ( 1 - - x ) C e ( x  ) I ICeCL1CL (graphi te )  has been 
measured  over  a t e m p e r a t u r e  range  f rom the mel t ing  point  of CeCL to about  
950~ P r e l i m i n a r y  conductance measurements  indicate  tha t  the sa tu ra ted  solu-  
t ion of cer ium in cer ium chlor ide  is an ionic conductor.  The potent ia l  resul ts  
indicate  the  presence of a subhal ide,  Ce+[CeCL] -, in which  both monovalen t  
and t r iva len t  ce r ium exist.  Fur the r ,  i t  is suggested tha t  ce r ium chlor ide  m a y  
exis t  in a h igh ly  associated s tate  in which  the fol lowing fo rmula  m a y  represen t  
Lhe dominan t  species, viz., [CeCL]* [CeCL]-. The addi t ion of cer ium to this sys-  
tem m a y  resul t  in the  reduct ion  of the  less h ighly  complexed  cat ion as follows: 

3 
[Ce~+CL] + [Ce~+Ch]- + Ce-*-+ --Ce+[Ce~+Cl,] - 

2 

In the course of the work a reversible chlorine electrode, satisfactory at 
temperatures up to 950~ has been developed and will be reported elsewhere. 

F e w  i n v e s t i g a t i o n s  of m e t a l - m e t a l  h a l i d e  l i qu id  
sy s t ems  h a v e  been  r e p o r t e d .  Some  i n f o r m a t i o n  
ex is t s  in  the  f o r m  of p h a s e  d i a g r a m s  b y  Cub icc io t t i  
a n d  c o - w o r k e r s  (1, 2, 3) .  C o n d u c t a n c e  w o r k  in  a l k a l i  
m e t a l - a l k a l i  h a l i d e  m e l t s  has  been  r e p o r t e d  b y  
B r o n s t e i n  a n d  B r e d i g  (4 ) ;  p h a s e  e q u i l i b r i a  h a v e  
been  s t u d i e d  in t hese  sys t ems  b y  Bred ig ,  et  al. (5, 6) .  
Co rbe t t  and  W i n b u s h  (7)  have  r e p o r t e d  the  so lu -  
b i l i t y  of some m e t a l s  in t h e i r  m o l t e n  ha l ides ,  w h i l e  
G r j o t h e i m ,  G r o n w o l d ,  and  K r o g h - M o e  (8) s t u d i e d  
c r y o s c o p y  in Cd-CdCI~ mel t s .  

Va r ious  theo r i e s  h a v e  been  p r e s e n t e d  r e g a r d i n g  
the  s t r u c t u r e  of t he  m o l t e n  m e t a l - m e t a l  h a l i d e  sys -  
t ems;  t he  f irst  was  t h a t  of Lo renz  (9) ,  who  ca l l ed  
t h e m  " p y r o s o l s "  and  cons ide red  t h e m  to be  e m u l -  
s ions or  co l lo ida l  d i spe r s ions  of t he  m e t a l  in the  
m e t a l  ha l ide .  Cub icc io t t i  ( 1 -3 )  showed  t h a t  th i s  
cou ld  no t  be  t r u e  in  t he  sy s t ems  he  s tud ied ,  s ince  
def in i te  f r eez ing  po in t  dep res s ions  w e r e  obse rved ,  
w h i c h  could  on ly  be  a s c r i b e d  to t r u e  so lu t ion  f o r m a -  
t ion.  The  n a t u r e  of t h e s e  solut ions ,  h o w e v e r ,  has  
been  a m a t t e r  of c o n t r o v e r s y  and  t h r e e  a p p r o a c h e s  
h a v e  been  used  to desc r ibe  t h e m :  

(A)  The  m e t a l  d i s so lves  b y  e n t e r i n g  the  l i qu id  as 
a toms  w h i c h  occupy  vacanc ie s  or  i n t e r s t i t i a l  s i tes  in  
the  l iquid .  

(B)  The  m e t a l  d i s so lves  as ca t ions  o c c u p y i n g  
n o r m a l  ca t ion ic  si tes.  The  e l ec t rons  a r e  cons ide r e d  
e i t h e r  to occupy  an ion ic  vacanc ie s  o r  to  be  m o r e  or  
less f r ee  e l ec t rons  in  a p o s t u l a t e d  b a n d  s t r u c t u r e  in  
t h e  l i qu id  ana logous  to t he  cond i t ions  in a n o n -  
s t o i ch iome t r i c  c rys ta l .  

(C)  The  m e t a l  r educes  the  sa l t  to a l o w e r  ha l ide .  
The  s y s t e m  m a y  t h e n  be  cons ide red  as t he  so lu t ion  
of a s u b h a l i d e  in t h e  n o r m a l  ha l ide .  

E m f  s tud ies  of m e t a l - m e t a l  h a l i d e  sys t ems  a p p e a r  
to  be  a p r o m i s i n g  m e t h o d  of d i s t i n g u i s h i n g  a m o n g  

these  a l t e r n a t i v e s ,  s ince  each  w o u l d  p r o d u c e  d i s -  
t i n c t l y  d i f fe ren t  effects on the  emf  of a r e v e r s i b l e  
m e t a l  e l ec t rode  i m m e r s e d  in  t he  m o l t e n  sa l t  so lu t ion .  
The  f irst  m o d e l  w o u l d  be  e q u i v a l e n t  to s imp le  d i l u -  
t ion  and  the  c h a n g e  in  e m f  on  the  a d d i t i o n  of m e t a l  
to t he  sa l t  shou ld  be  of the  o r d e r  of m a g n i t u d e  p r e -  
d i c t ed  b y  the  N e r n s t  e q u a t i o n  for  t he  a p p r o p r i a t e  
changes  in a c t i v i t y  of t he  c o m p o n e n t s  of t h e  sys tem.  
The  second  m o d e l  shou ld  r e s u l t  in  c o n s i d e r a b l e  e l ec -  
t ron ic  c o n d u c t i v i t y  in the  s y s t e m  w h i c h  shou ld  cause  
changes  in  t he  emf  w h i c h  d e p e n d  on t h e  d e g r e e  of 
e l ec t ron ic  c o n d u c t i v i t y  as d i scussed  b y  W a g n e r  (10) .  
W a g n e r  s h o w e d  t h a t  w h e n  e l ec t ron ic  c o n d u c t a n c e  is 
s m a l l  AE/Eo = to, w h e r e  Eo is t h e  emf  of t he  s y s t e m  
in t he  a bse nc e  of e l ec t ron ic  conduc tance ,  AE the  d i f -  
f e r e nc e  b e t w e e n  the  o b s e r v e d  e m f  and  E~, a n d  te t h e  
" t r a n s f e r e n c e  n u m b e r "  for  e lec t rons .  The  t h i r d  m o d e l  
w o u l d  i n t r o d u c e  a n e w  ionic  species,  w h i c h  m a y  
p r o d u c e  a w i d e l y  d i f fe ren t  e m f  f rom t h a t  of t h e  
h i g h e r  va l e nc e  ion. I f  bo th  t h e  h i g h e r  and  l o w e r  
v a l e n c e  ions exis t ,  t h e y  shou ld  also e x h i b i t  a c h a r a c -  
t e r i s t i c  r e d o x  po ten t i a l .  

The  s y s t e m  se l ec t ed  for  s t u d y  was  c e r i u m  m e t a l  
d i s so lved  in  c e r i u m  t r i ch lo r ide ,  t he  p h a s e  d i a g r a m  
for  w h i c h  has  b e e n  r e p o r t e d  b y  Cub icc io t t i  (3) ,  w h o  
found  a r a t h e r  l a r g e  so lub i l i t y  of ce r ium,  up  to a 
m a x i m u m  of 33 m o l e  %. T h e r e  a r e  no r e p o r t s  in  t h e  
l i t e r a t u r e  of p r e v i o u s  emf  m e a s u r e m e n t s  in  th i s  
sys tem.  

Experimental 
Materials  

CeCL was  p r e p a r e d  f r o m  Ce2S, as fo l lows:  Pe l l e t s  
of Ce~S3 w e r e  c h a r g e d  into  a p r e v i o u s l y  c h l o r i n a t e d  
g r a p h i t e  c ruc ib le ;  t he  c r u c i b l e  was  t i g h t l y  c losed 
w i t h  a f i t ted  g r a p h i t e  cover  con ta in ing  g r a p h i t e  
t u b e s  for  gas  in le t  a n d  ou t l e t  a n d  t h e r m o w e l l .  This  
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was  p l a c e d  in a q u a r t z  t u b e  a n d  the  en t i r e  a s s e m b l y  
p u t  in to  a po t  fu rnace .  The  o u t e r  q u a r t z  t u b e  was  
f i t ted  w i t h  a " T r a n s i t e "  cover .  Pu r i f i ed  a rgon  was  
c o n t i n u a l l y  p a s s e d  t h r o u g h  the  q u a r t z  t u b e  and  a 
m i x t u r e  of a rgon  and  ch lo r ine  t h r o u g h  the  g r a p h i t e  c - -  
c ruc ib l e  con t a in ing  the  CeaSe. On  h e a t i n g  the  charge ,  
the  r e a c t i o n  s t a r t e d  a t  a b o u t  300~ w i t h  t he  e v o l u -  
t ion  of su l fu r  ch lo r ides  and  su l fur .  The  t e m p e r a t u r e  
rose  r a p i d l y  to a b o u t  700~ a n d  w a s  con t ro l l ed  b y  
v a r y i n g  the  r a t io  of C12 to a r g o n  in t he  f eed  gas. 
When ,  a f t e r  s e v e r a l  hours ,  t he  e v o l u t i o n  of su l fu r  
c o m p o u n d s  a l m o s t  s topped ,  t he  t e m p e r a t u r e  of t he  
c h a r g e  was  r a i sed  to 900~ W h e n  the  cha rge  m e l t e d  
(a t  a b o u t  820~ su l fu r  c o m p o u n d s  aga in  a p p e a r e d  L - -  
in the  ex i t  gases  and  the  r e a c t i o n  was  c o n t i n u e d  
un t i l  t hese  w e r e  e l i m i n a t e d .  F i n a l l y ,  t he  a p p a r a t u s  M - -  
and  con ten t s  w e r e  cooled s l owly  in an  a rgon  a t m o s -  
phere .  The  m a t e r i a l  was  s t o r ed  in a d r y  box.  A n a l y -  
sis i n d i c a t e d  the  t h e o r e t i c a l  Ce: C1 r a t i o  and  o v e r - a l l  
p u r i t y  of 99.2%. No fo r e ign  m e t a l s  w e r e  o b s e r v e d  
b y  s p e c t r o g r a p h i c  ana lys i s  and  no w a t e r - i n s o l u b l e  
m a t e r i a l  (i.e., CeOC1) was  noted .  

C r e i u m  m e t a l  was  p r e p a r e d  b y  e l ec t ro lys i s  of a 
LiC1-KC1 eu tec t ic  m i x t u r e  con ta in ing  40 w t  % CeCI~ 
b y  a m e t h o d  b a s e d  on t ha t  d e s c r i b e d  b y  E a s t m a n ,  
et al. (11) .  A n a l y s i s  i n d i c a t e d  t h a t  t he  c e r i u m  was  
99.6% pure .  A l l  w e i g h i n g s  and  t r a n s f e r s  w e r e  p e r -  
f o r m e d  in a d r y  box.  

Ch lo r ine  e l ec t rodes  w e r e  p r e p a r e d  b y  i n s e r t i n g  
the  end of a 2- f t  l e n g t h  of h i g h - d e n s i t y  g r a p h i t e  
base  t ub ing ,  10.4 m m  O.D., 5.4 m m  I.D., to t he  b o t -  
t o m  of a po rous  g r a p h i t e  c y l i n d e r  ( N a t i o n a l  C a r b o n  
C o m p a n y ,  G r a d e  60),  4 in. h igh  and  15 m m  O.D., a 
sea l  b e i n g  m a d e  w i t h  F - c e m e n t  ( N a t i o n a l  C a r b o n  
C o m p a n y ) .  The  base  of the  porous  c y l i n d e r  was  
abou t  3-4 m m  thick.  The  e l ec t rodes  w e r e  pur i f i ed  
by  t r e a t m e n t  w i t h  ch lo r ine  at  2300~ for  2 hr .  In  
use  ch lo r ine  was  pa s sed  in to  t he  t u b e  and  a l l o w e d  
to e m e r g e  t h r o u g h  the  po rous  c y l i n d e r  in to  the  e lec -  
t r o ly t e .  The  e lec t rode ,  i ts  r e v e r s i b i l i t y ,  and  i ts  o the r  
p r o p e r t i e s  a r e  d e s c r i b e d  m o r e  f u l l y  e l s e w h e r e  (12) .  

A r g o n  was  pur i f i ed  b y  pa s sage  t h r o u g h  t i t a n i u m  
chips  at  900~ C h l o r i n e  was  d r i e d  b y  pa s sage  
t h r o u g h  a co lumn  of " D r i e r i t e "  des iccant .  S p e c t r o -  
scopic  e x a m i n a t i o n  of ch lo r ine  showed  no s igni f icant  
t r aces  of impur i t i e s ,  w a t e r ,  CO, and  CO~ be ing  
absent .  

Furnace and cell . --The f u r n a c e  was  a t ens i l e  t es t  
t y p e  m a d e  b y  M a r s h a l l  P roduc t s .  T h e  bo re  was  3Y2 
in. and  an  i ron  t u b e  31/4 in. O.D. 1/4 in. w a l l  t h i ckness  
s e rved  as a baffle b e t w e e n  the  f u r n a c e  w i n d i n g s  and  
the  " V y c o r "  glass  t u b e  con ta in ing  the  cel l  and  e lec-  
t rodes .  The  cel l  e n v e l o p e  was  a 51 m m  O.D. " V y c o r "  
glass  tube ,  30 in. in  length ,  c losed at  each  end  w i t h  a 
101/2 r u b b e r  s topper .  Each  s t o p p e r  was  p r o t e c t e d  b y  
an  A l u n d u m  t h e r m a l  r a d i a t i o n  shie ld .  T h r o u g h  the  
l o w e r  s t o p p e r  passed  a 9 m m  " P y r e x "  glass  tube ,  
w h i c h  s e r v e d  as e n t r y  t u b e  for  a rgon  and  as gu ide  
for  the  pedes t a l ,  t h e  l a t t e r  be ing  a 1/4 in. d i a m e t e r  
i ron  rod.  A shor t  p iece  of m o l y b d e n u m  rod  (1/s in. 
d i a m e t e r )  t h r e a d e d  6/32 s c r e w e d  into  the  top  of t h e  
i ron  rod  and  was  s ecu red  b y  a Mo co l l a r  ( i nne r )  
and  a s ta in less  nu t  ( o u t e r )  t h r o u g h  the  ba se  of a 
" M o r g a n i t e "  ARR XN100 r e c r y s t a l l i z e d  a l u m i n a  c r u -  
cible.  A l i q u i d - t i g h t  sea l  was  a l w a y s  o b t a i n e d  b y  
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Fig. 1. Cell envelope and contents. A, chlorine electrode; 
B, chlorine exit; C, thermocouple sheath; D, argon exit; E, 
5] mm O.D. Vycor glass envelope; F, 25 rnm O.D. Vycor glass 
sheath; G, XN100 alumina crucible; H, XN20 alumina 
crucible; J, ARR alumina pedestal; K, molybdenum rod, 
threaded 6/32; L, molybdenum collar; M, iron pedestal; N, 
argon entry tube. 

th is  me thod .  I n s ide  the  XN100 c r u c i b l e  an  XN20 
c r u c i b l e  was  m o u n t e d  on a ARR a l u m i n a  col lar .  
C o m m u n i c a t i o n  b e t w e e n  t h e  m e l t s  in  the  two  c ruc i -  
b les  was  e s t a b l i s h e d  t h r o u g h  a 1/32 in. d i a m e t e r  
hole,  d r i l l e d  t h r o u g h  the  base  of t he  XN20 cruc ib le ,  
p a c k e d  w i t h  asbes tos  and  pref i red .  T h r o u g h  the  
u p p e r  101/2 r u b b e r  s toppe r ,  pas sed  an  a rgon  ex i t  
tube ,  ( p r o v i d e d  w i t h  a t a p ) ,  a " V y c o r "  t h e r m o -  
coup le  s h e a t h  and  a 25 m m  O.D. " V y c o r "  glass  tube ,  
p r o v i d e d  w i t h  a s ide a r m  for  ex i t  of ch lor ine .  This  
t ube  f i t ted  s n u g l y  ins ide  t he  XN20 c ruc ib l e  and,  w i t h  
the  a p p a r a t u s  c h a r g e d  w i t h  m o l t e n  sal ts ,  a good 
" l i q u i d  sea l"  b e t w e e n  the  CI~ and  A a t m o s p h e r e s  
was  m a i n t a i n e d .  The  C12 e l e c t r o d e  passed  t h r o u g h  a 
No. 4 s t oppe r  in  t he  top  of the  2 5 - m m  tube .  The  
u p p e r  p a r t  of t h e  e l ec t rode  was  p r o t e c t e d  f r o m  a t -  
m o s p h e r i c  o x i d a t i o n  as fo l lows:  ch lo r ine  pa s sed  
t h r o u g h  a glass  e n t r y  tube ,  t he  O.D. of w h i c h  was  
e q u a l  to the  LD. of t he  g r a p h i t e  tube ,  and  a p r e s s u r e  
t u b i n g  s leeve  g r i p p e d  bo th  m e m b e r s .  E l ec t r i c a l  con-  
t ac t  was  m a i n t a i n e d  b y  a coppe r  band ,  t i g h t e n e d  into  
a g roove  a r o u n d  the  g r a p h i t e :  the  w h o l e  was  coa ted  
w i t h  " U n i c h r o m e "  s top-of f  ( M e t a l  and  T h e r m i t  
C o r p o r a t i o n )  a n d  no p o r t i o n  of the  e l ec t rode  was  
exposed  to the  a t m o s p h e r e .  A schema t i c  d i a g r a m  and  
a p h o t o g r a p h  of t he  a p p a r a t u s  a r e  shown  in Fig.  
1 a n d  2. 

Fig. 2. Cell and electrodes 
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Temperature.--  C h r o m e l -  a l u m e l  the rmocoup les  2-2 
were  used, pro tec ted  by  6 m m  "Vycor"  glass sheaths,  

~ 2 C  
closed at the lower  end.  The t he rmocoup le  was  
posi t ioned at the top of the  XN20 crucible,  ]/4 in. 2-,r 
above  the mel t  in  the  ou te r  (XN100) crucible.  I t  
was shown  tha t  there  was  less t h a n  1 ~ difference in  2~ 
t e m p e r a t u r e  b e t w e e n  this  por t ion  and  a po in t  i m m e -  2-,7 
d ia te ly  b e n e a t h  the base of the  ou te r  (XN100) c ru -  
cible. A n  L&N po ten t iome te r  was  used  to m e a s u r e  _ 2-,6 
t he rmocoup le  ou tput .  The  t e m p e r a t u r e  of the  f u r -  

o z~5 
nace  was  cont ro l led  by  a "Wheelco"  cont ro l le r  w i th  
an i n d e p e n d e n t  t he rmocoup le  ad jacen t  to the f u r -  2-14 

nace  wind ing .  
Measurement of potential.--A "Rub icon"  ga lva -  2-,3 

nome te r  and  po t en t i ome te r  were  used, the  l a t t e r  2-12 
r ead ing  f rom 0 to 1.6 v in  steps of 0.05 my.  Since the  
po ten t ia l  to be m e a s u r e d  was of the  order  of 2.2 v, e-" 

8 0 0  
it  was necessary  to inc lude  a source of "bu c k i ng"  
po ten t i a l  in  the  circuit .  A n  "Eveready  . . . .  Ai r  Cell"  
(Na t iona l  Ca rbon  C o m p a n y )  b a t t e r y  was  employed,  
shun t ed  p e r m a n e n t l y  across a 200 ohm resis tor;  the  
po ten t i a l  was ascer ta ined  accura te ly  each t ime  a 
m e a s u r e m e n t  was made.  

General procedure.--The appa ra tu s  was charged  
wi th  an  a m o u n t  of CeC13 p rev ious ly  ca lcu la ted  to 
give a sa t is factory  depth  of me l t  in  the crucibles.  
A large excess of ce r ium me ta l  was  used, since it  
was necessary  for there  to be sufficient (a) to sa tu -  
r a t e  the CeCI~ in  the  ou te r  c ruc ib le  and  (b)  to cover  
comple te ly  the  m o l y b d e n u m  col lar  in  the  base  of the  
XN100 crucible.  (This  was u sua l l y  of the  order  of 
40 g.) Al l  jo in ts  in  the  appa ra tu s  were  sealed wi th  
a "Un ich rome"  stop-off p r ior  to c o m m e n c e m e n t  of 
a run .  The  appa ra tu s  was flushed wi th  a rgon  for 
severa l  hours  and  then  hea ted  s lowly ove rn igh t  to 
about  900~ The CI~ was t hen  b u b b l e d  s lowly (%/4 
c.f.h.) t h rough  the melt .  Af te r  two to three  hours  
a steady,  r ep roduc ib le  va lue  of po ten t i a l  was  ob-  
t a ined  a n d  m e a s u r e m e n t s  we re  made,  cooling and  
heat ing,  b e t w e e n  810 ~ and  abou t  950~ The  a rgon  
supp ly  was  s topped d u r i n g  po ten t i a l  m e a s u r e m e n t s ,  
s ince the  flow cooled the  lower  electrode,  l ead ing  to 
inaccura t e  results .  

Results 
Po ten t i a l  va lues  as a func t ion  of t e m p e r a t u r e  

for the  cell Ce]aeCls ( s a tu r a t ed  w i th  Ce)]ICeC13]CI~ 
(g raph i te )  (I)  are  shown  in  Fig. 3. The ch lor ine  
electrode was the + electrode in  all  the m e a s u r e -  
ments .  

Over  the  t e m p e r a t u r e  r ange  820~176 dE/dT 
has the  va lue  --0.68 m v / ~  The curve  of Fig. 3 
represen ts  the  average  of th ree  runs ,  the  m a x i m u m  
dev ia t ion  be ing  2 m v  at low t e m p e r a t u r e s  (820~ Excess 
and  3 m v  at  h igh t e m p e r a t u r e s  (920~ and  above) .  12.56 
It  wi l l  be observed tha t  the  va lues  ob ta ined  here  are 12.55 
about  0.7 v less t h a n  those ca lcula ted  f rom t h e r m a l  11.30" 
da ta  by  Hamer ,  et al. (13).  Since the d e p a r t u r e  of 9.00* 
0.7 v ( equ iva l en t  to approx.  48 kcal)  f rom the  the -  6.95 
oret ical  decomposi t ion  po ten t i a l  of CeCI~ suggests 4 .13 
tha t  the  r eac t ion  2Ce + 3 C l ~  2CeCI~ is no t  the  2.91 

1.48 
one which  is respons ib le  for the  observed potent ia l ,  1.18 
a series of e x p e r i m e n t s  was  pe r fo rmed  to d e t e r m i n e  0.871 
w h e t h e r  a lower  va lence  s ta te  of ce r ium m a y  be the 0.8557 
p o t e n t i a l - d e t e r m i n i n g  species. In  this  case the  so lu-  
t ion  of ce r ium in ce r ium chlor ide wou ld  form a re -  
dox sys tem and  its po ten t ia l  could be s tudied  by  

I I I I I I t 
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Fig. 3. Emf  as 0 f u n c t i o n  o f  t e m p e r o t u r e  in s o t u r o t e d  
so lu t i on .  

v a r y i n g  the concen t r a t i on  of added  ce r ium me ta l  
and  observ ing  the po ten t i a l  on an  ine r t  e lectrode in  
a cell which  can be w r i t t e n  as follows: 

Mo, Ce :~+, Ce' ..... I ICeCI~IC1._, (g raph i te )  Cell  ( I I )  

In  most  exper imen t s ,  m o l y b d e n u m  electrodes were  
used, bu t  in two cases iden t ica l  po ten t ia l s  were  ob-  
t a ined  us ing  t u n g s t e n  electrodes,  thus  es tab l i sh ing  
the  ine r t  charac te r  of both  of these e l ements  in  the  
system. 

In  Tab le  I, the  weight  of Ce and  CeCI~ in  the ou te r  
c ruc ib le  are shown, together  w i th  Ce~+/Ce ~'+ and  
Ce~+/Cel+ 1 hypo the t i ca l  ra t ios  ca lcu la ted  on the 
a s sumpt ion  tha t  such are the  va lence  states exh ib i t ed  
by  the Ce ions in  these systems.  The  last  co lumn  
gives the va lue  of the observed emf of Cell  II  at a 
n u m b e r  of composit ions.  

Discussion 
The first i m p o r t a n t  r esu l t  to consider  is the  de-  

p a r t u r e  of 0.7 v in the  observed  po ten t i a l  of Cell  ( I)  
f rom the ca lcu la ted  va lue  of Hamer ,  et aL (13). The 
u n c e r t a i n t y  in  the t h e r m a l  da ta  of B r e w e r  (14) m a y  
be of the  order  of 150 mv.  A m e a s u r e m e n t  of the  
Cell CeIKC1 (0.95) CeCls (0.05)11KC1 (0.95) CeCl~ 
(0.05) ]Cl~ (g raph i t e )  ( I I I )  gave  a po ten t i a l  of 2.8 v 

1 Ce~+/Ce2+ = [0 .189  y / x  - -  0 . 6 6 7 ]  
C e 3 + / C e  1+ = [0 ,379  y / x  - -  0 , 3 3 3 ]  
w h e r e  x = w t  o f  C e i n g r a m s  a n d  y = w t  of  C e C l ~ l n  g r a m s .  

Table I. 

W t  C e  W t  C e C l s  M o l e  r a t i o  
(g) (g) Ce/CeCh CeS+/Ce 2+ CeS+/Ce I+ E (880~ 

- -  - -  0 1. 2.1550 
72.00 0.307 0.446 1.84 2.1583 
72.00 0.307 0.446 1.84 2.1586 
83.90 0.237 0.736 2.48 2.1562 
83.90 0.189 1.098 3.20 2.1580 
83.90 0.146 1.620 4.25 2.1571 
83.90 0.0867 3.160 7.36 2.1540 
83.90 0.0611 4.790 10.61 2.1478 
72.00 0.0362 8.550 18.12 2.1024 
72.00 0.0289 10.890 22.77 2.0904 
83.90 0.0183 17.57 36.09 2.0372 
83.90 0.0180 17.94 36.87 2.0882 

* T u n g s t e n  e l e c t r o d e s .  
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at  922~ The solubi l i ty  of cer ium in the e lect rolyte  
of Cell ( I I I )  is ve ry  smal l  (p robab ly  of the order  of 
0.1%),  so in this case it is the  Ce~ ~§ couple tha t  
is being measured.  Using concentra t ion instead of 
ac t iv i ty  in the Nernst  equat ion to correct  for the 
di lut ion of CeCL in Cell ( I I I ) ,  the potent ia l  of Cell 
( I I I )  wi th  pure  CeCL as the e lect rolyte  would be 
about  2.7 v, in fair  agreement  wi th  the value  of 2.87 
v calculated from the approx ima te  t he rma l  data.  
The depa r tu re  then is rea l  and not ascr ibable  to the  
uncer ta in ty  in the  l i t e r a tu re  value.  

An obvious source of er ror  in the potent ia l  meas-  
u remen t  is the  l iquid junct ion potent ia l  in Cell (I)  
be tween  the ce r ium-sa tu r a t ed  CeCI~ and the pure  
cer ium chloride. The l iquid junct ion potent ia l  be-  
tween s i lver  chloride and cer ium chloride has been 
found by the authors  to be less than 60 mv over the 
t empe ra tu r e  range 820~176 S i n c e  the cer ium-  
sa tu ra ted  solution of CeCI~ has a lower  conductance 
than tha t  of s i lver  chloride, the l iquid junct ion 
potent ia l  in Cell (I)  should be subs tan t ia l ly  less 
than this va lue  and must  be considered as not sig- 
nificant. A formal  calculat ion of the ac t iv i ty  of 
CeCL in the ce r ium-sa tu ra t ed  solution based on the 
observed potent ia l  va lue  and the Eo of Hamer  (14) 
gives a value  of 10 +~ for the ac t iv i ty  at  a mole f rac-  
t ion of 0.67. This indicates  the essential  absence of 
CeCL in its usual  state. 

Ascr ib ing  the devia t ion  to electronic conduct-  
ance is impossible  on two grounds. First ,  the  in te r -  
posit ion of pure  CeCL, genera l ly  considered to be a 
pure  ionic conductor,  as an e lec t ro ly te  in Cell ( I )  
"filters out" any electronic current  which may  be 
suppor ted  by the ce r ium-conta in ing  e lect rolyte  on 
the other side of the cell, and thus e l iminates  any 
effect on the cell potent ia l  of electronic conduction 
(15). Second, p re l imina ry  conductance measure -  
ments  which the authors  have made  indicate  tha t  
the a lmost  sa tu ra ted  solution of cer ium in cer ium 
chloride is a typica l  ionic conductor having a con- 
ductance of 3.76 mhos at 840~ and 3.57 mhos at  
810~ a posi t ive t empe ra tu r e  coefficient of con- 
ductance, which is also a p rope r ty  of ionic conduct-  
ance. The conductance of CeCI~ at  840~ is about  
0.92 mhos and no evidence for electronic conduct-  
ance may  be deduced f rom this compara t ive ly  smal l  
change in conductance on adding 32 mole % cerium, 
especial ly  in v iew of the  resul ts  of Bronstein and 
Bredig (4),  who showed tha t  addi t ion of 20 mole % 
K to KC1 increased the conductance by  a factor  of 
70. To expla in  the  deviat ion of 0.7 v on the basis of 
Wagner ' s  (10) equat ion would  requi re  about 24% 
electronic conductance.  

Another  a l t e rna t ive  would be to consider the  
Ce-CeCL mix tu re  not as an e lec t ro ly te  wi th  e i ther  
ionic or mixed  conduction, but  as a semiconduct ing 
electrode.  In this case, however,  the cell would  be 
essent ia l ly  CelCeCI~ICL and, in the case of the sa tu-  
ra ted  solution of Ce in CeCL, the  potent ia l  would  be 
expected to app rox ima te  the calcula ted va lue  for  
this  cell. As noted above, it is ac tua l ly  found to be 
0.7 v lower.  The assumption of semiconduct ion of 
the Ce-CeCI~ system is appa ren t ly  not in accord wi th  

the  observed emf. 

There  remains,  then, the format ion  of subhal ides  
by reduct ion of CeCL wi th  cer ium to expla in  the  
observed result .  The s toichiometr ic  reduct ion of 

CeCl~ to the "dichlor ide"  may  be expressed by  e i ther  
of the fol lowing equations:  

2CeCI~ + Ce- , -~  3CeC12 (a)  

4CeCI~ + 2Ce-~-* 3Ce § [CeC1,]- (b)  

The "dichlor ide"  of equat ion (a)  is wr i t t en  to ind i -  
cate the cer ium is present  as Ce ~§ and the "d i -  
chlor ide"  of equat ion (b)  indicates the  cer ium is 
present  in two valence states, Ce 1. and Ce ~. The 
exis tence of Ce § in the absence of Ce 3+ (i.e., a ne t  
valence state less than  + 2 )  may  be d i s regarded  be-  
cause of insufficient "solubi l i ty"  of cer ium in cer ium 
chloride2 

The preponderance  of evidence der ived  f rom the 
emf measurements  suggests equat ion (b)  as the  de-  
script ion of the "solut ion" of cer ium in CeCI~. I t  was 
noted in Table I tha t  no apprec iable  change in po-  
ten t ia l  was observed on changing the concentra t ion 
of cer ium meta l  in the sys tem from tha t  containing 
excess cer ium (in which a pool of cer ium formed 
the electrode} to one containing only 8.7 mole % 
cer ium (in which molybdenum or tungsten rods 
were  the e lect rodes) .  This indicates  tha t  in these 
solutions a redox potent ia l  be tween  two valence 
states  in solution was being measured  in which 
the cerium, molybdenum,  or tungsten electrodes 
were  iner t  electrodes.  If react ion (a)  descr ibed the 
33 mole % cer ium solution, then a rap id  decrease 
of potent ia l  wi th  decreasing cer ium content  should 
have  been observed,  wi th  the ini t ia l  increments  of 
Ce ~* resul t ing f rom ce r ium concentrat ions jus t  be- 
low this value.  However,  if react ion (b} describes 
the 33 mole % cer ium solution, then the rat io of 
oxidant  to reduc tan t  in this solution is un i ty  and 
increments  of e i ther  oxidant  or reduc tan t  a t  this con- 
centra t ion would have  only a small  effect on the 
potent ial .  In Fig. 4 the observed potent ia ls  are p lo t -  

The  p h a s e  d i a g r a m  for  t he  s y s t e m  p u b l i s h e d  by  C u b i c i o t t i  (3) 
i nd i ca t e s  the  m a x i m u m  s o l u b i l i t y  of  c e r i u m  as 33 m o l e  %, w i t h  a 
t e m p e r a t u r e  coeff ic ient  close to zero o v e r  a r a n g e  of  a t  l e a s t  100~ 
This  w o u l d  co r r e spond  exac t l y  to the  s t o i c h i o m e t r y  of e q u a t i o n s  (a) 
and  (b).  W o r k  n o w  in  p rog re s s  i n  t h i s  l a b o r a t o r y  i nd i ca t e s  some 
m o d i f i c a t i o n  of t h e  phase  d i a g r a m  m a y  be necessary ,  b u t  t he  " s o l u -  
b i l i t y "  of  c e r i u m  c e r t a i n l y  is  n o t  g r e a t e r  t h a n  t h i s  va lue .  
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0 0.5 1.0 1.5 2.0 

[LOG Ce ' */Ce'*] 

Fig. 4. Ernf as o function of cerium metal concentration, 
8 8 0 ~  (Cel l  I I). Do t t ed  c i rc les,  e x p e r i m e n t a l  resul ts ;  dashed  
l ine,  t h e o r e t i c a l  Ne rns t  p l o t  f o r  n = 2.  
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ted  agains t  the  l oga r i t hm of the concen t ra t ion  rat ios 
us ing  Ce~§ 1+ as the p o t e n t i a l - d e t e r m i n i n g  couple. 
Also ind ica ted  on the  cu rve  is the ideal  Ne rns t  plot  
us ing  n = 2, the slope of which  at 880~ is 0.115 v. 
It  wil l  be no ted  that ,  in  the reg ion  of d i lu te  Ce +, the  
slope approaches  the Nerns t  va lue  for n = 2. 

I t  seems reasonable ,  then,  to conclude  tha t  the  

ce r ium "dichlor ide"  p re sen t  in  solut ions  of Ce in  
CeCI~ is ac tua l ly  Ce§ -, in  the t e m p e r a t u r e  
r ange  b e t w e e n  820 ~ and  920~ Cons is ten t  w i th  this  
is the work  of Woodward ,  et al. (16),  who showed 
by  R a m a n  Spec t ra  s tudies  tha t  l iqu id  ga l l i um di-  
chlor ide is Ga§ - and  the work  of Gar ton ,  
et  al. (17) ,  who showed by  x - r a y  s tudies  t ha t  solid 
ga l l i um dichlor ide  has the  s t ruc tu re  Ga§ - in  
the crystal .  F u r t h e r  subs id ia ry  ev idence  is the  fact 
tha t  c e r ium me ta l  c anno t  be  ob ta ined  by  electrolysis  
of pu re  ce r ium chlor ide f rom a cell w i thou t  a d ia -  
ph ragm,  whi le  it  is easi ly  ob ta ined  f rom a so lu t ion  
of CeCt~ in  a lka l i  hal ides.  If  CeCI~ is an  associated 
l iqu id  which  m a y  be descr ibed by  a fo rmula  such as 
[CeCI~]§ - t h e n  electrolysis  wi l l  produce  i n i -  
t ia l ly  Ce+[CeC14] -, p r o b a b l y  by  r educ t ion  of the  less 
comple te ly  coord ina ted  cations, and  not  cer ium,  
since the  C e " ' o ~ C e  1~ po ten t i a l  is nob le  by  abou t  0.7 
v to tha t  of C e " ' - ~ C e  ~ However ,  d i lu t ion  wi th  a lka l i  
hal ides  (i.e., KC1) wou ld  p r o b a b l y  give a l iqu id  
which  m a y  be f o r m u l a t e d  K*[CeC1,] '- and  a l low the 
di rect  r educ t ion  of [CeC1J-  to Ce ~ Tak ing  the  l i t -  
e r a tu re  va lue  (13) for the po ten t i a l  of the Ce~ /Ce  ~ 
ha l f -ce l l  (--2.9 v) ~ and  the  au thors '  va lue  for the  
Ce~§247 ha l f -ce l l  (--2.2 v) ,  t h e n  the  po ten t i a l  for 
the Cel§ ~ ha l f -ce l l  should  be --4.3 v, a va lue  m u c h  
less noble  t h a n  e i ther  of the o ther  two react ions.  
This  indica tes  tha t  whe re  o x i d a t i o n - r e d u c t i o n  cy-  
c l ing of Ce ~-~-~ Ce ~* in  a cell is possible,  ce r ium me ta l  
cannot  be expected to be fo rmed  by  r educ t ion  of 
e i ther  the  m o n o v a l e n t  or t r i va l en t  ion. 

The f o r m u l a t i o n  of CeC1, as [CeC1,]*[CeC1,] - 
whi le  p u r e l y  specula t ive  at this  t ime  is in  l ine  w i th  
suggest ions  by  Yaffe and  Van  A r t s d a l e n  (18) re -  
ga rd ing  other  ra re  ea r th  halides,  and  also cons is ten t  
wi th  the  increase  in  conduc tance  to a p p r o x i m a t e l y  
tha t  of NaC1, which  is observed  on add ing  ce r ium to 
the  t r ihal ide .  

The f l a t t en ing  of the curve  in  Fig. 4 at  h igh con-  
cen t ra t ions  of m o n o v a l e n t  ce r ium in  the  so lu t ion  is 
a p p a r e n t l y  a buf fe r ing  effect which  the au thors  have  
not  yet  been  ab le  to expla in .  A su i t ab le  e x p l a n a t i o n  
would  invo lve  the pos tu la t ion  of a reservoi r  for Ce ~§ 
in  a complex  ion in an u n - i o n i z e d  par t ic le  or as sug-  
gested by  Flood and  Hil l  (19) for Fe~O~-FeO sys tems 
in  vacancies  in  the  s t ruc ture .  A l t e rna t i ve ly ,  the  
buf fe r ing  effect m a y  m e r e l y  resu l t  f rom the v a r i a -  
t ion  of ac t iv i ty  of the p o t e n t i a l - d e t e r m i n i n g  ions 
wi th  concen t ra t ion ,  so tha t  at h igh  concen t ra t ions  
the rat io of the act ivi t ies  of the  oxidized and  reduced  
ions r ema ins  constant .  The buf fe r ing  would  also be 
found  if the  sys tem in  this  reg ion  were  not  ac tua l ly  
a s ingle  phase  as is ind ica ted  by  the  pub l i shed  phase  
d iagram.  Studies  of the  phase  d iagram,  of conduc t -  

I f  one cons ide rs  t he  ch lo r ine  e lec t rode  as a r e f e r ence  zero in  
m e t a l / m e t a l  c h l o r i d e / c h l o r i n e ,  g r a p h i t e  cells,  t h e n  t he  m e a s u r e d  
e m f  or t he  ca l cu l a t ed  d e c o m p o s i t i o n  p o t e n t i a l  for  the  ch lo r ide  is 
n u m e r i c a l l y  equa l  to the  p o t e n t i a l  of  the  h a l f - c e l l  a p p r o p r i a t e  to the  
m e t a l  e lectrode.  

ance, and  of dens i ty  now in  progress  m a y  assist in  
accoun t ing  for the behav io r  in  this  buffered  region.  

Summary 
The emf  of the  cell CelCeCl~(1--x)  Ce (x)  I ICeCI~ICI.~ 

(g raph i te )  has b e e n  m e a s u r e d  over  the  t e m p e r a t u r e  
r ange  820~176 f rom a mole  ra t io  of ce r ium to 
ce r ium chlor ide of 0.018-0.333. The  po ten t i a l  of the  
s a tu ra t ed  cell is 2.2005 v at 820~ and  2.1225 v at  
940~ the t e m p e r a t u r e  coefficient of emf be ing  
--0.68 m v / ~  over  this  t e m p e r a t u r e  range.  Over  a 
concen t r a t i on  r ange  f rom 33.3 mola r  % to 8.67 mola r  
% Ce, the emf  of the  cell r e m a i n s  constant ,  whi le  
w i th  less ce r ium a decrease  in  po ten t i a l  in  agree-  
m e n t  w i t h  a Nerns t  slope for a 2 -e lec t ron  change  is 
observed.  It  is concluded tha t  the so lu t ion  of Ce in  
CeCI~ con ta ins  a subha l ide  consis t ing of m o n o v a l e n t  
and  t r i v a l e n t  c e r i u m  ions, the  p robab le  f o r mu la  of 
which  is Ce§ -. P r e l i m i n a r y  m e a s u r e m e n t s  
ind ica te  tha t  the  s a tu ra t ed  so lu t ion  is a typ ica l  ionic 
conductor  w i th  a conduc tance  of 3.76 ohms -1 cm -1 
at 840~ 
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ABSTRACT 

The reaction between thiosulfate and bromoacetate ions in solvent mix-  
tures of different dielectric constant  and in the presence of added salts fails to 
give results conforming to the predictions of the BrSnsted p r imary  salt effect. 
The deviat ion from theory is par t icular ly  high in solvents of low dielectric 
constant  and in the presence of higher valence type electrolytes. A mechanism 
for the over-al l  reaction is proposed to account for the apparent  abnormali t ies.  
New exper imenta l  data are added to those previously obtained and are cor- 
related with the BrSnsted-Chris t iansen-Scatchard theoretical  expressions 
which relate the log of the molar  reaction rate constants to the dielectric con- 
stant  of the solvent mix ture  in which reaction takes place, the ionic s trength 
of the solutions making  up the reaction mixture,  and the size and charge of the 
in termediate  complex assumed to be formed in ionic reactions. The essential 
condit ion in  the postulated mechanism is that  the reaction proceeds through the 
formation of a complex or ion pair  between the added cation and thiosulfate 
ion, followed by reaction of this complex with bromoacetate ion. 

The  reac t ion  b e t w e e n  b romoace ta t e  and  th iosu l -  
fa te  ions in  severa l  so lvent  sys tems has been  i n v e s -  
t iga ted  ex t ens ive ly  (3-10) .  The  conclus ions  reached  
by  Ciape t ta  and  Tomi l i n son  (10) are  p e r t i n e n t  to 
the  r e m a r k s  to be  m a d e  in  the  p resen t  discussion.  
They  m a y  be s u m m a r i z e d  as follows. 

(A)  Specific so lvent  effects are  minor .  Observed  
ra te  cons t an t  da ta  ob t a ined  wi th  di f ferent  isodielec-  
t r ic  cons tan t  solvents ,  bu t  w i th  iden t ica l  concen-  
t r a t ions  of r eac tan t s  and  added  salt, are  of the  
same order  of magn i tude .  

(B) S t r o n t i u m  and  ca lc ium n i t r a t e  m ixed  wi th  
r eac tan t s  p roduce  h igh  ra te  constants .  Rate  con-  
s tants  level  off to a lmos t  cons tan t  va lues  w h e n  these  
salts are  p re sen t  in  excess of the  reac tants .  

(C) W h e n  l a n t h a n u m  n i t r a t e  is the added  salt, 
reac t ion  ra te  cons tan ts  are as h igh as one h u n d r e d -  
fold t imes  those an t i c ipa ted  f rom the  BrSns ted-  
C h r i s t i a n s e n - S c a t c h a r d  theore t ica l  express ions  (1,2). 
W h e n  the  reac t ion  is a l lowed to t ake  place in  sol-  
ven t s  of low dielectr ic  cons tant ,  the  r a t e  cons tan t s  
increase  in  va lue  w i th  increase  in  the  added  salt  con-  
cen t ra t ion ,  r each ing  a m a x i m u m  w h e n  the  added 
s a l t  concen t r a t i on  equals  tha t  of reac tants ,  t hen  fal l  
off w i th  fu r t he r  increases  in  added  salt. 

(D) LaMer  and  Davis  (3) have  shown  tha t  
w h e n  solvents  r ange  in  dielectr ic  cons tan t  f rom 20 
to 35 so tha t  cons t an t  DT va lues  are obta ined,  the  
observed  energ ies  of ac t iva t ion  for the  reac t ions  
wi th  added  salt  are  the same as those in  which  salt  
add i t ion  is absent .  They  conc luded  tha t  a b n o r m a l  
ra te  cons tan t s  were  the  resu l t  of ce r ta in  e lec t ro-  

stat ic a t t rac t ions  l ead ing  to possible  ion pa i r  f o r m a -  
tions. Ciape t ta  and  Tomi l i n son  pos tu la ted  an  ion 
pa i r  (LaS~O~BrAc) ~ since they  observed  t h a t  the  
m a x i m u m  in  the  r a t e  cons tan t  v a l u e  was  u sua l l y  
ob ta ined  w h e n  the  salt  concen t r a t i on  added w i t h  r e -  
ac tan ts  was  equa l  to tha t  of the reac tants .  They  con-  
c luded f u r t he r  tha t  ra te  cons tan ts  were  lower  in  the  
p resence  of g rea te r  concen t ra t ions  of added  salt  be -  
cause l a n t h a n u m  ions w ou l d  compete  w i t h  each 
other  for the  fo rma t ion  of this  complex.  

If e lectrosta t ic  a t t rac t ions  inf luence the  course and  
ra te  of react ion,  it  is also r easonab le  to assume tha t  
a complex  or ion pai r  could fo rm b e t w e e n  the  added 
ca t ion  of the  sal t  a nd  th iosu l fa te  ion, a nd  this  in  
t u r n  would  reac t  w i th  b romoace ta t e  ion. F u r t h e r -  
more,  the complex  pos tu la ted  by  Ciape t ta  and  T o m -  
i l inson  wou ld  be specific for those reac t ion  s tudies  
i nvo l v i ng  only  l a n t h a n u m  n i t r a t e  addi t ions ,  and  
thus  wou ld  p rov ide  no ove r - a l l  e x p l a n a t i o n  for the  
effect of o ther  va lence  type  salts  wh ich  also p roduce  
dev ia t ion  f rom pred ic ted  resul ts .  

A reac t ion  m e c h a n i s m  can  be w r i t t e n :  

M § + S~O~= ~ (M S~O/) n-~ (I)  

(M S.~O3=) .... ~- B r A c ~  [Complex ]  ~§ ( I I )  

[Complex]  Z~*~ ~ B r  + CH~COOS~O~( + M ~" ( I I I )  

M § is the  ca t ion  of the  added  salt  w i th  va lence  
charge + n ,  and  Zo, Z~ the  va lence  charge of the ion 
pa i r  and  b romoace ta t e  ion, respect ively .  Since, ac-  
cord ing  to this  mechan i sm,  the  ca t ion  is r e ge ne ra t ed  
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in  the slow step of the  ove r - a l l  react ion,  a ra te  ex -  
press ion can be w r i t t e n :  

--d[S~O~:] 
- -  K f ( M )  �9 [Reac t an t ]  ~ = k [ r e a c t a n t ]  "~ 

dt  
(IV) 

In  this express ion  the  t e rm  [ r eac t an t ]  r epresen t s  
equ imo la r  c o n c e n t r a t i o n o f  th iosu l fa te  and  b r o m o -  
acetate  ions, k the observed  second order  ra te  con-  
s tant ,  and  f ( M )  a func t i on  of the  added  salt  concen-  
t ra t ion .  This  f unc t i on  should r ep re sen t  [M] ra ised 
to a f rac t iona l  power  1 / X ,  r e p r e s e n t i n g  the  ex ten t  
to which  the added ca t ion  concen t ra t ion  takes  pa r t  in  
ion pai r  f o rma t ion  w i th  th iosu l fa te  ion concen t ra t ion .  
Then  K equals  k / [ M ]  ~j~. 

If one assumes  tha t  [M] in  the above express ions  
is l imi ted  to salt  concen t ra t ions  less or equa l  to tha t  
of reac tants ,  then  the  cons tancy  r ep resen ted  by  
k / f  (M) wi l l  be l imi ted  to added salt  concen t ra t ions  
equa l  to tha t  of reac tants ,  or less. There  is no 
specific way  of p red ic t ing  the  ac tua l  f rac t ion  of sal t  
which  en te r s  in to  ion pa i r  fo rmat ion ,  bu t  this  f r ac -  
t ion  m a y  be a p p r o x i m a t e l y  deduced f rom the  ra t e  
cons tan t  data .  

The discuss ion in  this paper  inc ludes  some of the 
data  repor ted  by Ciapet ta  and  Tomi l in son  whose 
work  invo lved  the use of so lvent  m i x t u r e s  c o n t a i n -  
ing  72.2% by  weight  i sopropyl  alcohol wi th  w a t e r  
which  corresponds  to a dielectr ic  cons tan t  va l ue  of 
30. The  p resen t  repor ted  resul t s  i nvo lve  m i x t u r e s  
of 10 and  40% e thyl  alcohol by  weigh t  w i th  w a t e r  
and  dielectr ic  cons tan t  va lues  of 72 and  55, respec-  
t ively.  To avoid r epe t i t i on  of so lvent  descr ipt ion,  
on ly  the dielectr ic  cons tan t  va lue  is des igna ted  
hereaf ter .  

Experimental 

The reac t ion  ra te  b e t w e e n  th iosul fa te  and  b r o m o -  
acetate  was fol lowed by  t i t r a t ion  of res idua l  th io-  
su l fa te  wi th  0.01N iodine solut ion.  The reac t ion  
m i x t u r e  was  p r epa red  by  m i x i n g  weighed  a m o u n t s  
of b romoace t ic  acid in  the  chosen so lvent  m i x t u r e ,  
equ i l i b r a t i ng  this wi th  p rev ious ly  s t anda rd ized  
NaOH solution,  also p r epa red  in  the same  so lvent  
mix tu re ,  and  then  d i lu t ing  the  so lu t ion  to twice the  
mola r  concen t r a t i on  for the b romoace ta t e  ion con-  
cen t r a t i on  used in  the run .  The sod ium th iosu l fa te  
was p r epa red  f rom a s t a n d a r d  th iosu l fa te  so lu t ion  
and  mixed  wi th  the appropr i a t e  concen t r a t i on  of the  
sal t  inves t iga ted .  Af te r  b r i n g i n g  the  two separa te  
solut ions  to t h e r m a l  equ i l i b r ium,  they  were  mi xe d  
and  the  reac t ion  ra te  was  fol lowed by  t ak ing  s am-  
ples at specified in t e rva l s  of t ime.  The l a t t e r  p ro -  
cedure  invo lved  t r i pp ing  the  stop wa tch  at  the  i n -  
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Table I. Typical rate data with lanthanum nitrate additions (D~72) 

t M i n  

[ B r A e ]  = [ S e C t = ]  = 0 . 0 0 2 M  [ L a ]  = 0 . 0 0 1 5 M  
L i t e r  

/2 m l  k 
I u m l  S,zOa; m l  n e t  [S~Oa  = ] m o l e s  x s e e  

5 12.67 3.66 9.23 0.001957 3.25 
15 12.77 4.33 8.70 0.001844 3.22 
3 0  11.41 3.65 7:78 0.001678 3.19 
45 9.56 2.30 7.40 0.001569 3.05 
60 9.41 2.70 6.87 0.001456 3.12 

B l a n k  w i t h  0 . 0 1 N  ~ = 0 .14  m l .  R e s u l ~  a b o v e  c o ~ e c t e d .  

Table II. Typical rate data with thorium nitrate additions (D~72) 

[ B r A c ]  = [ S 2 0 3  =1 = 0 . 0 0 2 M  [ T h o r i u m ]  = 0 . 0 0 1 5 M  

I~ m l  
t M i n  I~ m l  S,zO~: m l  n e t  [ ~ O ~  =] k x 10-~ 

5 6.85 1.30 5.55 0.001187 2.90 
15 4.82 1.18 3.72 0.000796 3.19 
30 4.76 2.20 2.71 0.000579 3.50 
45 3.35 1.15 2.27 0.000466 3.52 
60 3.26 1.21 2.13 0.000456 3.09 

s t a n t  of m i x i n g  the  two p r e p a r e d  solut ions.  A b o u t  
one m i n u t e  before  a specified i n t e r v a l  of t ime,  a 
s ample  ana lys i s  was w i t h d r a w n  f rom the  reac t ion  
vessel. At  the  i n s t a n t  the t ime  i n t e r v a l  was com-  
p le ted  excess 0.01N iodine so lu t ion  was  r u n  in to  the  
sample.  Back t i t r a t i on  w i th  0.01N th iosu l fa te  was 
t hen  car r ied  out. B l a n k  r u n s  w i th  iodine  on samples  
of so lvent  we re  m a d e  to m a k e  correct ions  for end  
poin t  de tec t ion us ing  the s ta rch  indicator .  Vo lume  
rat ios b e t w e e n  th iosul fa te  and  iodine  solut ions  were  
made  at  the b e g i n n i n g  of each separa te  run .  Rate  
cons tan ts  were  ca lcu la ted  us ing  the express ion:  

X 
k =  

at[a- -xJ  

where  a is the  in i t i a l  r e ac t an t  concen t r a t i on  of th io-  
su l fa te  ion and  x is the  a m o u n t  reac ted  in  t ime  t. 

For  t h o r i u m  n i t r a t e  addi t ions ,  it  was observed  tha t  
on ly  plots  of 1/[S~03:] ~ vs. t ime,  where  [S~O~:] is 
the  res idua l  th iosu l fa te  concen t ra t ion ,  gave l i nea r  
plots. Rate  cons tan t s  were  ca lcula ted  by  the  expres -  
sion for t h i rd  order  reac t ions :  

X 
k---- 

2at[a--x]  ~- 

The average  va lues  of second and  th i rd  order  ca lcu-  
la ted  ra te  cons tan ts  were  compared  wi th  the  va lues  
of 1/[S~O~:] vs. t ime  and  1/[S~O~:] vs. t ime  plots 
f rom whose slopes the  r a t e  cons tan ts  can be eva l -  
uated.  Typica l  ra te  data  wi th  l a n t h a n u m  and  tho r i -  
u m  n i t r a t e  are s u m m a r i z e d  in  Tables  I a nd  II. A1- 

Table IlL Data from Ciapetta and Tomilinson. Calcium and strontium nitrate additions (Dz30) 

M (Ca)  m o l e s  • s e c  

[ S ~ O 3 : ]  = [ B r A ~  = 0 . 0 0 5 M  0 . 0 0 3 M  R e a c t a n t s  

L i t e r  L i t e r  
k - -  k 

M ( S t )  m o l e s  • s e e  

L i t e r  

M (Ca )  m o l e s  • s e c  

0.00236 1.98 0.00204 
0.00580 3.17 0.01206 
0.01452 3.82 0.01917 
0.01885 4.01 0.02893 
0.02320 3.85 0.03624 
0.04352 3.85 0.04826 

1.62 0.00293 2.76 
3.04 0.00597 3.60 
3.77 0.01019 3.70 
4.09 0.01451 3.89 
3.82 0.02327 3.54 
3 . 9 2  0.03480 3.48 
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t h o u g h  t imes  up to 60 rain are  shown  in these  tables,  
in some cases t imes  of r eac t ion  up  to 1300 rain w e r e  
taken.  A t i t r a t i on  e r r o r  of 0.05 cc 0.01N iodine  is 
e q u i v a l e n t  to the  a v e r a g e  dev i a t i on  shown.  

Da ta  in Tables  I I I - V I I  r e p r e s e n t  resu l t s  of the  
p re sen t  i nves t i ga t i on  and  those  t aken  in p a r t  f r o m  
the  w o r k  of  C i a p e t t a  and Tomi l in son  (10) .  D a t a  
s u m m a r i z e d  in the  r e m a i n i n g  tab les  a re  those  used 
for  the  plots  in Fig.  1-8. 

Discussion of Results 

Accord ing  to B r S n s t e d - C h r i s t i a n s e n - S c a t c h a r d  (1, 
2) the  m o l a r  ra te  cons tan t  for  an ionic r eac t ion  in 
d i lu te  so lu t ion  for  r eac t ion  b e t w e e n  ions of Z,  and 
Zb charges  is g iven  by:  

Z,Z~E"N 1 
log k = log k'o 

DRT r,,+r,, 
Z,ZbE=N K 

+ (V) 
DRT l + a i K  

w h e r e  ~ is the  D e b y e - H i i c k e l  cons tan t  g iven  by:  

[ 8~r E~u ] w 
= DR-T : 1-000 (VI)  

and the  r e m a i n i n g  t e r m s  h a v e  t he i r  usua l  s ignif i-  
cance. A c c o r d i n g  to A m i s  (13) the  D e b y e  first  ap-  
p r o x i m a t i o n  p a r a m e t e r  ai, and the  t e r m  r , +  rb, the  
d i s tance  of closest  app roach  for  ions be fo re  t h e y  
react ,  m a y  be t aken  as equa l  in magn i tude .  

The  t e rm,  log k'o r ep re sen t s  the  r eac t ion  r a t e  con-  
s tan t  at  inf ini te  d ie lec t r i c  constant .  The  BrSns ted  

Table IV. Data from Ciapetta and Tomilinson. Effect of lanthanum 
nitrate additions (D=30 )  

[ B r A ~ ]  = [$20~ =] = 0,005M 

M ( L a )  k k/M • I0 -a 

0.00180 9.78 --+_-_ 0.04 5.43 
0.00299 17.4 _+ 0.4 5.67 
0.00354 19.7 ___ 0.1 5.56 
0.00474 23.3 ___ 0.2 5.00 
0.00596 22.7 +- 0.3 - -  
0.00956 17.7 ___ 0.2 - -  
0.01194 15.4 +- 0.1 - -  
0.01792 11.1 +- 0.1 - -  

[ B r A c ]  = [S~Oa =] = 0 . 0 0 3 M  
M ( L a )  k k / M  • 10 -a 

0.00095 9.34 +_ 0.01 9.83 
0.00237 24.8 ___ 0.1 10.40 
0.00343 29.9 _+ 0.1 9.00 
0.00473 22.6 _+ 0.1 - -  
0.00593 21.9 +- 0.3 - -  
0.00953 14.8 -+- 0.2 - -  
0.01480 12.1 ___ 0.3 - -  
0.02621 9.19 -+- 0.05 - -  

Table V. Effect of lanthanum nitrate additions on the bromoacetate- 
thiosulfate reaction in 10% ethyl alcohol (D=72 )  

( B r A c )  = ( s c a n  =) = 0 . 0 0 2 M  
M ( L a )  ul/"-' k l o g  k k/M~/2 

0.0005 0.097 1.51 +- 0.04 0.179 67.4 ___ 1.8 
0.00075 0.101 2.24 -+- 0.06 0.350 81.7 +- 2.2 
0.0010 0.104 2.56 _+ 0.05 0.408 84.1 +_ 1.6 
0.0015 0.111 3.28 +- 0.06 0.516 84.8 _+ 1.7 
0.00175 0.115 3.69 + 0.22 0.567 88.3 +- 5.2 
0.002 0.119 3.78 + 0.18 0.577 84.6+-- 4.0 
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Fig. 1. Effect of  /o(NOs)a on rate constant values in sol- 
vents, D - -  30. [La ]  equal and in excess of [ reactants] .  
Data from Table VI I I .  

salt  effect is inc luded  in this  express ion  since log 
k vs. u '/2 should  g ive  a l inea r  r e l a t i on  accord ing  to 
express ion  (V) .  The  BrSns ted  equa t i on  for  p r i m a r y  
sal t  effect a lone  m a y  be w r i t t e n  in  its l im i t i ng  f o r m  
a s :  

log k = log ko + 2A �9 Z~. Zb (u)  '/~ (VII )  

w h e r e  A is t he  D e b y e - H u c k e l  cons tan t  ob t a ined  f r o m  

1.824 • 1W 
A ( v i i i )  

(DT) ~/~ 

Table VI. Effect of lanthanum nitrate additions on the bromo- 
acetate-thiosuffate reaction in 40% ethyl alcohol (D=55 )  

(BRAT)  = (S2Oa =) = 0 . 0 0 2 M  
M ( L a )  uU~ /c l o g  tz k / M 1 / 2  

0.0005 0.097 6.32 ~ 0.19 0.801 282 ___ 8.4 
0.00075 0.101 9.70 ~ 0.06 0.987 354 +- 2.1 
0.0010 0.104 11.19 _+ 0.04 1.049 354 __ 1.2 
0.00125 0.108 12.65 ___ 0.11 1.I02 357 + 3.1 
0.00175 0.115 14.49 __+ 0.23 1.161 352 +- 5.5 
0.0019 0.117 15.48 • 0.31 1.499 355 _+ 2.1 
0.004 0.161 13.51 ___ 0.27 1.131 213 ___ 4.2 
0.006 0.194 11.87 ~ 0.06 1.074 15'3 _--+- 0.9 
0.008 0.223 10.47 __+ 0.21 1.029 117 +- 2.3 

Table VII. Effect of thorium nitrate additions on the bramoacetate- 
thiosulfate reaction in 10% ethyl alcohol (D=72 )  

[ B r A c ]  = [S2Oa =] = 0 . 0 0 0 5 M  

L i t e r  2 
k 

M ( T h )  m o l e  • min l o g  k k / M  • 1 0 - 7  

0.0005 1,150,000 6.060 - -  
0.001 1,030,000 6.012 - -  
0.002 660,000 5.819 - -  

[BrAWl = [S~Oa =] = 0.001M 

0.0005 16,000 4.204 32.0 
0.0001 34,000 4.532 34.0 
0.0002 65,000 4.813 32.5 
0.0005 152,000 5.185 30.4 
0.001 318,000 5.502 31.8 
0.002 303,000 5.482 15.1 
0.006 148,000 5.170 2.8 

[ B r A c ]  = [S~O3 =] = 0 . 0 0 2 M  

0.0005 9,300 3.968 18.6 
0.001 21,100 4.324 21.1 
0.0015 31,000 4..491 20.6 
0.00175 36,800 4.566 21.0 
0.002 41,500 4.618 20.7 
0.004 27,700 4.443 6.9 
0.006 18,000 4.255 3.0 
0.008 15,400 4.215 2.0 
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The  t e r m  log ko in t he  B r S n s t e d  e q u a t i o n  r e p r e s e n t s  
t h e  log of the  r e a c t i o n  r a t e  cons t an t  a t  zero ionic 
s t r e n g t h  and  t h e r e f o r e  zero  K. The  log ko m a y  be  
o b t a i n e d  f r o m  the  e x p e r i m e n t a l  d a t a  b y  e x t r a p o l a t -  
ing  the  l i n e a r  p lo t s  of log k vs. u 1/~ to  ze ro  ionic  
s t r eng th .  A c c o r d i n g  to exp re s s ion  (V)  a p lo t  of 
these  e x t r a p o l a t e d  log ko va lue s  for  so lven t s  of d i f -  
f e ren t  d i e l ec t r i c  cons t an t  p l o t t e d  aga in s t  1 / D  should  
g ive  l i n e a r  cu rves .  

By  the  n e w  m e c h a n i s m  d e s c r i b e d  in exp res s ions  
( I ) ,  ( I I ) ,  and  ( I I I ) ,  r e a c t i o n  r a t e s  shou ld  i nc rea se  
w h e n  the  ion pa i r  c o n c e n t r a t i o n  increases .  The  p o r -  
t ion  of a p lo t  i n v o l v i n g  t h e  log  of t h e  m o l a r  r e a c t i o n  
r a t e  cons t an t  vs. t he  s q u a r e  roo t  of t he  ionic  s t r e n g t h  
up  to ionic  s t r e n g t h s  e q u i v a l e n t  to a d d e d  sa l t  con-  
c e n t r a t i o n s  equa l  to t ha t  of r e a c t a n t s  canno t  t hen  
be  i n t e r p r e t e d  as  t h e  inf luence  of ionic  s t r e n g t h  
inc rease  on t h e  t h i o s u l f a t e - b r o m o a c e t a t e  ion  r e a c -  
t ion.  This  p o r t i o n  of t he  p lo t  ref lects  on ly  t he  i n -  
c rease  in  r a t e  as a func t ion  of i n c r e a s e  in r e a c t a n t  
c o n c e n t r a t i o n  r e p r e s e n t e d  b y  i nc rea s ing  a m o u n t s  of 
ion p a i r  f o r m e d  as m o r e  and  m o r e  sa l t  is added .  Once 
the  m a x i m u m  c o n c e n t r a t i o n  of ion p a i r  has  fo rmed ,  
f u r t h e r  i nc reases  in sa l t  a d d i t i o n  t hen  p r o v i d e  the  
i nc rea se  in  ionic  s t r e n g t h  w h i c h  m a y  inf luence  t h e  
r eac t i on  t a k i n g  p l ace  b e t w e e n  ion p a i r  and  b r o m o -  
a ce t a t e  ion. The  B r S n s t e d  sa l t  effect  m a n i f e s t s  i t se l f  
b y  r e d u c t i o n  in r a t e  cons tan t s  if t h e  ion p a i r  is op-  
pos i te  in c h a r g e  f r o m  t h a t  of t he  b r o m o a c e t a t e  ion, 
or  r a t e  cons t an t  va lue s  shou ld  r e m a i n  cons t an t  w i t h  
i nc rea se  in ionic  s t r e n g t h  if  the  ion p a i r  has  a zero  
ne t  charge .  Hence,  t he  s lopes  of t he  p o r t i o n  of t he  
log k vs. u v= plots ,  s t a r t i n g  w i t h  r e a c t a n t s  and  a d d e d  
sa l t  a t  e q u a l  concen t ra t ions ,  shou ld  be  g iven  b y  
e x p r e s s i o n  (VI I ) ,  n a m e l y  2A.Zo.Zb.  

Ionic  s t r e n g t h  va lue s  a s soc ia t ed  w i t h  a l l  of t he  
p l o t t e d  d a t a  d e s c r i b e d  in th is  p a p e r  h a v e  been  ca l -  
c u l a t e d  b y  a s s u m i n g  t h a t  t he  ion p a i r  is a d i s t inc t  
ion species.  F o r  so lven t s  of D e q u a l  to 30, t he  con-  
c e n t r a t i o n  of t h e  ion p a i r  was  a s s u m e d  equa l  to t ha t  
of the  a d d e d  l a n t h a n u m  n i t r a t e .  Thus,  for  e x a m p l e ,  
w h e n  0.0005M l a n t h a n u m  n i t r a t e  is m i x e d  w i t h  
0.001M reac t an t s ,  i t  is a s s u m e d  t h a t  0.0005M ion 
p a i r  has  been  f o r m e d  l e a v i n g  0.0005M t h i o s u l f a t e  
and  the  r e m a i n i n g  ions. W i t h  so lven t s  D e q u a l  to 55 
and  72, for  r e a sons  w h i c h  w i l l  b e  g iven ,  i t  is a s s u m e d  
t h a t  on ly  ha l f  the  a d d e d  l a n t h a n u m  p a r t i c i p a t e s  in 
ion p a i r  f o rma t ion .  In  t hese  cases  a 0.001M a d d i t i o n  
of sa l t  w i t h  0:001M r e a c t a n t  c o n c e n t r a t i o n  w o u l d  
p r o d u c e  0.0005M ion p a i r  l e a v i n g  0.0005M l a n t h a n -  
u m  ion, 0.0005M t h i o s u l f a t e  ion, and  the  r e m a i n i n g  
ionic  concen t ra t ions .  

F i g u r e  3 d r a w n  w i t h  t he  d a t a  t a k e n  f rom Tab le  
VI  shows  a t y p i c a l  p lo t  of log  k vs. u ~/~ w h e n  so lven t s  
w i t h  D e q u a l  to  55 a r e  u sed  w i t h  l a n t h a n u m  n i t r a t e  
sa l t  add i t ions .  

The  e x t e n t  to w h i c h  a d d e d  ca t ion  t a k e s  p a r t  in ion 
p a i r  f o r m a t i o n  shou ld  be  g r e a t e r  t he  l o w e r  t he  
d i e l ec t r i c  c o n s t a n t  of the  so lvent ,  the  s m a l l e r  t he  
ca t ion  size, and  the  g r e a t e r  the  v a l e n c e  c h a r g e  of 
the  ca t ion  (11, 12).  

The  f rac t ion ,  1 / x ,  of t he  a d d e d  ca t ion  c o n c e n t r a -  
t ion  w h i c h  p a r t i c i p a t e s  in ion p a i r  f o r m a t i o n  m a y  
be d e t e r m i n e d  a p p r o x i m a t e l y  b y  no t i ng  the  f r a c -  

t i ona l  p o w e r  of (M)  w h i c h  g ives  cons t an t  v a l u e s  of 
k / ( M ) l Z t  

W i t h  so lven t  m i x t u r e s  (D e q u a l  to 30),  the  l i m i t e d  
d a t a  a v a i l a b l e  in  t he  low sa l t  c o n c e n t r a t i o n  r a n g e  
f rom the  r e su l t s  of C i a p e t t a  and  T o m i l i n s o n  i n d i -  
ca te  t h a t  a lmos t  a l l  the  a d d e d  ca t ion  c o n c e n t r a t i o n  
is i n v o l v e d  in  ion pa i r  f o rma t ion .  T a b l e  IV shows  
t h a t  k / ( M )  v a l u e s  a r e  a lmos t  cons tan t .  A g a i n  i t  
shou ld  be  e m p h a s i z e d  t h a t  k / ( M )  does  no t  g ive  con-  
s t an t  va lue s  w h e n  ca t ion  c o n c e n t r a t i o n  is in excess  
of r e a c t a n t  concen t r a t i on .  The  r e g e n e r a t i o n  of t he  
ca t ion  in the  s low s tep  of t he  r e a c t i o n  p rocess  p r o -  
v i d e s  t h e  m e a n s  of c on t i nu ing  the  r e a c t i o n  so as to  
g ive  k / ( M )  c o n s t a n t  va lues .  

Tab l e s  V and  VI  show d a t a  w h i c h  i n d i c a t e  t ha t  
a b o u t  o n e - h a l f  the  a d d e d  ca t ion  c o n c e n t r a t i o n  t a k e s  
p a r t  in  ion p a i r  f o rma t ion .  The  f irst  r e s u l t  in each  
of these  t ab le s  is low, sugges t ing  t h a t  some m i n i m u m  
sa l t  c o n c e n t r a t i o n  m u s t  be  p r e s e n t  to f o r m  the  ion 
p a i r  to i ts  m a x i m u m  ex ten t .  

I t  ha s  a l r e a d y  been  s t a t e d  tha t ,  w h e n  t h o r i u m  
n i t r a t e  is a d d e d  w i t h  r eac t an t s ,  a t h i r d  o r d e r  r e a c -  
t ion  p rocess  is a p p a r e n t .  The  o v e r - a l l  r e a c t i o n  m a y  
be  w r i t t e n :  

2 ( T h  S O  ~+* ~, + B r A c ~  ( C o m p l e x )  ~ P r o d u c t s  ( IX)  

P lo t s  Of t he  log of t h e  t h i r d  o r d e r  r a t e  cons tan t s  
vs. u '/, also p r o d u c e  m a x i m a  as i l l u s t r a t e d  b y  Fig.  4. 
The  d a t a  in T a b l e  VI I  show tha t ,  a l t h o u g h  the  sol-  
ven t  m i x t u r e  r e p r e s e n t e d  b y  these  d a t a  is t h a t  for  D 
e q u a l  to 72, k / [ M ]  va lue s  a r e  cons tan t .  The  effect 
of  h igh  va l e nc e  c h a r g e  and  s m a l l  ca t ion  size for  t he  
Th  ion is p r o b a b l y  a s t r ong  f ac to r  in ion p a i r  f o r m a -  
t ion and  in c h a n g i n g  the  o v e r - a l l  r e a c t i o n  process  
f r o m  second  to t h i r d  order .  The  i n t e r m e d i a t e  c o m -  
p l e x  f o r m e d  in th is  r e a c t i o n  m a y  b e  qu i t e  d i f fe ren t  
f r o m  t h a t  p r o d u c e d  w i t h  t he  o the r  sa l t  add i t ions .  
T h e  size fac to r  is also m a n i f e s t  in the  r e su l t s  ob -  
t a i n e d  w i t h  s t r o n t i u m  or  c a l c ium n i t r a t e  add i t i ons  
w i t h  r eac t an t s .  F i r s t ,  a l t h o u g h  the  so lven t  m i x t u r e  
c o r r e s p o n d s  to  D = 30, t h e  r a t e  cons tan t s  a r e  not  as  
h igh  as w h e n  l a n t h a n u m  n i t r a t e  is used.  F u r t h e r ,  
T a b l e  I I I  shows  t h a t  0.00580M c o n c e n t r a t i o n  of t he  
s m a l l e r  c a l c ium ion p r o d u c e s  r e a c t i o n  r a t e s  w h i c h  
g ive  a l m o s t  t h e  s a m e  r a t e  c o n s t a n t  as  0.01206M 
s t r o n t i u m  ion, a l t h o u g h  bo th  sa l t s  e v e n t u a l l y  g ive  
a b o u t  the  s ame  r a t e  cons t an t  va lue s  at  h i g h e r  con-  
cen t ra t ions .  W h e n  log k v a l u e s  a r e  p l o t t e d  aga in s t  
u'/=, t he re fo re ,  one ob t a in s  s lopes  w h i c h  a r e  a l m o s t  
zero  in v a l u e  in the  r eg ion  of ionic  s t r e n g t h s  e q u i v a -  

4.6 

4.2 
_1 

3 . 8  

I I ! 
0,10 0.15 0,20 

Fig. 4. Effect of Th(NO:~h on th i rd order react ion rote con- 
stunts in solvents, D = 72. Data f rom Table V I I .  



Vat. 105, No. 4 THIOSULFATE-BROMOACETATE REACTION 233 

l en t  to concen t r a t i on  in  excess of reac tants .  This  
resu l t  conforms to the v iews pos tu la ted  in  this  pape r  
since the  ion pa i r  b e t w e e n  Sr or Ca and  th iosu l fa te  
ion should  have  a zero ne t  charge.  The sl ight  m a x i -  
m u m  noted  f rom Tab le  I I I  suggests tha t  the reac-  
t ion b e t w e e n  th iosu l fa te  and  b romoace ta t e  ions 
alone, as wel l  as tha t  b e t w e e n  ion pa i r  and  b r o m o -  
acetate,  con t r ibu tes  to the  ove r - a l l  rate,  because  of 

2.00 

3c 

1.50 
_J 

1.00 

~- 2.000 

0.05 0.1o 0.15 
,,~4"L 

Fig. 2. Effect of  Lo(NO~)3 an rate constant values in sol- 
vents, D ~ 30. [La]  ~ [ reactants]  = 0.001, 0.003, and 
0 .005M.  Data from Table IX. 

the smal l  f rac t ion  of sal t  pa r t i c ipa t ing  in  ion pa i r  
format ion .  

The preced ing  discussion should  m a k e  it a p p a r e n t  
tha t  the BrSns ted  salt  effect m u s t  be l imi t ed  to reac -  
t ion  rates  ob t a ined  w h e n  the  added sal t  is equa l  to or 
in  excess of the  r eac t an t  concen t ra t ion .  Consider,  for 
ins tance ,  the da ta  of Tab le  VIII  and  Fig. 1. The ionic 
s t r eng ths  used are those ca lcula ted  in  the  m a n n e r  
descr ibed and  are for concen t ra t ions  of added l a n -  
t h a n u m  ni t ra te ,  equa l  and  in  excess to tha t  of the r e -  
actants .  The  log k vs. u ~/~ plots are l i nea r  w i th  neg -  
a t ive  slopes. Values  of these  slopes are  no t  too d i f -  
f e ren t  f rom those ca lcu la ted  by  the express ion  
2 A  . Z , . Z b .  

F i g u r e  2, on the  other  hand ,  employs  da ta  (Tab le  
IX)  for the  reac t ion  ra tes  ob ta ined  w h e n  us ing  on ly  
those concen t ra t ions  of added  l a n t h a n u m  n i t r a t e  
equa l  to r eac tan t s  at  0.001, 0.003, a nd  0.005M con-  
cen t ra t ion .  In  this case the  plot  of log k vs. u ~/~ gives 
a slope of --4.31 which  happens  to be iden t ica l  wi th  
t ha t  ca lcu la ted  in  the  m a n n e r  given.  

Fo l lowing  a p rocedure  s imi la r  to tha t  employed  
in  m a k i n g  the  plot  of Fig. 2, the  da ta  of Tables  X 
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Fig. 3. Effect of  La(N08)~ on rate constant values in sol- 
vents, D ~ 55. Data from Table VI. 
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Fig. 5. Effect of  Lo(NO=)3 on rate constant values in sol- 
vents, D = 72. [Lo ]  = [ reactants]  = 0.0005,  0.001, and 
0 .002M.  Data from Table X. 
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Fig. 6. Effect of  La(NO.~):~ on rate constant values in sol- 
vents, D = 55. [La]  := [ reactants]  = 0.002, 0.006, 
0 .008M.  Data from Table XI. 

Table VII I .  Data for Fig. I. Effect of lanthanum nitrate on the 
bromoacetate-thiosulfate reaction (D=30) La in excess of reactants. 

R e a c t a n t s  [ .005M] R e a c t a n t s  [ .003M] R e a c t a n t s  [ .001M] 
ul l  ~ log  k u~12 log  k ul/e l og  k 

0.1207 1.476 
0.1496 1.352 0.1605 1 .356 0.0773 1.656 
0.1720 1.340 0.2176 1.248 0.0932 1.552 
0.2262 1.170 0.2483 1.188 0.1100 1.480 
0.2878 1.083 0.3120 1 .049 0.1385 1.350 
0.3889 0.964 

Table IX. Data for Fig, 2. Effect of lanthanum nitrate on the 
bromoacetate-thiosulfate reaction ( D = 3 0 ) ;  [La] ~ [BrAc] 
[S20~] 

ul/2 l og  k [La ]  = [ R e a c t a n t s ]  

0.141 1.396 0.005 
0.109 1.520 0.003 
0.063 1.730 0.001 

E x t r a p o l a t e d  v a l u e  o2 log  ko = 2.000, 
s lope  = --4.31 

Table X. Data for Fig. 5. Effect of lanthanum nitrate on the 
bromoacetate-thiosulfate (D=72 ) ,  [La] ~ [Reactants] 

M (La} 
( R e a c t a n t )  ul/~ log  k 

0.0005 0.0598 0.680 
0.0010 0.083 0.645 
0.0020 0.119 0.577 

E x t r a p o l a t e d  v a l u e  of  log  k .  = 0.885, s lope  = --1.90 

Table XI. Data for Fig, 6. Effect of lanthanum nitrate on the 
bromoacetate-thiosulfate reaction (D~55) .  [La] ~ [Reactants] 

M (La) 
( R e a c t a n t )  ul/~ l og  k 

0.002 0.119 1.161 
0.006 0.205 1.012 
0.008 0.237 0.973 

E x t r a p o l a t e d  v a l u e  of  l og  ko = 1.342, s lope  = --1.60 
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Table Xl l .  Data for Fig. 7. Effect of thorium nitrate on the 
bromoacetate-thiosulfate reaction (D~72). [Th] ~ [Reactants] 

M (Th) 
(Reactant )  u l l  2 log  k 

0.0005 0.054 6.060 
0.0010 0.077 5.500 
0.0020 0.109 4.060 

Slope  = --11.7 

Table X I I I .  Data for Fig. 8. Log ko vs. 1/D 

log  ko D 1/D S o l v e n t  

0.885 72 0.0137 10% EtOH-H~O 
1.342 55 0.0182 40% EtOH-H~O 
2.000 30 0.0333 72% Isopropanol -H,O 

P e r  cent  compos i t i ons  are  by  we igh t .  

and  XI  a r e  p l o t t e d  in  Fig.  5 and  6. The  l i n e a r  p lo t s  
of  log k vs. u 1/2 h a v e  s lopes  of --1.90 and  --1.60 c o m -  
p a r e d  to c a l c u l a t e d  va lue s  of --1.14 and  --1.74. These  
d a t a  c o r r e s p o n d  to so lven t s  of D equa l  to 72 and  55, 
r e spec t i ve ly .  A l t h o u g h  these  v a l u e s  do no t  co inc ide  
w i t h  t heo ry ,  t he  s igns  of t he  s lopes  a r e  s ignif icant ,  
and  d e v i a t i o n  f rom t h e o r y  m a y  be  accoun ted  for  b y  
the  fac t  tha t ,  in so lven t s  of h igh  d i e l ec t r i c  cons tan t ,  
t he  ion p a i r  p a r t i c i p a t i o n  is no t  as c o m p l e t e  as w i t h  
cases  of l ow  so lven t  d i e l ec t r i c  cons t an t  va lues .  S i m -  
i l a r  d a t a  t a k e n  for  r eac t i ons  c a r r i e d  ou t  w i t h  t h o r i -  
u m  n i t r a t e  a d d i t i o n s  as g iven  in T a b l e  X I I  and  
p l o t t e d  in  Fig .  7 show t h a t  log of t he  t h i r d  o r d e r  
r a t e  cons tan t s  vs. u 1/2 also g ive  n e g a t i v e  slopes,  b u t  
of m u c h  h i g h e r  m a g n i t u d e  t h a n  the  o thers .  H o w -  
ever ,  t he  p r e s e n t  B r S n s t e d  t h e o r e t i c a l  effect is d e -  
r i v e d  on the  bas is  of a b i m o l e c u l a r  m e c h a n i s m  and  
canno t  be a p p l i e d  to t h i r d  o r d e r  r eac t ions .  The  s im-  
i l a r i t y  of r e su l t s  b e t w e e n  l a n t h a n u m  and  t h o r i u m  
n i t r a t e  a d d i t i o n s  is s t r ik ing ,  and  sugges t s  t h a t  s i m -  
i l a r  r a t e  exp re s s ions  can  be  d e r i v e d  for  reac t ions ,  d e -  
s c r i bed  b y  e x p r e s s i o n  ( I X ) .  

E x p r e s s i o n  (V)  i nd i ca t e s  t h a t  for  log ko vs. 1 / D ,  
l i n e a r  p lo t s  w i t h  s lopes  e q u a l  to  

- -Z~ .  Zb. E2N 
S = (X)  

2.303. r .  R T  

shou ld  be  ob ta ined .  The  va lue s  of log ko a r e  those  
o b t a i n e d  b y  e x t r a p o l a t i n g  the  p lo ts  of log k vs. u 1/~ 

to zero ionic s t r eng th .  These  va lue s  a r e  l i s t ed  w i t h  
t he  t a b u l a t e d  d a t a  a l r e a d y  d e s c r i b e d  and  a re  also 
shown  in t he  Fig.  2, 5, and  6. S ince  as s ta ted ,  t he  
v a l u e  of a, and  r~ + rb m a y  be  t a k e n  equal ,  t he  v a l u e  
of r in e x p r e s s i o n  (X)  is e q u a l  to the  size of  t he  
i n t e r m e d i a t e  c o m p l e x  a s s u m e d  to be  f o r m e d  in ionic 
reac t ions .  E is the  e l ec t ron ic  charge ,  Z~ and  Zb the  
va l ence  c h a r g e  of the  ion pa i r  and  b r o m o a c e t a t e  ion, 
r e spec t i ve ly ,  and  the  r e m a i n i n g  s y m b o l s  h a v e  t h e i r  
u s u a l  s ignif icance.  

The  p lo t  of t he  log ko va lue s  vs. 1 / D  is s h o w n  in 
Fig.  8. This  is not  s t r i c t l y  l i n e a r  because  of t he  c h a r -  
ac te r  of t he  dev i a t i ons  m e n t i o n e d  above ,  b u t  t he  
a v e r a g e  s lope  is pos i t i ve  at  a v a l u e  of 75. T h e  v a l u e  
of r us ing  th is  s lope is 3.3 • 10 -8 cm. This  v a l u e  
c o m p a r e s  w i t h  va lue s  of r c a l c u l a t e d  for  the  a m -  
m o n i u m  i o n - c y a n a t e  ion r e a c t i o n  c a r r i e d  out  in  sol-  
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Fig. 7. Effect of Th(NO=)~ on third order reaction rate 
constant values in solvents, D ~ 72. [Th]  ~ [reactants] 
0.0005, 0.001, and 0.002M. Data from Table XII .  
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Fig. 8. Log ko vs. I /D. Log ko values obtained by extra- 
polation to u ~ o. See Fig. 2, 5, and 6. 

v e n t  m i x t u r e s  of m e t h y l  a n d  e t h y l  a lcoho l  w i t h  
w a t e r .  Resu l t s  r e p o r t e d  b y  S v i r b e l y  and  S c h r a m m  
and  L a n d e r  and  S v i r b e l y  (14, 15) a r e  2.2 • 10 -~ a n d  
2.5 • 10 -8 cm for  t he  two  so lven t  m i x t u r e s ,  r e s p e c -  
t i ve ly .  The  effect of u n i v a l e n t  ca t ions  on the  r e a c -  
t ion  has  been  i n v e s t i g a t e d  b y  s e v e r a l  w o r k e r s  a n d  
is i n c l u d e d  in mos t  of t he  r e f e r e n c e  w o r k  a l r e a d y  
ci ted.  The  g e n e r a l  conc lus ions  s eem to ind ica t e  t h a t  
t he  o r d e r  of d e p a r t u r e  f r o m  t h e o r y  is L i  ~ N a  > K 

Cs. Resul t s ,  p a r t i c u l a r l y  w i t h  so lven t s  of low d i -  
e lec t r i c  cons tan t ,  show t h a t  t he  l a r g e s t  u n s o l v a t e d  
ion size g ives  r e su l t s  w h i c h  be s t  a p p r o a c h  t h eo ry .  
I f  so lva t ion  of  t he  s m a l l e r  a l k a l i  ion  is d i m i n i s h e d  
in so lven t s  of l ow  d i e l ec t r i c  cons tan t ,  t hen  ion  p a i r  
p a r t i c i p a t i o n  w o u l d  h a v e  the  effect  of r e d u c i n g  t h e  
ne t  n e g a t i v e  c h a r g e  of t he  t h i o s u l f a t e  ion. The  l a r g e r  
ions, K and  Cs, shou ld  p r o d u c e  m o r e  c lose ly  t he  
t h e o r e t i c a l  effect of ionic s t r e n g t h  inc reases  on t h e  
t h i o s u l f a t e - b r o m o a c e t a t e  r e a c t i o n  w i t h o u t  ion  p a i r  
f o rma t ion .  Resu l t s  o b t a i n e d  b y  the  p r e s e n t  a u t h o r s  
w i t h  t e t r a m e t h y l  a m m o n i u m  sa l t s  and  a m m o n i u m  
c h l o r i d e  do show t h a t  t he  v a l u e s  of s lopes  p r e d i c t e d  
b y  the  B r S n s t e d  e x p r e s s i o n  (V) a r e  a p p r o a c h e d .  
This  w o r k  is i n c o m p l e t e  howeve r ,  a n d  w i l l  be  r e -  
p o r t e d  in a l a t e r  pub l i ca t i on .  

Conclusions and Summary 
The  h igh  r a t e  cons t an t s  o b s e r v e d  for  the  r e a c t i o n  

b e t w e e n  b r o m o a c e t a t e  and  t h i o s u l f a t e  ions  in  t h e  
p r e s e n c e  of h i g h e r  va l e nc e  e l e c t r o l y t e s  m a y  be  a t -  
t r i b u t e d  to t he  fac t  t h a t  t he  a c t u a l  r e a c t i o n  is b e -  
t w e e n  a complex ,  f o r m e d  b y  the  a d d i t i o n  of ca t ion  
w i t h  t h i o s u l f a t e  ion, and  b r o m o a c e t a t e  ion. S ince  
the  ca t ion  is r e g e n e r a t e d  d u r i n g  the  s low s tep  of t h e  
reac t ion ,  t he  r a t e  of t he  r e a c t i o n  is p r o p o r t i o n a l  to  
c o n c e n t r a t i o n s  of a d d e d  cat ion,  or  some func t ion  of  
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c o n c e n t r a t i o n  of cat ion,  u n t i l  the  l a t t e r  c o n c e n t r a -  
t ion  is equa l  to t h a t  of e q u i m o l a r  r eac t an t s .  I n -  
c reases  in  ca t ion  c o n c e n t r a t i o n  b e y o n d  th is  v a l u e  
t hen  cause  t he  r e a c t i o n  r a t e  to d e c r e a s e  in  c o n f o r m -  
i ty  w i t h  t he  BrSns t ed  effect s ince  the  r e a c t a n t  species  
a r e  o p p o s i t e l y  cha rged .  A l l  of the  o b s e r v e d  r a t e  
cons t an t s  and  p lo ts  of log k vs. u '/2 give  s lopes  of the  
p r o p e r  s ign  w h e n  the  r e a c t i o n  m e c h a n i s m  is v i e w e d  
in th is  m a n n e r ;  t he  v a l u e s  of s lopes  o b t a i n e d  are,  
in some  cases  at  least ,  v e r y  close to t he  t h e o r e t i c a l  
va lues .  I t  is e m p h a s i z e d  h o w e v e r ,  t ha t  these  s lopes  
show good a g r e e m e n t  w i t h  t h e o r y  on ly  w h e n  the  
ionic s t r e n g t h  is i n c r e a s e d  b y  e q u i m o l a r  inc reases  
in  r e a c t a n t s  and  a d d e d  sal t .  This  sugges t s  t h a t  t he  
ionic  s t r e n g t h  p r inc ip le ,  w h e n  m i x e d  e l e c t r o l y t e s  
a re  invo lved ,  m a y  b e  i n a d e q u a t e  to exp re s s  t he  t r ue  
ionic  s t r e n g t h  of such  m i x t u r e s .  

The  o b s e r v e d  d a t a  also d e m o n s t r a t e  t ha t  ion p a i r  
fo rma t ion ,  c o m p l e x  fo rma t ion ,  or  the  i nc rea se  in 
cova l en t  n a t u r e  of t he  bond  b e t w e e n  ca t ion  and  
anion,  is f a v o r e d  b y  low d ie l ec t r i c  cons t an t  of t he  
solvent ,  s m a l l  ca t ion  size, and  h igh  cha rge  on the  
cat ion.  The  o v e r - a l l  m e c h a n i s m  o u t l i n e d  in th is  
p a p e r  e x p l a i n s  the  p r e v i o u s l y  o b s e r v e d  conclus ions  
of s e v e r a l  i n v e s t i g a t o r s  t ha t  dev i a t i ons  f rom t h e o r y  
w e r e  a l w a y s  g rea t e r ,  t h e  l o w e r  t he  d i e l ec t r i c  con-  
s t an t  of t he  so lven t  in w h i c h  r e a c t i o n  t a k e s  place.  

The  use of ionic r e a c t i o n  r a t e s  of th is  t y p e  m a y  
be  used  as a tool  to de t ec t  poss ib le  ion associa t ion ,  

a l t h o u g h  th is  o b v i o u s l y  w o u l d  be  l i m i t e d  to ionic  
spec ies  c a p a b l e  of  u n d e r g o i n g  m e a s u r a b l e  r e a c t i o n  
ra tes .  

Manuscr ip t  rece ived  May 8, 1957. This pape r  was 
p repa red  for  de l ive ry  before  the Washington  Meeting, 
May 12-16, 1957. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1958 
JOURNAL. 
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Techn ca  Note 

Analysis of Manganese Dioxide with Special Reference to 
Electrodeposited Oxide on Graphite 

Akiya Kozawa and W. C. Vosburgh 

Depar tment  of Chemis try ,  Duke Universi ty ,  Durham, North  Carolina 

T h e r e  is r eason  for  ques t ion ing  the  a n a l y t i c a l  d a t a  
in p r e v i o u s  i nves t i ga t i ons  (1, 2) for  e l ec t rodes  of 
e l e c t r o d e p o s i t e d  MnO~ on g raph i t e .  The  a n a l y s e s  
h a v e  l ed  to t h e  f o r m u l a  MnOl.~ for  f r e s h l y  p r e p a r e d  
and  w e l l  w a s h e d  e lec t rodes .  This  is p o o r e r  in a v a i l -  
ab l e  o x y g e n  t h a n  e x p e c t e d  for  e l e c t r o l y t i c  MnO~ 
(3, 4) .  Also,  the  a v a i l a b l e  o x y g e n  as d e t e r m i n e d  b y  
the  H~AsO~ m e t h o d  va r i e s  w i t h  t he  c o n c e n t r a t i o n  of 
the  r e a g e n t .  The  d a t a  o b t a i n e d  w i t h  0.1N H~AsO~ 
w e r e  accep t ed  because  t he  r e su l t s  w e r e  r e p r o d u c i b l e ,  
and  the  FeSO4 m e t h o d  gave  s im i l a r  resu l t s ,  and  b e -  
cause  a s a m p l e  of MnO.~ f rom the  N a t i o n a l  B u r e a u  
of S t a n d a r d s  was  c o r r e c t l y  ana lyzed .  

The  p r e p a r a t i o n  of t he  e l ec t rodes  has  b e e n  d e -  
s c r ibed  e l s e w h e r e  (5) .  Brief ly ,  t h e y  cons i s t ed  of a 
g r a p h i t e  rod  of 4 m m  d i a m e t e r  cove red  for  51 cm of 
i ts  l e n g t h  w i t h  a b o u t  0.2 m m o l e  of e l e c t r o d e p o s i t e d  
MnO2. Most  of t he  rod  above  the  seal  was  cove re d  
w i th  a glass  t ube  sea l ed  to t he  g r a p h i t e  b y  g l y p t a l  

cemen t ,  w i t h  on ly  the  top  p o r t i o n  e x p o s e d  for  con-  
tacts .  The  a r e a  cove red  b y  MnO~ was  8 cm ~. 

Ev idence  of e r r o r - - T h a t  the  p r e v i o u s  a n a l y s e s  of 
e l ec t rodes  w e r e  in  e r r o r  was  i n d i c a t e d  w h e n  some 
MnO2 w h i c h  had  been  e l e c t r o d e p o s i t e d  on K a r b a t e  
rods  gave  MnO~.o on ana lys i s .  This  p o i n t e d  to t he  
g r a p h i t e  rods  as t h e  source  of t he  e r ro r .  The  s ignif i -  
can t  d i f fe rence  b e t w e e n  the  two  k i n d s  of rod  seems 
to be  t h a t  g r a p h i t e  is porous ,  w h i l e  K a r b a t e  is not .  

The  v o l u m e  of t he  po re s  in the  g r a p h i t e  rods  used  
was  e s t i m a t e d  b y  d e t e r m i n i n g  the  C1- r e t a i n e d  f rom 
a ch lo r ide  so lu t ion  of k n o w n  c o n c e n t r a t i o n  a f t e r  
super f ic ia l  wash ing .  The  v o l u m e s  r a n g e d  f rom 12 
to 20% of t h e  v o l u m e s  of t he  rods,  a n d  t h e  p r e s e n c e  
of e l e c t r o d e p o s i t e d  MnO~ m a d e  no m e a s u r a b l e  d i f -  
fe rence .  

A n o t h e r  i nd i c a t i on  of e r r o r  in t he  p r e v i o u s  r e -  
sul ts  is t ha t  w h e n  the  a v a i l a b l e  o x y g e n  is d e t e r -  
m i n e d  in  MnO., on g r a p h i t e  b y  t r e a t m e n t  w i t h  an  
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Table I. Analysis of electrodeposited Mn02 on graphite rods after 
standing 15 br in solutions of various salts 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April  1958 

No. of 
S o l u t i o n  in  p o r e s  s a m p l e s  x i n  MnO~ 

4M NH~C1 2 1.81 • 0.02 
0.2 to 1M NH~C1 3 1.95 • 0.01 
4M NaC1 1 2.00 
2M (NH~)~SO~ or 1M Na~SO~ 2 2.00 
1M KOH 1 1.67 
4M NH~C1 or 1M KOH, washed 2 1.96 • 0.01 

excess of s t a n d a r d  FeSO, at  room t e m p e r a t u r e  i n -  
s tead of at boi l ing  t e m p e r a t u r e  the  resul t s  are  h igh-  
er. This  is i l l u s t r a t ed  in  Tab le  I. Electrodes  tha t  had  
been  i m m e r s e d  in  va r ious  sal t  so lu t ions  for 15 hr  
were  analyzed,  because  ce r ta in  salts lead to v e r y  
low resul t s  w h e n  the  MnO~ is dissolved by  a hot  
r educ ing  agen t  un less  washed  out  p rev ious  to a n a l y -  
sis (2) .  Af t e r  t i t r a t i on  of the  excess FeSO, by  
KMnO~, the  total  Mn was d e t e r m i n e d  by  the  b i s -  
m u t h a t e  method ,  wi th  cor rec t ion  for the KMnO,.  

In  the ava i l ab le  oxygen  d e t e r m i n a t i o n  the MnO~ 
was dissolved by  10 ml  of 0.1N FeSO, and  1.8M 
H~SO, at room t e m p e r a t u r e  ( abou t  25~ wi th  no 
pro tec t ion  f rom air. The electrodes were  a l lowed to 
s t and  in  test  tubes  w i t h  the  FeSO~ solu t ion  for i or 
2 hr, w i thou t  s t i r r ing .  Unde r  these condi t ions  the  
sur face  has the  appea rance  of ba re  g raph i te  af ter  
40 min.  One  m i n o r  source of e r ro r  for which  no 
correc t ion  was  m a d e  at  this  t ime  was the  FeSO~ and  
MnSO, r e t a ined  by  the  g raph i te  rod af ter  o r d i n a r y  
washing .  This  wou ld  lead to h igh  va lues  of x. 

Table  I shows tha t  this  p rocedure  gives r easonab le  
resul t s  for electrodes con t a in ing  NaC1, (NH~)~SO~, 
and  Na~SO~ w h e n  an  es t imated  0.03 is a l lowed for the 
above error ,  bu t  NH~C1 and  KOH cause low results .  
W h e n  the  NH~C1 and  KOH are  washed  out, the re -  
sul ts  are m u c h  bet ter ,  in  a g r e e m e n t  wi th  prev ious  
exper ience  (2) .  A p p a r e n t l y  the combina t ion  of N H J  
and  C1- is more  h a r m f u l  t h a n  e i ther  alone. 

S imi la r  expe r imen t s  us ing  hot  FeSO, (80~176  
for the d issolv ing of the  MnO~ gave lower  resul t s  
v a r y i n g  f rom 1.57 to 1.98 for x, and  (NH~)~SO~ gave 
a cons ide rab ly  lower  resu l t  t h a n  Na~SO~ and  NaC1. 
A n  increase  in  t e m p e r a t u r e  increases  the  er ror  f rom 
some of the  salts, and  gives lower  resul t s  for all. 

It  m a y  be  pos tu la ted  t ha t  a so lu t ion  of r e l a t ive ly  
h igh  pH is t r apped  in  the  pores of the  graphi te  whi le  
the ex te r ior  of the MnO~ is in  contact  wi th  a s t rong ly  
acid solut ion.  A loca l -ac t ion  cell is fo rmed  wi th  a 
h igh  po ten t i a l  cathode.  Reduc t ion  of the  MnO~ takes  
place if a n y t h i n g  in the pores is oxidizable.  Increase  
in  t e m p e r a t u r e  should  decrease the  overpo ten t ia l s  
and  favor  the local action. If  hot  0.025M arsen ious  
acid is the  reagent ,  the loca l -ac t ion  cell seems to be 
able to oxidize cons iderab le  wa te r  before  the MnO.~ 
is dissolved. 

In  the ana lyses  of Tab le  I it  was  observed  tha t  0.4 
to 2 m l  of gas was  evolved  w h e n  electrodes tha t  had  
been  kept  in  e i ther  NH,C1 or KOH so lu t ion  were  pu t  
in to  the acid FeSO, solut ion.  The gas was  cons idered  
to be the  p roduc t  of the  anodic  reac t ion  of the  local-  
ac t ion cell. Ana lys i s  showed tha t  f rom NH~C1 the  
gas was p r e d o m i n a n t l y  N_~ and  f rom KOH it con-  
t a ined  more  O~ t h a n  N~. 

Analysis of MnO~ on graphite.--The accuracy  of 
the  ana lys i s  w i th  cold FeSO~ so lu t ion  w h e n  appl ied  
to MnO~ on g raph i t e  was tested. The ava i l ab le  oxy-  
gen was d e t e r m i n e d  as for the  da ta  of Tab le  I except  
tha t  fo l lowing  the d isso lu t ion  of the  MnO. the  
g raph i t e  rod was kept  in  1M H~SO, for an  h o u r  for 
the  recovery  of Fe § and  Mn ++ in  the pores.  The  two 
solut ions  were  combined  for the  t i t ra t ion .  T h e n  the  
tota l  Mn  was d e t e r m i n e d  by  po ten t iome t r i c  t i t r a -  
t ion  (6, 7) a nd  a cor rec t ion  made  for the  M n  added 
as KMnO~ in  the  first t i t ra t ion .  

In  p r e p a r i n g  a so lu t ion  con t a in ing  Fe for po t en -  
t iomet r ic  t i t r a t i on  of Mn  it is best  if n e u t r a l i z a t i o n  
of a ny  acid p re sen t  is done  by  Na,P207 alone. How-  
ever,  if the re  is m u c h  acid, i t  m a y  be pa r t i a l l y  n e u -  
t ra l ized  by  NaOH before  add i t ion  of Na~P20~. Add i -  
t ion  of NaOH af ter  the Na~P~O7 is l ike ly  to in t roduce  
an  error .  

The  resu l t  for x in  MnO~ for 5 electrodes was  1.955 
• 0.005. The MnO~ was scraped f rom seven  s imi la r  
electrodes and  ana lyzed  by  the  same me thod  g iv ing  
x = 1.947 • 0.005. The two resul t s  are no t  signifi-  
can t ly  d i f ferent  and,  s ince the  g raph i te  rod could 
no t  have  affected the  second, it  is p robab le  tha t  the  
first is correct.  

A th i rd  set of ana lyses  was  m a d e  of MnO~ deposi t -  
ed on a P t  surface  of the same size and  shape  as the 
g raph i te  surface.  Three  samples  gave x = 1.976 • 
0.002. This m a y  r ep re sen t  a rea l  difference s ince the 
t rue  P t  surface  area  was less t h a n  tha t  of the g raph -  
ite and  the  t rue  c u r r e n t  dens i ty  higher ,  at least  
in i t ia l ly .  

Analysis o] precipitated MnO~ and ores.--It would  
be expected tha t  the  use of FeSO~ at room t e m p e r a -  
tu re  for r educ t ion  of MnO~ wou ld  r equ i r e  excessive 
t ime. However ,  if the FeSO~ solut ion and  sample  
are  s t i r red  vigorously ,  the  t ime  for d issolu t ion  is less 
t h a n  wi th  a hot  so lu t ion  not  s t i rred.  F ive  different  
samples  of p rec ip i t a ted  MnO~ of 200 mg each were  
t rea ted  wi th  25 m l  of a so lu t ion  of 0.25M FeSO~ and  
1.8M H_~SO~ at 28~ wi th  s t i r r i ng  by  a magne t i c  
s t i r re r  un t i l  the  las t  v i s ib le  par t ic les  d isappeared .  
The t imes  r equ i r ed  var ied  f rom 2 to 10 min.  

To test  the  accuracy  of the method,  S t a n d a r d  
Sample  No. 25b, b a t t e r y  grade  MnO~ f rom the Na-  
t iona l  B u r e a u  of S tandards ,  was  analyzed.  Seven  
samples  of abou t  200 mg  each were  dissolved by  25 
ml  por t ions  of a so lu t ion  of 0.25M FeSO~ and  1.8M 
H_~SO, a t  room t empera tu r e .  The excess FeSO~ was 
t i t r a t ed  w i th  0.02M KMnO4. The  so lu t ion  was  t h e n  
b r o u g h t  to pH 6 to 7 e i ther  by  abou t  35 g of 
Na,P~OT. 10H~O or pa r t l y  by  K O H  and  then  Na4P~O~ 
and  t i t r a t ed  po t en t i ome t r i ca l l y  w i t h  0.02M KMnO~. 
The ava i l ab le  oxygen  was  found  to be 16.66 • 0.015% 
and  the  tota l  m a n g a n e s e  58.40 • 0.07% as compared  
wi th  the  certified va lues  16.67 and  58.35%. 

To test  the  effect of NH,C1 on the  ana lys i s  in  the  
absence  of graphi te ,  th ree  samples  of 25b were  
t r ea ted  wi th  2 ml  each of 1M, 2M, a nd  4M NH~C1 for 
24 hr. Then,  w i t hou t  r e mova l  of a ny  of the  NH~C1 
solut ion,  the  FeSO~ reagen t  was  added and  the  
ana lys i s  car r ied  out  as before,  except  t ha t  HgSO~ 
was added  before  t i t r a t i on  of the excess FeSO, to 
mask  the  CF. I t  had  been  shown  tha t  Hg~SO~ has 
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no effect on the  p o t e n t i o m e t r i c  t i t r a t i o n  of Mn *+. 
The  r e su l t s  of  the  t h r e e  a n a l y s e s  s h o w e d  no effect  of 
the  NH~C1, the  a v e r a g e  be ing  16.64 --+ 0.003% a v a i l -  
ab le  O and  58.45 __- 0.08% Mn. 
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ABSTRACT 

Ind ium and its al loys wi th  b i smuth  and lead  are  eva lua ted  as energy  p ro -  
ducing electrodes for  use in smal l  sealed cells. The va lue  of b i smuth  as an 
a l loy ing  e lement  in p romot ing  the ab i l i ty  of the  e lec t rode  to funct ion at  high 
cur ren t  densi t ies  is discussed and the e lec t r ica l  capacity,  vol tage  s tabi l i ty ,  and 
t empe ra tu r e  vol tage  coefficient of a lka l ine  cells wi th  mercur ic  oxide cathodes 
are  given. 

I n d i u m  possesses  a h igh  h y d r o g e n  o v e r v o l t a g e  
(1 ) ,  n e a r  t ha t  of Hg  a n d  i ts  s t a n d a r d  p o t e n t i a l  is 
c lose to t h a t  of Cd. T h e s e  two  p r o p e r t i e s  i n d i c a t e d  
t ha t  i t  m i g h t  be  u se fu l  as an  e n e r g y  p r o d u c i n g  
a n o d e  and  m i g h t  show less  t e n d e n c y  t o w a r d  p a r a -  
s i t ic  r e a c t i o n s  w h i c h  p r o m o t e  d e t e r i o r a t i o n  of c o m -  
m e r c i a l  cel ls  d u r i n g  s torage .  

F o r  i n s t r u m e n t  a p p l i c a t i o n s  w h e r e  w e i g h t  a n d  
v o l u m e  a re  a t  a p r e m i u m  i t  was  d e s i r a b l e  to k n o w  
h o w  In  w o u l d  c o m p a r e  w i t h  o t h e r  c o m m o n l y  used  
me ta l s .  On a p e r  F a r a d a y  bas is :  Zn,  32.69 g, 4.57 
cc; In,  38.27 g, 5.24 cc; Cd, 55.48 g, 6.42 cc; t hus  In  
is w i t h i n  t he  r a n g e  of w e i g h t  a n d  v o l u m e  for  use fu l  
c o m m e r c i a l  anodes .  

D a t a  on the  a l k a l i  r e s i s t ance  of i n d i u m - c o n t a i n -  
ing  so lde r s  (2)  i n d i c a t e d  t ha t  In  a l loys  cou ld  r e -  
m a i n  in  con tac t  w i t h  a l k a l i n e  e l e c t r o l y t e s  w i t h o u t  
an a p p r e c i a b l e  r e a c t i o n  ra te .  W h i l e  t h a t  w o r k  was  
p e r f o r m e d  on a l loys  of low In  con ten t  (50% or  
l e s s ) ,  i t  was  not  u n r e a s o n a b l e  to expec t  t he  s ame  
or  l o w e r  r a t e s  of a t t a c k  on a l loys  r i che r  in In.  
S o m e  w o r k  in  th is  l a b o r a t o r y ,  a l t h o u g h  not  y e t  
comple te ,  i nd ica t e s  t h a t  In  base  a l loys  a r e  m u c h  
m o r e  r e s i s t a n t  to a t t a c k  b y  a l k a l i  e l e c t ro ly t e s  t h a n  
m o r e  c o m m o n l y  used  me ta l s ,  even  w h e n  these  
o t h e r  m e t a l s  a r e  p r o t e c t e d  w i t h  inh ib i to r s .  

L i t t l e  c o n s i d e r a t i o n  has  been  g iven  to t h e  use  of  
In  as an  a n o d e  p r i o r  to t h e  p r e s e n t  w o r k  (3) .  
L a t i m e r  (4)  e s t i m a t e d  the  s t a n d a r d  p o t e n t i a l  to be  
1.18 v for  t he  r e a c t i o n  in w h i c h  the  ox ide  is f o r m e d  
a n d  1.0 v for  the  r e a c t i o n  in w h i c h  the  h y d r o x i d e  
is f o r m e d  (5) .  

F o r  p u r p o s e s  of th is  e x p e r i m e n t a l  w o r k  the  fo l -  
l o w i n g  e q u a t i o n  has  been  a s s u m e d  to b e  co r rec t :  

K O H  
2In + 3HgO ~- 5H20 ~ 2In (OH)~ �9 H~O �9 3Hg 

W h i l e  the  e x a c t  compos i t i on  of t he  In  compound 
f o r m e d  is no t  k n o w n  p rec i se ly ,  t h e r e  is a n a l y t i c a l  
e v i d e n c e  t h a t  i t  a p p r o a c h e s  t he  compos i t i on  g iven  
a b o v e  a n d  tha t ,  w i t h i n  t he  e x p e r i m e n t a l  e r ro r ,  t he  
q u a n t i t y  of e l e c t r i c i t y  o b t a i n e d  ag rees  w i t h  t he  
c o m b i n i n g  ra t ios  r e p r e s e n t e d  in t he  a b o v e  equa t ion .  

Experimental Results 
I t  w a s  r ecogn i zed  t h a t  one of t he  mos t  se r ious  

p r o b l e m s  to o v e r c o m e  was  i n d i u m ' s  l a ck  of h a r d -  

ness  and  s t reng th .  I ts  t e n d e n c y  to flow u n d e r  low 
s t resses  m a d e  i t  diff icult  to m a i n t a i n  t i g h t  c o nnec -  
t ions  at  t he  a n o d e  t e r m i n a l .  A n  e x a m i n a t i o n  of t he  
a v a i l a b l e  e q u i l i b r i u m  d i a g r a m s  in t he  l i t e r a t u r e  
showed  t h a t  a n u m b e r  of b i n a r y  sy s t e ms  ex i s t ed  
c o n t a i n i n g  s ingle  p h a s e  a r e a s  r i ch  in In  a n d  t h a t  
an  a p p r e c i a b l e  i nc rea se  in  h a r d n e s s  cou ld  be  o b -  
t a i n e d  b y  us ing  these  a l loys .  S e v e r a l  of these  a l -  
loys  have  been  s t u d i e d  as anodes  w i t h  some g r a t i -  
f y i n g  resu l t s .  Jaf fe  and  Weiss  (6)  h a d  r e p o r t e d  t h a t  
t he  s t r o n g e s t  a l loys  cou ld  be  o b t a i n e d  w i t h  Pb ,  
b u t  t ha t  Bi was  t he  mos t  p o t e n t  h a r d e n i n g  e l e m e n t  
w h e n  a d d e d  to In  in  s m a l l  quan t i t i e s .  As  i t  was  
d e s i r a b l e  to keep  In  c on t e n t  as h igh  as poss ib le ,  
cons i s t en t  w i t h  t he  s t r e n g t h  r e q u i r e m e n t s ,  t he  P b  
and  Bi  a l loys  w e r e  s t u d i e d  c o n c u r r e n t l y .  

The  b i n a r y  I n - P b  a l loys  w e r e  c o m p l e t e  f a i l u r e s  
as anodes  due  to p o l a r i z a t i o n  a t  low c u r r e n t  d e n s i -  
t ies.  I t  is qu i t e  poss ib le  t h a t  th is  effect  is caused  b y  
the  f o r m a t i o n  of PbO~. on the  e l ec t rode  su r f ace  d u r -  
ing  cel l  act ion.  This  m i g h t  s u b s e q u e n t l y  be  r e d u c e d  
to s p o n g y  P b  b y  loca l  act ion,  b e c a u s e  w h e n  such 
an e l e c t r o d e  is p o l a r i z e d  and  t h e n  p e r m i t t e d  to r e -  
cover  t h e r e  is a v o l t a g e  p l a t e a u  w h i c h  c o r r e s p o n d s  
to the  l e ad  po t en t i a l .  

Q u i t e  the  oppos i t e  effect  is found  for  t h e  I n - B i  
a l l oy  anodes .  P u r e  In s e rves  w e l l  as  an  a n o d e  
a t  low to m o d e r a t e  c u r r e n t  dens i t ies ,  b u t  po l a r i ze s  
at  h i g h e r  c u r r e n t  dens i t ies ,  m a k i n g  i t  u n d e s i r a b l e  
for  h i g h - c u r r e n t  app l i ca t ions .  W h e n  Bi  is a d d e d  to 
In  the  r e s u l t i n g  a l loy  has  t he  a b i l i t y  to m a i n t a i n  
i ts v o l t a g e  at  c o n s i d e r a b l y  h i g h e r  c u r r e n t  d e n s i -  
t ies .  A n  a d d i t i o n a l  a d v a n t a g e  is g a i n e d  f r o m  use  
of the  I n - B i  a l l oy  anodes  in t h a t  m a n y  m e t a l s  
w h i c h  poison  In  a r e  p r e s e n t  in t he  c o m m e r c i a l  
g r a d e s  and  t h e i r  d e l e t e r i o u s  effect can  be  n e u -  
t r a l i z e d  b y  i n t e n t i o n a l l y  a d d i n g  Bi in sufficient  
quan t i t i e s .  

The  t e r n a r y  a l loys  c on t a in ing  Bi h a v e  no t  y e t  
been  p r o p e r l y  e v a l u a t e d ,  b u t  p r e l i m i n a r y  e x p e r i -  
m e n t s  i n d i c a t e  t h a t  t h e y  w i l l  b e  u se fu l  as  anod ic  
m a t e r i a l s .  T h e y  a r e  s t r o n g e r  t h a n  e i t h e r  p u r e  In  
or  t he  b i n a r y  a l loys ,  thus  o v e r c o m i n g  one  of t he  
mos t  se r ious  l i m i t a t i o n s  to t he  use  of In  anodes .  

In  o r d e r  to e v a l u a t e  t he  p e r f o r m a n c e  of In  a n d  
In  a l loy  anodes ,  a ser ies  of e x p e r i m e n t s  w a s  m a d e  
w i t h  sma l l  s ea l ed  cel ls  u s ing  HgO ca thodes  and  
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Fig. 1. Po lar iza t ion  o f  In and In a l loy  anodes. Each va lue  
represents the average o f  5 cells. 1, commerc ia l  In; 2, 2 . 5 %  
Pb- ln;  3, 5 %  Bi- ln;  4, 1 . 5 %  Pb, 2 . S %  Bi~ 

con t a in ing  a t h i r d  e l e c t r o d e  of t he  a n o d e  m a t e r i a l .  
By m e a s u r i n g  the  v o l t a g e  b e t w e e n  this  r e f e r e n c e  
e l ec t rode  a n d  the  w o r k i n g  a n o d e  or  ca thode ,  one 
can  d i f f e r en t i a t e  b e t w e e n  anod ic  a n d  ca thod ic  p o -  
l a r i z a t i o n  effects. 

Success ive  loads  w e r e  p l a c e d  across  t he  cel ls  a n d  
vo l t age  m e a s u r e m e n t s  w e r e  t a k e n  a f t e r  t he  c u r r e n t  
h a d  been  f lowing for  15 m i n  for  each  load.  The  v o l t -  
age  b e t w e e n  the  r e f e r e n c e  a n d  w o r k i n g  a n o d e  is 
t hen  a m e a s u r e  of t he  dec rea se  in  p o t e n t i a l  of t he  
w o r k i n g  a n o d e  due  to  t he  c u r r e n t  flow. These  d a t a  
a r e  p l o t t e d  in Fig .  1. 

A t  low c u r r e n t  dens i t i e s  (2.3 m a / c m  "~) p u r e  In  
shows  l o w e r  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  t h a n  a n y  
of the  a l loys  b u t  q u i c k l y  po la r i ze s  to an  u n u s a b l e  
e x t e n t  if  h i g h e r  c u r r e n t  dens i t i e s  a r e  a t t e m p t e d .  

W h e n  P b  is a d d e d  to In  these  p o l a r i z a t i o n  effects 
a r e  i n c r e a s e d  a n d  the  e l ec t rode  ceases  to be  u se fu l  
even  at  t h e  l o w e r  c u r r e n t  dens i t ies .  

W h e n  Bi  is p r e s e n t  e i t he r  in b i n a r y  a l loys  or  in 
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Fig. 2. Discharge curves fo r  5 %  B i - l n -HgO cells w i th  an 
a l ka l i ne  e lectro ly te.  Theore t i ca l  capac i ty  o f  these cells is 4 0 0  
m a / h r .  Each va lue represents the average on 5 cells. 1, 80  
rna; 2, 60 rna; 3, 40  rna; 4, 20  rno; S, 10 rna; 6, S rna; 
7, 2 rna. 

Fig. 3. Vo l tage  s tab i l i t y  a t  con t inuous loads indicated.  Each 
va lue represents the average o f  a t  least 8 readings on 5 cells. 
1, no current ;  2, 1 /~o; 3, 10 ~a. 

t he  t e r n a r y  a l loy  w i t h  lead,  t he  e l e c t r o d e  can  f u n c -  
t ion  a t  m u c h  h i g h e r  c u r r e n t  dens i t ies ,  r e m a i n i n g  
use fu l  up  to a b o u t  31 m a / c m  2. 

F o r  e v a l u a t i o n  tes ts  a s m a l l  s ea l ed  ce l l  was  d e -  
s igned  us ing  a HgO c a t h o d e  and  an  a l k a l i n e  e l ec -  
t r o ly t e .  This  cel l  was  5 /8  in. s q u a r e  x 2/10 in. 
th ick .  The  e l e c t rode s  w e r e  a r r a n g e d  f ac ing  one 
a n o t h e r  a n d  a t t a c h e d  to the  s q u a r e  faces  of the  cell .  
Such  cel ls  h a d  a 400 m a - h r  t h e o r e t i c a l  c a p a c i t y  and  
an  a p p a r e n t  e l ec t rode  a r e a  of 1.88 cmE 

F i g u r e  2 shows  the  d i s c h a r g e  cu rves  for  a g roup  
of these  e v a l u a t i o n  cel ls  a t  v a r i o u s  c u r r e n t  d e n s i -  
t ies.  The  end  po in t s  w e r e  t a k e n  a t  f irst  p o l a r i z a t i o n  
u n d e r  con t inuous  d ra in .  A n  a p p r e c i a b l e  f r ac t i on  of 
th is  t h e o r e t i c a l  s e rv ice  is o b t a i n e d  at  c u r r e n t  d e n s i -  
t ies  up  to 5.3 m a / c m  ~. I f  t he  cel ls  w e r e  p e r m i t t e d  to 
r ecover ,  f u r t h e r  c a p a c i t y  cou ld  be  ob ta ined ,  e s p e -  
c i a l l y  f r o m  those  cel ls  d i s c h a r g e d  at  the  h i g h e r  c u r -  
ren ts .  The  c o n s t a n c y  of t h e i r  v o l t a g e  d u r i n g  d i s -  
cha rge  is qu i t e  n o t e w o r t h y .  A t  i n t e r m e d i a t e  to h igh  
c u r r e n t  dens i t i e s  a s l igh t  r i se  in v o l t a g e  is n o t e d  
d u r i n g  d i scharge .  A t  p r e s e n t  an  a d e q u a t e  e x p l a n a -  
t ion  for  th is  c h a r a c t e r i s t i c  c anno t  be  g iven.  The  cel l  
p o t e n t i a l  also r i ses  d u r i n g  s t o r a ge  u n d e r  open  c i r -  
cu i t  condi t ions .  

To d e t e r m i n e  the  v a r i a t i o n  of p o t e n t i a l  w i t h  s t o r -  
age  t ime ,  g roups  of t he  e v a l u a t i o n  cel ls  w e r e  s to red  
a t  r o o m  t e m p e r a t u r e ,  some u n d e r  open  c i r cu i t  con-  
d i t ions  and  some w i t h  s m a l l  c u r r e n t s  b e i n g  d r a w n  
con t inuous ly .  V o l t a ge  m e a s u r e m e n t s  w e r e  m a d e  
w i th  an  L&N t y p e  K - 2  p o t e n t i o m e t e r .  A t  first, r e a d -  
ings  w e r e  t a k e n  each  day ,  t h e n  on t h r e e  d a y s  each  
week ,  and  f ina l ly  on two  days  each  w e e k .  The  r e -  
sul ts  of these  tes t s  ove r  an  18 m o n t h  p e r i o d  a r e  
s h o w n  in Fig .  3. 

The  t e n d e n c y  of  In  cel ls  to m a i n t a i n  t h e i r  v o l t -  
age  is w e l l  i l l u s t r a t e d  b y  these  da ta .  These  f irst  r e -  
su l t s  i nd i ca t e  t h a t  t he  In  e l e c t r o d e  has  an  e x c e l l e n t  
i n h e r e n t  p o s s i b i l i t y  as a s e c o n d a r y  v o l t a g e  s t a n d -  
ard .  W h i l e  no s t u d y  has  been  m a d e  to ach ieve  the  
o p t i m u m  des ign ,  i t  was  no ted  t h a t  s m a l l  v o l t a g e  
f luc tua t ions  w e r e  s u p e r i m p o s e d  on the  cu rves  shown  
in t h e  f igure  w h i c h  could  be  c o r r e l a t e d  to r o o m  
t e m p e r a t u r e  changes .  Of p a r t i c u l a r  i n t e r e s t  is the  
fac t  t h a t  r e v e r s a l  of the  d i r e c t i o n  of v o l t a g e  f luc-  
t u a t i o n  w i t h  t e m p e r a t u r e  c ha nge s  o c c u r r e d  b e -  
t w e e n  u n l o a d e d  cel ls  and  those  w h e r e  c u r r e n t  was  
f lowing.  This  sugges t s  a poss ib l e  m e a n s  of c o m p e n -  
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Fig. 4. Voltage-temperature-current density relationship of 
5% Bi-ln-HgO alkaline cells. Each value represents the aver- 
age of 10 cells. 1, 0.003 ma/cm~; 2, 0.12 ma/cm2; 3, 0.68 
ma/cm~; 4, 3.29 ma/cm2; 5, 6.36 ma/cm s. Current densities 
were calculated at 23.3~ 

sa t ing  for room t e m p e r a t u r e  changes  w h e n  us ing  
this t ype  of cell as a vol tage  reference.  

Ano the r  i m p o r t a n t  aspect  of a cell con t a in ing  this  
electrode is its ope ra t ion  at  va r ious  t empera tu re s .  
F igure  4 shows the  v o l t a g e - t e m p e r a t u r e  r e l a t i on -  
ship at  va r ious  c u r r e n t  densi t ies  for a group of the 
same e v a l u a t i o n  cells. 

These da ta  r ep re sen t  the  average  resul t s  ob ta ined  
on 10 cells. The cells we re  placed in  a t e m p e r a t u r e  
c h a m b e r  and  pe rmi t t ed  to come to t empe ra tu r e .  
Vol tage read ings  were  then  t a k e n  af ter  the  cu r -  
r e n t  had  been  f lowing for 15 min .  Some va lues  
were  t a k e n  af ter  the  cells had  been  at  t e m p e r a t u r e  
for  j u s t  3 h r  and  t h e n  rechecked a f te r  24 hr.  Ex -  

ce l lent  a g r e e m e n t  b e t w e e n  the two sets of r e ad -  
ings was obta ined .  

F r o m  the l i nea r  r e l a t ionsh ip  shown  in  Fig. 4, 
the t e m p e r a t u r e  coefficient of vol tage  var ied  be -  
t w e e n  0.00080 to 0.00232 v / ~  (0.00044 to 0.0013 
v / ~  b e t w e e n  12.8 and  37.8~ ( + 5 5  and  + 1 0 0 ~  
wi th  the l a rge r  coefficient associated w i th  the l a rger  
c u r r e n t  dens i ty  as expected.  

Conclusion 
These p r e l i m i n a r y  resul t s  ind ica te  tha t  In  can 

be stored in  a l k a l i n e  e lect rolytes  w i t hou t  de te r io ra -  
t ion and  yet  f unc t i on  use fu l ly  at the  p rope r  t ime. 
It  is be l i eved  tha t  these  charac ter is t ics  m a k e  f u r -  
the r  s tudies  desirable .  

Manuscript  received Sept. 23, 1957. This paper was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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Effect of Amines on Polarization of Iron Electrodes 
Alfred F. Schram, and Lawrence Raymond Burns 1 

Chemistry Department, Agricultural and Mechanica~ College o~ Texas, College Station, Texas 

ABSTRACT 

An apparatus has been designed and constructed which gives a measure of 
the effect of organic amine salts on the polarization of i ron cathodes in 1.0N 
sulfuric acid solution. The apparatus  consists essentially of a Wheatstone Bridge 
circuit  in which two of the ratio arms are electrolysis cells with a common 
anode and separate iron cathodes. The elements of the bridge are ar ranged in 
such a way that  the electrolysis currents  through the two cathodes can be 
measured s imultaneously when  the cathodes are at the same potential. 

The effect of the amine salts on the polarization of the iron cathodes has 
been interpreted in  terms of the apparent  area changes brought  about by 
adsorption of the amines on the surface of the cathodes. These apparent  area 
changes have then been compared with the per cent inhibi tor  efficiencies of 
the amines, as measured by corrosion rate studies. Over the concentrat ion 
ranges employed, the per cent inhibi tor  efficiency for each amine is a l inear  
funct ion of the apparent  per cent surface area masked by that  amine. Since 
the different amines showed considerable specificity in the relationship be- 
tween per cent efficiency and apparent  per cent area masked, it is concluded 
that  the action of the amine  as a corrosion inhibi tor  is more than a simple 
masking of certain portions of the surface of the corroding metal.  

In  the  pas t  few years  cons iderab le  a t t e n t i o n  has 
been  g iven  to the effect of va r ious  substances ,  both  
organic  and  inorganic ,  on polar ized electrodes and  

1 Present  address:  T h e  T e x a s  C o m p a n y ,  P o r t  A r t h u r ,  Texas .  

on cor rod ing  metals .  M a n y  organic  colloids such 
as agar,  egg a l b u m e n ,  a nd  gum t ragacan th ,  are  
k n o w n  to r e t a rd  the act ion of acids or p u r e  wa te r  
u p o n  zinc or iron. The salts of arsenic,  a n t i m o n y ,  
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a n d  m e r c u r y ,  as w e l l  as m a n y  o rgan ic  n i t r o g e n  and  
su l fu r  compounds ,  i n h i b i t  t he  a t t a c k  of ac ids  on 
me ta l s .  Di f fe ren t  e x p l a n a t i o n s  h a v e  b e e n  p r o p o s e d  
for  t he  m e c h a n i s m  of  these  p h e n o m e n a .  

Some  i n v e s t i g a t o r s  h a v e  shown  t h a t  o rga n i c  
a m i n e s  in  g e n e r a l  affect  t h e  ca thod ic  p o l a r i z a t i o n  
of v a r i o u s  me ta l s ,  and  h a v e  l i t t l e  or  no effect on 
the  anod ic  p o l a r i z a t i o n  (1, 4) .  T h e y  a s se r t  t h a t  
t he se  m a t e r i a l s  i nc rea se  the  h y d r o g e n  o v e r v o l t a g e  
at  t he  ca thod ic  a r e a s  and  thus  h i n d e r  the  d i s c h a r g e  
of h y d r o g e n  ions. O the r s  ho ld  t h a t  the  i n h i b i t o r s  
a r e  a d s o r b e d  ove r  t he  e n t i r e  sur face ,  b u t  a r e  h e l d  
m o r e  s t r o n g l y  a t  t h e  anode  a reas  where ,  b y  in -  
c r ea s ing  the  ef fec t ive  e l ec t ron  dens i ty ,  t h e y  p r e -  
ven t  the  d i s so lu t ion  of t h e  m e t a l  f r o m  these  a r e a s  
(5 ) .  

A d e t a i l e d  t h e o r y  of t he  m e c h a n i s m  of t he  i n -  
h i b i t i n g  ac t ion  of n i t r o g e n - c o n t a i n i n g  o rgan ic  com-  
p o u n d s  was  p r o p o s e d  b y  M a n n  (6)  as a r e s u l t  of 
i nves t i ga t i ons  c a r r i e d  out  b y  h i m s e l f  and  c o - w o r k -  
ers  on the  ac id  cor ros ion  of s teel .  

M a n n  and  S h i h - J e n  Ch ' i ao  (4)  i n v e s t i g a t e d  the  
p o s s i b i l i t y  of a q u a n t i t a t i v e  r e l a t i o n s h i p  b e t w e e n  
the  r i se  in c a thode  p o t e n t i a l s  of p o l a r i z e d  e l ec t rodes  
and  the  dec rease  in cor ros ion  r a t e s  as d e t e r m i n e d  
b y  a c t u a l  co r ros ion  r a t e  s tudies .  

M a n n  and  his  c o - w o r k e r s  i n v e s t i g a t e d  f o u r t e e n  
d i f fe ren t  a m i n e s  b y  th i s  me thod .  T h e y  f o u n d  t h a t  
t he  two  m e t h o d s  could  be  c o r r e l a t e d  q u a n t i t a t i v e l y ,  
and  t ha t  the  p o t e n t i a l  r i se  m e t h o d  was  s a t i s f a c t o r y  
as a m e a n s  of e s t i m a t i n g  the  e f fec t iveness  of t he  
a m i n e s  as cor ros ion  inh ib i to r s .  

The  p u r p o s e  of t he  p r e s e n t  i n v e s t i g a t i o n  was  to 
des ign  and  cons t ruc t  an  a p p a r a t u s  w h i c h  could  
tes t  t he  t h e o r y  p r o p o s e d  b y  M a n n  (6)  t h a t  t he  e f -  
fect  of a m i n e  i n h i b i t o r  ions on the  s u r f a c e  of the  
co r rod ing  m e t a l  cou ld  b e  e x p l a i n e d  in  t e r m s  of t h e  
f r ac t ion  of m e t a l  su r f ace  e f fec t ive ly  sh i e lded  b y  the  
inh ib i to r .  

The  a m i n e s  used  in  t h e  p r e s e n t  w o r k  w e r e  com-  
p o u n d s  t h a t  d i f fe red  f r o m  one a n o t h e r  in  s t r u c t u r a l  
conf igu ra t ion  or  in m o l e c u l a r  we igh t .  Two  a l i p h a t i c  
amines ,  d i - n - p r o p y l a m i n e  a n d  d i - n - b u t y l a m i n e ;  
one a r o m a t i c  amine ,  d i m e t h y l a n i l i n e ;  a n d  one s u b -  
s t i t u t e d  a l i pha t i c  amine ,  b e t a - b r o m o e t h y l a m i n e ,  
w e r e  i nves t i ga t ed .  

Apparatus 
The Dual Cathode Bridge 

The  a p p a r a t u s  e m p l o y e d  (Fig .  1) was  e s sen -  
t i a l l y  a W h e a t s t o n e  b r i d g e  c i r cu i t  in w h i c h  the  two  
l o w e r  a r m s  of the  b r i d g e  w e r e  b r a n c h e s  of a t h r e e -  
c o m p a r t m e n t e d  e l ec t ro ly s i s  vessel ,  each  c o m p a r t -  
m e n t  b e i n g  s e p a r a t e d  f rom the  o the r s  b y  f r i t t e d  
disks.  A p l a t i n u m  a n o d e  in  t h e  c e n t e r  c o m p a r t m e n t  
of t he  vesse l  was  c o n t a i n e d  w i t h i n  a glass  s leeve.  
A ho le  a p p r o x i m a t e l y  1 cm ~ in a r e a  in t h e  w a l l  of 
t h e  s l eeve  e n a b l e d  c u r r e n t  to flow f r o m  t h e  a n o d e  
to t he  two  ca thodes  m o u n t e d  in  the  two  end  c o m -  
p a r t m e n t s  of the  vessel .  By  r o t a t i n g  the  glass  
s l eeve  i t  w a s  pos s ib l e  to v a r y  t h e  ef fec t ive  p a t h  
l e n g t h s  b e t w e e n  the  c o m m o n  a n o d e  and  t h e  two  
ca thodes ,  and  thus ,  b y  c o m p e n s a t i n g  for  a n y  d i f -  
f e r ence  in  p o r o s i t y  b e t w e e n  t h e  t w o  f r i t t e d  disks ,  
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to m a i n t a i n  t h e  s ame  so lu t i on  r e s i s t a nc e  in  bo th  
b r a n c h e s  of t he  cell .  

The  e l e c t r o l y t i c  p a t h s  t h r o u g h  each  b r a n c h  of the  
cel l  c o n s t i t u t e d  the  two  l o w e r  r e s i s t ance  a r m s  of 
t he  b r i d g e  c i rcui t .  The  two  u p p e r  r e s i s t ance  a r m s  
cons i s t ed  of t he  fo l l owing :  a p a i r  of 100-ohm p r e -  
c is ion v a r i a b l e  r e s i s t ances  in  ser ies  f o r m e d  one of 
the  a rms ;  and  a m i l l i a m m e t e r  connec t ed  in  ser ies  
w i t h  a 15 -ohm f ixed r e s i s t a nc e  f o r m e d  the  o t h e r  
a rm.  A m i l l i v o l t m e t e r  was  c o n n e c t e d  across  t he  
two  ca thodes  and  s e r v e d  as t h e  nu l l  i n d i c a t o r  for  
the  b r idge .  

A d o u b l e - p o l e - d o u b l e - t h r o w  swi t ch  was  con-  
n e c t e d  in t he  u p p e r  p a r t  of t h e  b r i d g e  c i rcu i t  in 
such  m a n n e r  t h a t  w h e n  the  t o t a l  r e s i s t a n c e  of t h e  
a r m  c on t a in ing  the  m i l l i a m m e t e r  was  c a r e f u l l y  
m a t c h e d  b y  m e a n s  of one of t he  v a r i a b l e  r e s i s -  
t ances  in t he  oppos ing  a r m  of t h e  b r idge ,  t he  m i l -  
l i a m m e t e r  cou ld  be  connec t ed  a l t e r n a t e l y  in  ser ies  
w i t h  e i t h e r  ca thode  w i t h o u t  u p s e t t i n g  the  b a l a n c e  
of t he  b r idge .  This  e n a b l e d  one to r e a d  the  c u r r e n t  
f lowing in e i t h e r  b r a n c h  of t he  e l ec t ro lys i s  vesse l  
w i t h  the  b r i d g e  a t  ba l ance .  

The  two  ca thodes  w e r e  cut  f rom the  s a m e  p iece  
of m e t a l  s tock  and  m a c h i n e d  to the  s a m e  s h a p e  a n d  
size, w i th  a t o l e r a n c e  of less  t h a n  0.001 in. b e i n g  
a l l o w e d  in a n y  l i n e a r  d imens ion .  A p r o j e c t i o n  of 
t he  ca thode  m e t a l  l e f t  on one s ide  of  each  ca thode  
a l l o w e d  t h e m  to be  sea l ed  into  P y r e x  g lass  t ubes  
b y  m e a n s  of D e k o t i n s k y  cement .  The  m e t a l  p r o -  
j ec t i on  e x t e n d i n g  t h r o u g h  the  c e m e n t  was  s o l d e r e d  
to a s t r ip  of c o p p e r  wi re .  The  b a c k  a n d  s ides  of 
each  c a thode  w e r e  m a s k e d  off w i t h  a T y g o n  b a s e  
p r i m e r  and  t h e n  coa ted  w i t h  paraff in .  The  e lec -  
t r odes  w e r e  m o u n t e d  in t he  two  e n d  c o m p a r t m e n t s  
of t he  e l ec t ro lys i s  vesse l  in such  a w a y  t h a t  t he  u n -  
m a s k e d  face  of each  c a thode  was  p a r a l l e l  wi th ,  and  
d i r e c t e d  t o w a r d ,  t h e  c o m m o n  anode  c o n t a i n e d  in 

Fig. 1. Dual cathode bridge. $1, Knife blade switch; B, 6 v 
d-c source; R1, 100~-0.1 ~ heliopot; R2, 100• ~ heliopot; 
R~, 15 Q fixed resistor; M.A., milliammeter; M.V., milli- 
voltmeter; C1, left cathode; C=, right cathode; A, anode. 
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the  cen t e r  c o m p a r t m e n t .  Spec i a l  V - s l o t t e d  e l ec t rode  
ho lde r s  m a k e  i t  poss ib l e  to r e m o v e  t h e  e l ec t rode s  
f rom t h e  vesse l  and  to  r e p l a c e  t h e m  a g a i n  in  n e a r l y  
i d e n t i c a l l y  t he  s ame  posi t ions .  I m m e d i a t e l y  be fo re  
each  run ,  t he  ca thodes  w e r e  f r e s h l y  s a n d e d  w i t h  6 /0  
g a r n e t  pape r ,  r i n s e d  w i t h  c o n d u c t i v i t y  w a t e r ,  a n d  
d r i e d  w i t h  f i l ter  pape r .  

Operation of the bridge.--In ope ra t i on ,  1~ (Fig .  1) 
was  first  a d j u s t e d  so t h a t  i ts r e s i s t ance  w a s  e q u a l  
to the  sum of R3 p lus  t h e  i n t e r n a l  r e s i s t ance  of t he  
m i l t i a m m e t e r .  This  w a s  a c c o m p l i s h e d  b y  s e t t i ng  R~ 
to zero and  r e p l a c i n g  the  two  b r a n c h e s  of t h e  e lec -  
t ro lys i s  cel l  w i t h  a p a i r  of L&N s t a n d a r d  w i r e -  
w o u n d  res i s tances ,  each  h a v i n g  a r e s i s t ance  of 10 
ohms.  S w i t c h  $1 was  t h e n  c losed  a n d  R1 was  a d -  
j u s t e d  u n t i l  t he  m i l l i v o l t m e t e r  was  a t  nul l .  A t  th i s  
po in t  the  r e s i s t ance  of R1 was  e q u a l  to t he  t o t a l  r e -  
s i s t ance  of t he  m i l l i a m m e t e r - c o n t a i n i n g  a r m  of the  
b r idge ,  and  the  s w i t c h  $2 cou ld  b e  r e v e r s e d  w i t h o u t  
c h a n g i n g  the  b a l a n c e  of t he  b r idge .  

One  n o r m a l  su l fu r i c  ac id  was  p l a c e d  in  a l l  t h r e e  
c o m p a r t m e n t s  of t he  cell ,  a n d  the  p r e p a r e d  i r on  
ca thodes  and  the  p l a t i n u m  a n o d e  w e r e  connec t ed  in 
the  c i rcu i t  and  p l a c e d  in  t h e i r  r e s p e c t i v e  c o m -  
p a r t m e n t s .  E l ec t ro ly s i s  was  c a r r i e d  on u n t i l  t he  
ca thodes  r e a c h e d  e q u i l i b r i u m .  The  glass  s l eeve  
s u r r o u n d i n g  the  a n o d e  was  r o t a t e d  un t i l ,  w i t h  t h e  
b r i d g e  ba l anced ,  t he  c u r r e n t  was  t he  s a m e  in t he  
two  b r a n c h e s  of the  cell .  A t  th is  point ,  t h e  r e s i s t -  
ance  across  the  le f t  b r a n c h  of t he  cel l  was  e q u a l  
to the  r e s i s t ance  across  t he  r i g h t  b ranch ,  a n d  the  

a p p a r a t u s  w a s  r e a d y  for  use. Once  set  in  th is  f a s h -  
ion, i t  was  f o u n d  t h a t  t h e  ca thodes  cou ld  be  i n t e r -  
c h a n g e d  in t he  t w o  end  c o m p a r t m e n t s  w i t h  a r e -  
su l t ing  c h a n g e  of less t h a n  1/10 m a  in t he  d i f fe r -  
ence b e t w e e n  t h e  two  v a l u e s  of c u r r e n t  f lowing in 
t he  two  b r a n c h e s  of t he  cell .  

W i t h  t he  b r i d g e  b a l a n c e d  as d e s c r i b e d  above ,  t he  
effect of a m i n e  i n h i b i t o r s  on the  p o l a r i z e d  i ron  
c a thode  was  s t u d i e d  b y  r e p l a c i n g  the  so lu t ion  in  
the  l e f t  c o m p a r t m e n t  of the  vesse l  w i t h  i n h i b i t e d  
acid,  w a i t i n g  u n t i l  a s t e a d y  s t a t e  was  r eached ,  and  
t h e n  r e b a l a n c i n g  t h e  b r i d g e  b y  a d j u s t i n g  1~ u n t i l  
t he  m i l l i v o l t m e t e r  i n d i c a t e d  t ha t  l e f t  and  r i g h t  
ca thodes  w e r e  a t  t h e  s a m e  po ten t i a l .  C u r r e n t  r e a d -  
ings  w e r e  t h e n  t a k e n  in  the  two  b r a n c h e s  of the  
cel l  a t  a n u m b e r  of d i f f e ren t  c u r r e n t  levels .  D a t a  
w e r e  o b t a i n e d  in  th is  m a n n e r  for  v a r i o u s  concen -  
t r a t i o n s  of t h e  f o u r  d i f fe ren t  a m i n e s  i nves t i ga t ed .  
F o r  each  amine ,  a t  each  concen t r a t i on ,  t h e  p e r  cen t  
d e c r e a s e  caused  b y  the  p r e s e n c e  of t he  i n h i b i t o r  in  
the  l e f t  b r a n c h  of t he  cel l  p r o v e d  to be  i n d e p e n d e n t  
of t h e  c u r r e n t  l e v e l  a t  w h i c h  the  b r i d g e  was  o p e r -  
a ted .  This  fac t  is s h o w n  g r a p h i c a l l y  in Fig .  2-5, in 
w h i c h  the  d e c r e a s e  in c u r r e n t  in  each  case  is p lo t t ed  
aga ins t  the  c u r r e n t  in t he  u n i n h i b i t e d  b r a n c h  of 
t he  cell .  The  p lo t s  a r e  s t r a i g h t  l ines ,  t he  s lopes  of 
w h i c h  r e p r e s e n t  t he  p e r c e n t a g e  d e c r e a s e  in  c u r -  
r en t  caused  b y  the  p r e s e n c e  of the  i nh ib i t o r .  

Use of the dual cathode bridge.--To d e t e r m i n e  
the  r e sponse  of t he  b r i d g e  to k n o w n  changes  in t he  
a r e a  of e x p o s e d  su r f ace  of one ca thode ,  t he  a r e a  of 
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exposed surface  of the  o ther  cathode be ing  held 
constant ,  the fo l lowing e x p e r i m e n t  was  per formed .  

U n i n h i b i t e d  1N HfSO, was  p laced  in  all  c o m p a r t -  
men t s  of the  e lectrolysis  vessel, and  the b r idge  was 
ba l anced  in  the  m a n n e r  p rev ious ly  described.  One 
of the cathodes was  t h e n  removed,  washed,  sanded,  
dried,  and  o n e - t h i r d  of the exposed surface  was  
coated ca re fu l ly  w i th  paraffin. The  e lect rode was  
replaced  in  the  cell and  c u r r e n t  read ings  in  the  two 
b ranches  were  t aken  at  d i f ferent  c u r r e n t  levels.  
This  p rocedure  was  r epea ted  w i th  d i f ferent  f rac-  
t ions of the  area  of the  e lect rode face be ing  masked  
wi th  paraffin. I t  was  found  tha t  the  pe rcen tage  de-  
crease in  c u r r e n t  in  the  lef t  b r a n c h  was  i n d e p e n d -  
en t  of the  c u r r e n t  level  used, and  depended  only  
on the  f rac t ion  of e lect rode face masked  by  the  
paraffin. A g raph  of per  cent  of cathode face masked  
vs. per  cent  c u r r e n t  decrease in  the lef t  b r a n c h  was  
p r epa red  (Fig. 6) and  was  used in  the la ter  ex-  
p e r i m e n t s  wi th  the a m i n e  inh ib i to r s  to de r ive  a 
va lue  for the  per  cen t  decrease in  sur face  area  
caused by  adsorp t ion  of the  a m i n e  onto the sur face  
of the  cathode.  Because  of the  m a n y  factors i n -  
volved,  this  va lue  as read  f rom Fig. 6 m a y  not  r ep -  
resen t  the  t rue  pe rcen tage  decrease in  surface  area  
in  the case of the  sh ie ld ing  of the  surface  by  the  
adsorbed  amine .  Bu t  because  the  pe rcen tage  de-  
crease in  e lectrolysis  c u r r e n t  upon  sh ie ld ing  one 
c a t h o d e - - e i t h e r  by  paraff in coa t ing  or by  adsorbed 
amine  was  a lways  i n d e p e n d e n t  of the c u r r e n t  
level  at  which  the  b r idge  was  operated,  the  va lues  
ob ta ined  f rom Fig. 6 m u s t  be r e l a t ed  in  some s imple  
fashion to the  t rue  area  decrease  in  each case. Thus  
the  va lues  read  f rom Fig. 6 m a y  be t aken  as at  
least  an  ind i rec t  m e a s u r e  of the r e l a t ive  a m o u n t  of 
sh ie ld ing  of the  e lect rode surface  by  the adsorbed 
amine .  In  this  sense, the  effect of each amine  could 
be i n t e r p r e t e d  in  t e rms  of the  r e l a t i ve  or a p p a r e n t  
a rea  changes  at the electrodes.  The  effect iveness of 
the amines  in  sh ie ld ing  the  surface  could t hen  be 
compared  in  a r e l a t ive  fashion  to the i r  effectiveness 
in  i n h i b i t i n g  corrosion,  the  la t te r  be ing  m e a s u r e d  
by  the  corrosion ra te  method.  

In  s t u d y i n g  the  effect of the  a m i n e  inh ib i to r s  on 
the polar ized i ron  electrode,  the cathodes were  
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Fig. 6. Per cent current decrease vs. per cent of  cothode 
face masked. 

f resh ly  sanded  before  each run ,  r in sed  w i th  con-  
duc t iv i t y  water ,  dr ied,  and  all  b u t  one face of each 
were  f resh ly  coated as p rev ious ly  described.  I n -  
h ib i t ed  acid so lu t ion  was  pu t  into the lef t  c o m p a r t -  
ment ,  and  u n i n h i b i t e d  acid so lu t ion  in to  the  other  
two compar tmen t s .  Al l  solut ions  had  b e e n  p re -  
v ious ly  sub jec ted  to electrolysis  w i th  p l a t i n u m  elec-  
t rodes in order  to r e m o v e  t races  of meta l l i c  i m -  
puri t ies ,  and  all  w a t e r  used in  p r e p a r a t i o n  had  been  
p rev ious ly  dis t i l led  f rom a lka l ine  p e r m a n g a n a t e  
a nd  s tored in  P y r e x  bott les.  

The  electrodes were  p laced  in  the  electrolysis  
vessel, and  electrolysis  was  car r ied  out  u n t i l  the  
electrodes reached  e q u i l i b r i u m  or a s teady  state. 
The  b r idge  was ba lanced ,  a nd  read ings  of c u r r e n t  
t a k e n  in  bo th  b r anches  of the cell. In  all  cases it 
was  found  tha t  the  pe rcen tage  decrease  in  c u r r e n t  
caused by  the  presence  of the inh ib i to r  was  essen-  
t ia l ly  i n d e p e n d e n t  of the  c u r r e n t  level  at  which  the 
b r i d g e  was  operated.  

Discussion 

In  d e t e r m i n i n g  the  per  cent  i nh ib i to r  efficiencies 
of the  four  amines  used in  the  po la r iza t ion  studies,  
mi ld  steel  coupons  w e r e  cut  f rom the  same me ta l  
stock as the cathodes,  and  were  used in  m e a s u r i n g  
the i nh ib i t o r  efficiencies of the amines .  The  per  cent  
i nh ib i to r  efficiencies are shown in  Tab le  I. 

Ta b l e  I shows the  va l ue  of the  per  cen t  e lect rode 
a rea  masked,  as read  f rom Fig. 7, compared  wi th  
the co r respond ing  per  cent  i nh ib i t o r  efficiencies as 
d e t e r m i n e d  b y  the corrosion ra te  method.  The  same 
da ta  are  shown g raph ica l ly  in  Fig. 7. Both  the  tab le  
and  the  g raph  show tha t  the  per  cent  i nh ib i t o r  
efficiency for a g iven  a m i n e  seems to be a l i nea r  
func t ion  of the  a m o u n t  of m a s k i n g  of the me ta l  
surface  by  the  adsorbed  a mi ne  ion. However ,  it is 
not  d i rec t ly  p ropor t iona l  to the  a m o u n t  of mask ing ,  

Table I. Comparison of apparent cathode area masked with 
inhibitor efficiency of amine salts 

Inh ib i to r  

% 
A p p a r e n t  % 
cathode Inh ib i to r  

a rea  efficiency 
Normal i ty  % m a s k e d  (by corro-  
(of amine  Cur ren t  ( f rom sion ra te  

salt) decrease  F ig .  6) method)  

Di-n-propy lamine  0.25 10 47 75.3 
0.375 14 59 78.0 
0.5 20 70 80.0 
0.7 24 75 - -  

Dimethylani l ine  0.0625 3 17 60.5 
0.125 4.5 25 62.3 
0.25 6 33 67.0 
0.375 8.5 42.5 71.5 
0.5 11 50 73.0 
0.7 19 68 - -  

D i - n - bu t y l a mi ne  0.125 9 44 78.4 
0.25 14 58 79.1 
0.375 22 73 81 
0.5 33 82 82.2 

Beta-bromoethyl -  
amine 0.0625 20 70 83.2 

0.125 24.5 75.5 84.5 
0.25 33.15 81 89.2 
0.375 35.5 84 90.8 



Vol. 105, No. 5 EFFECT OF AMINES ON POLARIZATION 245 

4 ~ a B e t a - ~ o a o e t ~ v l a : l n e  

D ~ D D l - n - ~ y l s a t n e  

�9 o o Dl-n-ProPylaalne 

qo 

7 o  

I ~o ~o ~'o 

Fig. 7. Apparent per cent cathode area masked vs. in+ 
hibitor efficiency of amine salt. 

and  h e n c e  i t  is to be  conc luded  t h a t  t he  ac t ion  of 
a m i n e  sa l t s  in i n h i b i t i n g  cor ros ion  is m o r e  c o m p l e x  
t h a n  a s imp le  p e r c e n t a g e w i s e  b l o c k i n g  off of p o r -  
t ions  of t he  m e t a l  sur face .  The  fac t  t h a t  c o n s i d e r -  

a b l e  speci f ic i ty  is s h o w n  b y  the  i n d i v i d u a l  a m i n e s  
he lps  to conf i rm f u r t h e r  t h a t  conclus ion.  

Manuscr ip t  rece ived  Ju ly  8, 1957. This paper  is based 
on a thesis p resen ted  to the  facul ty  of the Gradua te  
School, A. and M. College of Texas  by  L. R. Burns  in 
pa r t i a l  ful f i l lment  of the  requ i rements  for  the  M.Sc. 
degree.  

A n y  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1958 
J O U R N A L .  
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Corrosion of Anodically and Cathodically 
in Aqueous Media 

Polarized Magnesium 
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ABSTRACT 

The effect of cur ren t  density,  pH, and t e m p e r a t u r e  on the anodic behavior ,  
cathodic behavior ,  and corrosion of magnes ium in aqueous solutions has been 
studied.  A ten ta t ive  mechanism for the  anodic oxida t ion  of magnes ium is pos-  
tu la ted.  Local  corrosion a n d / o r  unde rmin ing  of metal l ic  magnes ium at  the  
anode are  apprec iab le  and may,  in fact, account for the  observed low anodic 
cur ren t  efficiencies of magnesium.  An  in t e rg ranu la r  type  of corrosion occurs 
at ca thodica l ly  polar ized magnes ium at  e leva ted  tempera tures .  A hydrogen  
embr i t t l emen t  theory  is proposed to expla in  i n t e rg ranu la r  cathodic corrosion. 

The  m a g n e s i u m  e lec t rode ,  Mg;  Mg ++, b e h a v e s  as 
an  i r r e v e r s i b l e  e l e c t r o d e  in aqueous  solut ions .  The  
p o t e n t i a l  of Mg is c o n s i d e r a b l y  m o r e  nob le  t h a n  the  
e l e c t r o c h e m i c a l  p o t e n t i a l  c a l c u l a t e d  f r o m  t h e r m o -  
d y n a m i c  d a t a  a n d  is p r a c t i c a l l y  i n d e p e n d e n t  of t he  
m a g n e s i u m  ion c o n c e n t r a t i o n  (1, 2) .  The  poss ib le  
causes  of t he  w i d e  d e p a r t u r e  f rom r e v e r s i b i l i t y  
a re :  ( a )  t h e  e l e c t r o c h e m i c a l  p rocess  i nvo lves  m a g -  
n e s i u m  ions  w i t h  a b n o r m a l  va l enc i e s ;  (b )  s e l f -  
cor ros ion ;  (c)  f i lm f o r m a t i o n ;  a n d  (d)  a c t i v a t i o n  
and  c o n c e n t r a t i o n  o v e r p o t e n t i a l .  The  las t  of these  
fou r  poss ib i l i t i e s  is r e l a t i v e l y  u n i m p o r t a n t  for  Mg. 
To d e t e r m i n e  the  i m p o r t a n c e  of the  v a r i o u s  p r o c -  
esses the  e l ec t rode  is s t u d i e d  u n d e r  n o n r e v e r s i b l e  
o p e r a t i n g  cond i t ions ,  t h a t  is, u n d e r  e x p e r i m e n t a l  
cond i t ions  of anod ic  and  ca thod ic  po la r i za t ion .  

The  anod ic  d i s so lu t ion  of Mg has  been  s t u d i e d  e x -  
t e n s i v e l y  ( 3 - 8 ) .  The  o u t s t a n d i n g  e x p e r i m e n t a l  fac ts  
of t he  d i s so lu t ion  which ,  as ye t ,  a r e  not  s a t i s f ac -  
t o r i l y  e x p l a i n e d  are :  ( a )  t he  anod ic  c u r r e n t  effi- 
c i ency  in  aqueous  so lu t ions  is less t h a n  100% ( the  
anod ic  c u r r e n t  eff iciency is def ined  as the  r a t i o  of 

t he  a c t u a l  cou lombs  pas sed  to t he  t h e o r e t i c a l  cou-  
l o m b s  o b t a i n a b l e  f rom the  a c t u a l  w e i g h t  loss as -  
s u m i n g  a m a g n e s i u m  v a l e n c y  of t w o ) ;  (b)  t he  
a m o u n t  of h y d r o g e n  p r o d u c e d  in  the  a bse nce  of 
a d d e d  ox id i z ing  agen t s  is e q u i v a l e n t  to the  excess  
Mg d i s so lved  a t  t h e  anode ;  a n d  (c)  the  cor ros ion  
f i lm f o r m e d  on Mg is c o m p o s e d  of Mg, MgO, and  
M g(O H )~  (9 -13 ) .  

The  e l e c t r o c h e m i c a l  f o r m a t i o n  of m o n o v a l e n t  Mg 
(3, 4, 5, 8, 14) has  b e e n  p o s t u l a t e d  b y  v a r i o u s  w o r k -  
ers  to accoun t  for  t he  l ow c u r r e n t  efficiencies;  so lu -  
t ion r eac t i ons  of Mg + w e r e  p o s t u l a t e d  to account  for  
the  h y d r o g e n  a n d  co r ros ion  p r o d u c t  f o rma t ion .  
Rob inson  (6)  has  sugges t ed  t h a t  t h e  low c u r r e n t  
efficiencies m a y  b e  due  to an  e n h a n c e d  cor ros ion  
r a t e  a t  t he  a n o d e  s ince  in an  u n b u f f e r e d  so lu t ion  
the  a c id i t y  a t  t h e  m e t a l - s o l u t i o n  i n t e r f a c e  is h i g h e r  
t h a n  in the  b u l k  of the  so lu t ion  for  a n o d i c a l l y  p o -  
l a r i z e d  Mg. 

Mi l l l e r  has  s t u d i e d  the  anod ic  p a s s i v i t y  of  Mg in 
H~SO,, HNO+, NaOH,  and  MgCl.~ so lu t ions  (15) .  In  
H~SO, so lu t ions  t he  c u r r e n t - t i m e  cu rves  w e r e  s i m i -  
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la r  to those obta ined  wi th  other  metals.  Magnesium 
becomes passive in I-INO. solutions, but  side reac-  
tions complicate  the phenomenon.  Pass iv i ty  is not  
reached in MgCI~ solutions. Pass iv i ty  in NaOH solu- 
tions resul ts  quickly,  beyond which stage the  cur-  
ren t  rises slowly. At  cell potent ia ls  >6 v only low 
cur ren t  values  are a t ta ined,  whereas ,  at  cell po-  
tent ia ls  <6 v, values  of almost  half  of the ini t ia l  
cur ren t  are  at tained.  The anodic polar izat ion curves 
of Mg are  flat at cu r ren t  densit ies up to 1 ma cm -~ 
in solutions containing ions which form soluble Mg 
salts; in the presence of ions such as OH-, F-, COs =, 
BO~-, and PO,--- the  anode polarizes (6).  

Evans, et al., (16) and Phelps  (17) have meas-  
ured  the cathodic polar iza t ion  curves of Mg at room 
tempera ture .  These authors  observed a b r e a k  in the  
po ten t i a l - cu r ren t  curve s imi lar  to the cathodic 
polar izat ion curves  for iron. Phelps  cor re la ted  the  
value  of the  current  at this b reak  with  the corrosion 
cur ren t  for a ro ta t ing  Mg cathode. 

The open circuit  potent ia l  of Mg is p rac t ica l ly  
constant  in the  pH range  3-11 and the corrosion 
ra te  increases s l ight ly  in this pH range  in unbuf -  
fered solutions (18). At  pH's  >11, the  potent ia l  
curve shows a sharp bend toward  more  noble po- 
tent ia ls  and the corrosion ra te  shows a correspond-  
ing decrease. In buffered solutions (19) the sharp 
increase in potent ia l  occurs at pH = 9.2. A marked  
increase in po ten t ia l  and corrosion ra te  also occurs 
at  pH's  <3. The acid dissolution of Mg is p robab ly  
diffusion control led  (20-24).  Casey and Bergeron 
(25) in te rp re ted  the acid dissolution of Mg in te rms 
of the physical  control  of diffusion by  surface films 
of Mg(OH)~ a n d / o r  by  oxide. 

The effect of t e m p e r a t u r e  on the e lect rochemical  
behavior  of Mg has received compara t ive ly  l i t t le  
at tention.  The cur ren t  efficiency of Mg in 3 % NaC1 
solution assuming a Mg valency of two is app rox i -  
ma te ly  50% and is independent  of t empe ra tu r e  in 
the range  0~176 (8).  The act ivat ion energy for 
dissolution of Mg in acids var ies  f rom 3-5 kcal  
mole -1 (20, 23). Electron diffraction da ta  indicate  a 
hexagonal  M g ( O H ) :  is formed at  room tempera ture ,  
whereas  a film of Mg (OH)~, p re sumab ly  rhombic,  is 
formed at 100~ which is more protec t ive  than the 
film formed at  room t e m p e r a t u r e  (12). 

In this paper  a s tudy of the effect of t empera ture ,  
pH, and cur ren t  densi ty  on the anodic, cathodic, and 
open ci rcui t  behavior  of Mg is presented.  

Experimental 
Commerc ia l ly  pure  dis t i l led Mg obta ined f rom 

Dominion Magnesium Ltd. was used. This ma te r i a l  
is repor ted  to have  a min imum pur i ty  of 99.96% 
wi th  a total  Fe, Ni, and Cu content  not grea ter  than 
0.005 %. Solutions were  p repa red  f rom reagent  grade 
salts. Exper iments  were  per formed  using unbuf -  
fered and buffered solutions of 110 ppm NaC1. So- 
d ium hydrox ide - sod ium borate,  boric ac id-sod ium 
borate,  and sodium ca rbona te - sod ium bicarbonate  
buffers were  used for pH's  up to 10. Sodium h y -  
droxide  was used to obtain pH's  >10. The pH's  of 
the  NaOH solutions were  calcula ted using values  of 
the dissociation constant  of wa te r  k,,- = 1.0 x 10 -1' 
at  25~ and k~ = 1.9 x 10 -1~ at 75~ (26). The pH's  
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of the buffered solut ions at 75~ were determined 
using a cal ibrated Ag;  AgCl-g lass electrode as- 
sembly and a Beckman pH meter. Standard buf fer  
solut ions were used for  the ca l ibra t ion of the elec- 
trode assembly (27). 

The electrolyt ic  cell consisted of a Mg cathode 
and a Mg anode wi th  a Ag;AgC1 probe  reference 
e lect rode ( the rmal  e lectrolyt ic  type)  at both  Mg 
electrodes immersed  in aqueous solution. Potent ia l s  
of the Ag;AgC1 ha l f -ce l l  were  calcula ted using the 
da ta  of Bates and Bower  (28). The Mg electrode 
used for most exper iments  is i l lus t ra ted  in Fig. 1. 
The Mg specimen was annealed  at  300~ for 2 hr  
in an argon atmosphere ,  pol ished on 1/0 emery  
paper ,  degreased,  etched in 0.1N HC1 for 1 min, 
weighed, and moulded  in bakel i te .  The bake l i t e  
but ton  was then machined and the  e lect rode as-  
sembled.  In basic solutions (>0.01N NaOH) Mg 
rods (1/4 in. d i amete r  x 7 in. long) were  used as 
e lectrodes since the  bake l i te  decomposed in these 
solutions at the h igher  tempera tures .  

A constant  t e m p e r a t u r e  o i l -ba th  regu la ted  to 
wi th in  I~ was used. Fresh  solution was cont inu-  
ously suppl ied to the  cell solution (V2 1) at  the  ra te  
of 1/4 1/hr using an overflow system. The cells were  
main ta ined  at constant  cur ren t  by  discharging a 
d-c  vol tage supply  (112.5 v) through an appro-  
pr ia te  var iab le  resistance,  a ca l ibra ted  ammeter ,  
and the cell. Potent ia ls  were  recorded on a L&N 
Speedomax recorder .  Exper iments  were  f rom 5 to 
7 days  durat ion.  

The Mg specimen could be cracked f rom the 
bake l i te  by  press ing it be tween  the jaws of a vice. 
Corrosion products  were  removed  from the Mg in 
boil ing 15% chromic acid containing 1% silver 
chromate  and the weight  loss of the Mg determined.  

The corrosion products  of the  Mg were  analyzed 
by  x - r a y  analysis.  The corroded Mg specimens 
were  examined  meta l lographica l ly .  

Results 
The current  efficiencies ( % )  of Mg anodes, the 

corrosion ra te  (m.d.d.) at the  cathodes, the  anodic 
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Fig. 2. Dependence of the current efficiency (%)  of Mg 
anodes in ] 10 ppm NaCI solution on the current density: pH 
= 10 to 9; open circle, co. 25~ circle, r ight half solid, 
58~ circle, left half solid, 75~ X, 92~ 
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Fig. 3. Dependence of the corrosion rote of magnesium 
cathodes in 110 ppm NoCI solution on the current density: 
pH ~ 10 to 9; open circle, co. 25~ circle, r ight half  solid, 
58~ circle, left half solid, 75~ X, 92~ 

and  cathodic po la r i za t ion  curves  of Mg (s teady  po-  
ten t ia l s  a t t a i ned  af ter  severa l  days  i m m e r s i o n )  in  
110 ppm NaC1 so lu t ions  are  p lo t ted  vs. the  c u r r e n t  
dens i ty  0 ,a  cm -') for the  t e m p e r a t u r e s  25 ~ 58 ~ 75 ~ 
and  92~ in  Fig. 2, 3, and  4, respect ively .  I t  was  
found  tha t  the c u r r e n t  efficiency of the  Mg anode  
and  the  corrosion ra te  at the Mg cathode at  a cu r -  
r e n t  dens i ty  of 500/~a cm -~ at 75~ in  110 p p m  NaC1 
solut ions  is i n d e p e n d e n t  of t ime  in  the  r ang e  2-10 
days. 

The effect of pH on the  c u r r e n t  efficiency of Mg 
at  a c u r r e n t  dens i ty  of 500 ~a cm --~ and  the  t e m -  
pe ra tu re s  25~ and  75~ is shown  in  Fig. 5. Log 
[Corros ion  Rate  (m.d .d . ) ]  of Mg cathodes  polar ized  
at  500 /m cm --~ and  unpo la r i zed  Mg is p lo t ted  vs. the 
pH for the  t e m p e r a t u r e  25~ in  Fig. 6 and  for the 
t e m p e r a t u r e  75~ in  Fig. 7. Pho tographs  d e m o n -  
s t r a t ing  the var ious  types  of a t t ack  of the Mg which  
was observed  are shown  in  Figs. 8, 9, 10 and  11. 

M a g n e s i u m  hydrox ide  was  ident i f ied by  x - r a y  
diffract ion ana lys i s  on the  cathodes,  anodes,  and  
local ly cor roding  spec imens  of Mg in  110 p p m  NaC1 
solut ions  at the  va r ious  t e m p e r a t u r e s  s tudied.  F ree  
Mg me ta l  par t ic les  were  observed  by  the micro-  
scope in  the  corrosion products .  

Cathodic  po la r iza t ion  of Mg does no t  affect the  
la t t ice  p a r a m e t e r s  of Mg. The va lues  of a none t c he d  
Mg spec imen  a n n e a l e d  in  v a c u u m  at  350~ are 
ao = 3.203 and  co = 5.199. The  va lues  af ter  cathodic 
po la r i za t ion  at  2.3 m a  cm -=, for 10 hr  at  92~ in  a 
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Fig. 4. Anodic polarization curve of magnesium in o 1 ]0  
ppm NoCI solution: pH = ] 0 to 9; square, 25~ diamond, 
58~ triangle, 75~ inverted triangle, 92~ Cathodic 
polarization curves of magnesium in ] ] 0 ppm NoCI solution: 
pH = 10 to 9; circle, 25~ circle, r ight half  solid, 58~ 
circle, left half solid, 75~ X, 92~ 

boric  ac id - sod ium hyd r ox i de  so lu t ion  wi th  110 p p m  
NaC1 buffered at p H =  9.25 a re  a o =  3.202 and  
co = 5.200. The  change  in  the  p a r a m e t e r s  is w i t h i n  
e x p e r i m e n t a l  error .  

A Mg electrode in  the fo rm of a t u b e  w i th  the im-  
mer sed  end  closed a nd  the  open end  jo ined  to a gas 
bu r e t  was  ca thodica l ly  polar ized at  92~ in  a 110 
p p m  NaC1 solut ion.  No passage of H~ th rough  the  
Mg was observed.  

D i s c u s s i o n  
Anodic Behavior of Magnesium 

A t e n t a t i v e  m e c h a n i s m  for the  anodic  ox ida t ion  of 
Mg i n c l u d i n g  secondary  reac t ions  is: 

Mg = Mg ++ Jr 2e (I)  

Mg = Mg § Jr e (3,4,5,8,14) (II)  

2Mg = Mg++.Mg -t- 2e ( I I I )  

Mg* = Mg +§ Jr e (4) ( IV)  

2H + -t- 2r = H~ (6, 22) (V) 

2Mg § -t- 2H~O = 2Mg(OH)  + Jr H2 (3) (VI)  

Mg++-Mg Jr 2H~O = Mg ++ -t- Mg(OH)~ Jr H~ (VII)  

2Mg + = Mg §247 Jr Mg (8 )  (VII I )  

Mg § + 2OH- = Mg(OH)~ ( IX)  

Mg = Mg~ (X)  

React ion  ( I I I )  is ene rge t i ca l ly  possible;  the  bond  
ene rgy  of Mg§247 w ou l d  p r o b a b l y  be  abou t  equa l  
to the hea t  of s u b l i m a t i o n  of Mg (ca. 42 kcal  mole  -1 

~6080 I - - [ ~  

o 2 0  

I I r 
S~ 8 I0 IZ 14 

pH 

Fig. 5. Dependence of current efficiencies (%) of mag- 
nesium anodes polarized at 500 /~a cm -s on the pH: open 
circle, ca. 25~ solid circle, 75~ 
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Fig. 6. Dependence of log [corrosion rate (todd)] of mag- 
nesium cathodes polarized at  SO0 ~a cm -~ and nonpolarized 
specimens on the pH at 25~ open circle, cathodes: solid 
circle, local corrosion. 
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Fig. 7. Dependence of log [corrosion rate (todd)] of mag- 
nesium cathodes polarized at  500 #a cm -~ and nonpolarized 
specimens on the pH at 75~ open circle, cathodes; solid 
circle, local corrosion. 

at  25~ R e a c t i o n  (V)  c o r r e s p o n d s  to the  ca thod ic  
r e a c t i o n  of loca l  co r ros ion  on  the  anode .  The  r e -  
ac t ion  of Mg + a n d  Mg++.Mg w i t h  w a t e r  is w r i t t e n  
p u r e l y  f o r m a l l y  in Eqs.  (VI)  a n d  ( V I I ) ,  r e s p e c -  
t i ve ly .  M o n o v a l e n t  Mg w o u l d  be  e x p e c t e d  to h a v e  a 
sho r t  l i fe  t i m e  s o m e w h a t  c o m p a r a b l e  to t h a t  of a f ree  
r a d i c a l ;  t h e  r e l a t i v e l y  l o n g - l i v e d  r e d u c i n g  a c t i v i t y  
of t he  a n o l y t e  o b s e r v e d  b y  K l e i n b e r g ,  et al., (3)  is 
p r o b a b l y  due  to Mg +§ or  co l lo ida l  Mg. Mgs r e p -  
r e sen t s  u n d e r m i n e d  Mg. 

A n  e x p r e s s i o n  m a y  be  d e r i v e d  for  t he  anodic  c u r -  
r e n t  eff iciency of  Mg in t e r m s  of  t he  r a t e s  of t he  
r eac t ions  p o s t u l a t e d  in  t he  m e c h a n i s m .  A s s u m i n g  
F a r a d a y ' s  l a w s  a n d  a h o m o g e n e o u s  c u r r e n t  d e n s i t y  
ove r  the  e n t i r e  a n o d e  for  t h e  e l e c t r o c h e m i c a l  r e -  
act ions.  

C.E. ( % )  = 100/[1  -k (i~-ki~-kis-ki~--i,)/i~] ( X I )  

w h e r e  
i~ = i~ -k i.~ -k i,~ -t- i, - -  i~ ( X I I )  

i~ is t h e  t o t a l  e x t e r n a l  c u r r e n t  in a m p e r e s ;  i,, i~, i~, 
i,, and  i~ a r e  the  c u r r e n t s  d u e  to t h e  r eac t i ons  ( I ) ,  
( I I ) ,  ( I I I ) ,  ( I V ) ,  and  (V) ,  r e spec t i ve ly ,  iJ i~  is d e -  
f ined as t h e  r a t i o  of  t he  w e i g h t  loss due  to u n d e r -  
m i n i n g  to t he  w e i g h t  loss a t  an  a n o d e  w i t h  100% 
c u r r e n t  efficiency. M a g n e s i u m  m e t a l  f o r m e d  b y  
Eq. ( V I I I )  w o u l d  no t  effect Eq. ( X I ) .  A s s u m i n g  a 
s t e a d y - s t a t e  c o n c e n t r a t i o n  of m o n o v a l e n t  Mg and  
a u n i f o r m  c o n c e n t r a t i o n  of ions  t h r o u g h o u t  t he  
so lu t ion :  

i ~ -  i,  = F R  ( X I I I )  
a n d  
C.E. ( % )  = 100/ [1  -k (i~-ki~-ki.~-kFR)/iT] ( X I V )  

Fig. 8. Meta l lographic cross section of magnesium anode: 
polar izat ion current = 100~a cm-~; temperature = 75~ 
t ime = 7 days; solution - -  110 ppm NaCI. Magni f icat ion 
150X before reduction for publ icat ion. 

Fig. 9. Metel lographic cross section of magnesium elec- 
trode demonstrat ing acid attack, etched. Magni f icat ion 150X 
before reduction for publ icat ion. 

F ( c o u l o m b s )  is t he  F a r a d a y  cons t an t  a n d  1~ (moles  
sec -1) is the  s u m  of the  r a t e s  of d i s a p p e a r a n c e  of 
m o n o v a l e n t  Mg b y  so lu t ion  reac t ions .  

A t  v e r y  low p H ' s  and  c u r r e n t  dens i t i e s  t he  r a t e  
of t he  anod ic  d i s so lu t ion  of Mg w h i c h  s u p p l i e s  e x -  
t e r n a l  c u r r e n t  ( i t )  is sma l l  c o m p a r e d  to t he  r a t e  of 
loca l  co r ros ion  (i5). This  e x p l a i n s  the  e x p e r i m e n t a l  
fac ts  t h a t  the  c u r r e n t  eff iciency is an  i n c r e a s i n g  
func t ion  of the  c u r r e n t  d e n s i t y  a n d  of p H  in the  low 
r a n g e s  (Fig .  2 and  Fig.  5) .  W i t h i n  e x p e r i m e n t a l  
e r r o r  the  c u r r e n t  eff iciency is i n d e p e n d e n t  of t he  
c u r r e n t  d e n s i t y  a t  h igh  c u r r e n t  dens i t ies ,  and,  
t he re fo re ,  

(i~ -k i~ -k i~ -t- FR) / i~  -~ C (XV)  

w h e r e  C is a c o n s t a n t  w h i c h  d e p e n d s  on t e m p e r a -  
t u r e  and  pH. If  r e ac t i ons  ( I I )  a n d  ( I I I )  a r e  the  on ly  
anod ic  r eac t i ons  w h i c h  occur ,  t h e  m i n i m u m  v a l u e  
of C is un i ty .  S ince  C > 1 in u n b u f f e r e d  so lu t ions  
(Fig .  2) ,  loca l  cor ros ion  a n d / o r  u n d e r m i n i n g  (is) 
m u s t  be  i m p o r t a n t .  Reac t ion  ( I )  a n d / o r  r e a c t i o n  
( IV)  m u s t  be  i m p o r t a n t  s ince  a t  75~ in bu f fe red  
so lu t ions  at  h igh  p H ' s  C < 1. The  t h e r m o d y n a m i c s  
of r e a c t i o n  ( I )  a r e  i n d i s t i n g u i s h a b l e  f r o m  t h e  
t h e r m o d y n a m i c s  of t h e  p rocess  w h i c h  t a k e s  p l a c e  
b y  the  consecu t ive  r eac t i ons  ( I I )  and  ( IV) ,  but ,  of 
course ,  t h e r e  is a m a r k e d  d i f fe rence  in  e l e c t r o d e  
k ine t ics .  

L o w  c u r r e n t  eff iciencies m a y  pos s ib ly  be  due  to 
an  e n h a n c e m e n t  of l oca l  co r ros ion  b y  anod ic  p o -  
l a r i za t ion .  C u r r e n t  efficiencies in  bu f f e r ed  so lu -  
t ions  a r e  h i g h e r  t h a n  in the  u n b u f f e r e d  so lu t ion  at  
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Fig. 10. Metal lographic top view of magnesium cathode 
with corrosion products removed: polarization current 
200#a cm-2; temperature = 58~ time ~ 7 days; solution 

110 ppm NaCI. Magnif icat ion 50X before reduction for 
publication. 

Fig. 11. Metal lographic cross section of magnesium cathode 
with corrosion products removed, etched: polarization cur- 
rent ~ 200 #acm- ' ;  temperature = 58~ time = 7 days; 
solution = ] ]0  ppm NoCI. Magnif icat ion 150X before re- 
duction for publication. 

t he  s a m e  b u l k  p H  at  75~ ( c o m p a r e  Fig.  2 and  
Fig.  5) .  This  m a y  be  cons ide red  to b e  e x p e r i m e n t a l  
ve r i f i ca t ion  for  Rob inson ' s  sugges t ion  (6)  t h a t  t he  
cor ros ion  r a t e  a t  the  a n o d e  is e n h a n c e d  due  to t he  
excess  a c i d i t y  f o r m e d  at  t he  p i t s  as a r e s u l t  of 
anod ic  po la r i za t ion .  H o w e v e r ,  th is  e x p l a n a t i o n  is 
p r o b a b l y  no t  s a t i s f a c t o r y  for  bu f f e r ed  solut ions .  

A n  a l t e r n a t e  t h e o r y  m a y  be  sugges t ed  b y  con-  
s i d e r i n g  the  effect of bu f fe red  p H  on the  c u r r e n t  
efficiency. The  n a t u r e  and  e x t e n t  of a t t a c k  on Mg is 
s t r o n g l y  af fec ted  b y  pit. A n  ac id  t y p e  of  a t t a c k  
(Fig .  9) occurs  a t  t h e  Mg anodes  a n d  l oca l l y  co r -  
r o d i n g  spec imens  a t  p H ' s  < 10 a t  25~ and  a t  pH ' s  

9 at  75~ w i t h o u t  v i s ib l e  f i lm f o r m a t i o n ;  a b o v e  
these  pH ' s  a p i t t i n g  t y p e  of a t t a c k  occurs  s i m i l a r  
to t h a t  o b s e r v e d  in u n b u f f e r e d  110 p p m  NaC1 so lu-  
t ion  (Fig .  8) and  t h i c k  w h i t e  f i lms of Mg(OH)_~ 
c o n t a i n i n g  f r ee  Mg a re  fo rmed .  T h e r e  is ev idence  
for  th in  f i lms of MgO a n d / o r  M g ( O H ) ~  on Mg in 
ac id  solu t ion ,  t he  m e c h a n i s m  of f o r m a t i o n  of w h i c h  
is obscu re  (11) .  The  t h i c k  fi lm of Mg(OH).~ is p r o b -  
a b l y  f o r m e d  b y  r e a c t i o n  ( I X ) .  F u r t h e r  co r ros ion  of 
the  m a g n e s i u m  in t he  M g ( O H ) ~ - M g  fi lm u n d o u b t -  
e d l y  occurs .  In  s t r ong  NaC1 so lu t ion  the  co r ros ion  
p r o d u c t s  w e r e  o b s e r v e d  to f lake off a n d  f a l l  to t h e  
b o t t o m  of t h e  con ta ine r .  Gas  evo lu t i on  f rom the  
cor ros ion  p r o d u c t s  a t  t he  b o t t o m  of t he  c o n t a i n e r  
c o n t i n u e d  for  s e v e r a l  minu tes .  A n o d i c  p a s s i v i t y  
(C.E. > 100%) was  o b s e r v e d  a t  t h e  h i g h e r  pH ' s  at  
r o o m  t e m p e r a t u r e  and  75~ 

The  f o r m a t i o n  of t h i c k  f i lms of M g ( O H ) ~ - M g  on 
a n o d i c a l l y  p o l a r i z e d  Mg m a y  p o s s i b l y  l e a d  to an  
e n h a n c e m e n t  of the  r a t e  of loca l  co r ros ion  a t  the  
a n o d e  if it  is a s s u m e d  tha t :  (a )  t h e  f i lm on the  
anode ,  M g ( O H ) ~ - M g ,  is c a t h o d i c  to t he  p i t s  or  
anodic  a reas ;  a n d  (b)  t he  a m o u n t  of Mg in  t h e  film, 
and ,  hence ,  t h e  r e s i s t ance  of the  f i lm r eaches  a 
s t e a d y  v a l u e  w h i c h  is p r o p o r t i o n a l  to the  c u r r e n t  
dens i ty .  The  r e s i s t ance  of the  f i lm is t h e r e f o r e  
i n v e r s e l y  p r o p o r t i o n a l  to the  anodic  c u r r e n t  dens i ty ,  
and  the  r a t e  of co r ros ion  a t  t h e  anode  is d i r e c t l y  
p r o p o r t i o n a l  to the  c u r r e n t  dens i ty .  Thus,  loca l  
co r ros ion  could  c o n c e i v a b l y  account  for  t he  s h a r p  
d e c r e a s e  in c u r r e n t  eff iciency a t  p H  = 10 a t  r o o m  
t e m p e r a t u r e  (Fig .  5).  S ince  the  c u r r e n t  eff iciencies 
o b s e r v e d  at  r o o m  t e m p e r a t u r e  a r e  c o n s i d e r a b l y  
l o w e r  t h a n  a t  t he  e l e v a t e d  t e m p e r a t u r e s ,  i t  m u s t  be  
a s s u m e d  t h a t  a t  e l e v a t e d  t e m p e r a t u r e s  the  r e s i s t -  
ance  b e t w e e n  loca l  c a thod ic  a n d  anod ic  a r e a s  is i n -  
c reased .  This  m a y  b e  a c c o m p l i s h e d  in two  w a y s :  
( a )  M g ( O H ) 2  is less so lub le  at  h i g h e r  t e m p e r a t u r e s  
and  st i f l ing of t he  local  co r ros ion  at  t he  a n o d e  
w o u l d  be  m o r e  i m p o r t a n t ;  and  (b )  ca thod ic  co r -  
ros ion  of t he  f r ee  Mg in t he  f i lm w o u l d  occur  
(Fig .  3) .  S h i s h a k o v  (12) has  o b s e r v e d  t ha t  t he  
f i lm f o r m e d  on Mg in bo i l i ng  w a t e r  is m o r e  p r o -  
t ec t ive  t h a n  the  f i lm f o r m e d  a t  r oom t e m p e r a t u r e .  

I t  is not  poss ib l e  to a s c e r t a i n  t he  i m p o r t a n c e  of 
u n d e r m i n i n g  in the  m e c h a n i s m  for  t h e  anod ic  ox i -  
da t i on  of Mg. On c o m p a r i s o n  of Fig.  8 and  Fig.  9 
i t  can  be  seen t h a t  f i lm f o r m a t i o n  enhances  u n d e r -  
m i n i n g  of Mg a t  l e a s t  on  the  m a c r o  scale.  D i s so lu -  
t ion  of  a Mg a n o d e  b y  ca thod ic  co r ros ion  a t  t h e  
h i g h e r  t e m p e r a t u r e s  and  c u r r e n t  dens i t i e s  m a y  be  
i m p o r t a n t .  C a t h o d i c  cor ros ion  wi l l  be  d i scussed  in 
the  n e x t  sect ion.  

The  m e a s u r e d  p o t e n t i a l  of t he  Mg a n o d e  w h i c h  is 
a b o u t  1 v m o r e  ca thod ic  t h a n  the  e q u i l i b r i u m  p o -  
t e n t i a l  of r e a c t i o n  ( I )  can  p r o b a b l y  no t  be  i d e n -  
t i f ied w i t h  t he  p o t e n t i a l  of  a n y  of t he  t h r e e  r e m a i n -  
ing  anod ic  reac t ions .  The  e q u i l i b r i u m  p o t e n t i a l  of 
t h e  process  cons i s t ing  of t he  consecu t ive  r eac t ions  
( I I )  and  ( IV)  is t h e  s a m e  as t he  e q u i l i b r i u m  p o -  
t e n t i a l  of r e a c t i o n  ( I ) .  As  p o i n t e d  ou t  p r e v i o u s l y  
e i t he r  r e a c t i o n  ( I )  or  r e a c t i o n s  ( I I )  and  ( IV)  m u s t  
occur .  S ince  l a r g e  o v e r p o t e n t i a l s  a r e  no t  u s u a l l y  
a s soc ia t ed  w i t h  anod ic  p rocesses  i n v o l v i n g  m e t a l  
ions (29) ,  the  m e a s u r e d  p o t e n t i a l  is e i t h e r  a c o m -  
pos i te  p o t e n t i a l  of  loca l  anod ic  and  loca l  ca thod ic  
a r eas  on the  a n o d e  or  the  m e a s u r e d  p o t e n t i a l  con-  
t a ins  a l a r g e  ohmic  p o t e n t i a l  d rop  con t r i bu t i on .  
The  e x p e r i m e n t a l  p o t e n t i a l  c anno t  b e  iden t i f i ed  
w i t h  t ha t  of r e a c t i o n  ( I I I )  s ince  th is  w o u l d  en t a i l  
l a r g e  p o t e n t i a l  d i f fe rences  b e t w e e n  the  va r i ous  
c r y s t a l  faces  of Mg. 

Cathodic Behavior of Magnesium 

The  sa l i en t  fac ts  of t he  ca thod ic  p o l a r i z a t i o n  e x -  
p e r i m e n t s  a re :  ( a )  ca thod ic  p o l a r i z a t i o n  inh ib i t s  
t he  co r ros ion  of Mg in 110 p p m  NaC1 so lu t ions  a t  
25~ and  58~ (Fig .  3 ) ;  (b )  a t  75 ~ a n d  92~ 
ca thod ic  p r o t e c t i o n  is no t  a t t a i n e d  due  to t h e  oc -  
c u r r e n c e  of an  i n t e r g r a n u l a r  t y p e  of ca thod ic  co r -  
ros ion  (Fig .  10 a n d  Fig.  11) ;  (c)  i n t e r g r a n u l a r  a t -  
t a c k  of c a t h o d i c a l l y  p o l a r i z e d  Mg ocurs  at  pH ' s  > 9 
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at  75~ wi th  format ion  of th ick films of Mg(OH)2 
and acid a t tack  ( e t ch ing- type  a t tack)  wi thout  vis i -  
ble film format ion  occurs at  pH's  < 9 at  75~ and at 
pH's  < 10 at  room t empera tu re  on both unpolar ized 
and ca thodical ly  polar ized Mg; (d) the ra te  of in-  
t e rg r anu l a r  cathodic corrosion is dependent  on t em-  
pe ra tu re  and cur ren t  density,  and at  75~ is inde-  
pendent  of pH at pH's  > 9 (Fig. 7) ; (e) the ra te  of 
acid corrosion is dependent  on t e m p e r a t u r e  and pH 
and independent  of cathodic cur ren t  densi ty  at  
room t empera tu re  and 75~ (Fig. 6 and Fig. 7);  (f) 
the la t t ice  pa rame te r s  of Mg are not significantly 
affected by  cathodic polar iza t ion  at  92~ and (g) 
hydrogen  produced at  the cathode at  92~ does not  
diffuse r ead i ly  th rough  the Mg. 

It is evident  tha t  under  the exper imen ta l  condi-  
tions s tudied in this work  the mechanism of acid 
corrosion at  room t empera tu r e  and in t e rg ranu la r  
corrosion of ca thodical ly  polar ized Mg are different;  
i n t e rg r anu l a r  cathodic corrosion becomes signifi- 
cant  only at  e levated  tempera tures ,  whereas,  the 
acid corrosion of Mg is quite apprec iab le  at  room 
tempera ture .  Acid corrosion and in t e rg ranu la r  cor-  
rosion on Mg cathodes p robab ly  occur s imul tane-  
ously at e levated  tempera tures ,  a l though it appears  
tha t  film format ion  grea t ly  diminishes  the  acid 
corrosion re la t ive  to the i n t e rg ranu la r  corrosion. 
The mechanism for the  acid dissolution of Mg has 
been s tudied extens ive ly  and is not discussed here  
(20-25). 

The phenomenon of the intergranular cathodic 
corrosion of Mg may be interpreted in terms of the 
hydrogen embrittlement theory for steel (30, 31) 
with some modification. The hydrogen embrittle- 
ment theory for Mg may be based on the following 
assumptions: (a) hydrogen is occluded in Mg at the 
dislocations near the solution-metal interface by 
cathodization; (b) deep penetration of cathodic hy- 
drogen into the Mg lattice does not occur (diffusion of 
hydrogen through Mg during cathodization was not 
observed and cathodization does not increase signifi- 
cantly the amount of interstitial hydrogen); and 
(c) the dislocations are "sprung" forming embrit- 
tled Mg at the solution-metal interface when the 
hydrogen pressure at the dislocation exceeds the 
elastic strength of Mg. The mechanically weakened 
lattice of Mg is subject to corrosion by mechanical 
undermining or by electrochemical corrosion. The 
degree of embrittlement and, hence, the rate of 
cathodic intergranu]ar corrosion, would be depend- 
ent on temperature and current density. 

The general shape of the cathodic polarization 
curves of Mg (Fig. 4) at room temperature and 
58~ are similar to the cathodic polarization curves 
obtained for iron (32). AB represents depolariza- 
tion by oxygen; CD represents evolution of hydro- 
gen; and the current at B is the current required 
for cathodic protection (16). The data are insuffi- 
cient to explain the absence of the inflection at B 
in the polarization curves at 75 ~ and 92~ and the 
fact that the hydrogen overvoltage is considerably 

lower  at the h igher  t empe ra tu r e  than  tha t  at  room 
tempera ture .  Probably ,  the  contr ibut ion  of the 
ohmic p.d. to the hydrogen  overpoten t ia l  at the 
e levated  t empe ra tu r e  is smaller .  
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ABSTRACT 

CuGaS~ and ZnS form solid solutions over  the  ent i re  range  wi th  some evi-  
dence for  compound format ion  at  33 1/3 mole  % CuGaS~. Emission under  3650.~ 
exci ta t ion shifts f rom green to red  wi th  increase  in CuGaS~ concentrat ion.  Sam-  
ples wi th  more  than  20 % CuGaS2 do not  luminesce at  room t empera tu r e  but,  at  
--195~ fa i r ly  b r igh t  emission is observed wi th  up to 95% CuGaS2. AgGaS~ is 
soluble in ZnS to about  5-10 mole  %, above which  separa t ion  of AgeS is ob-  
served. Emission under  3650A exci ta t ion  shifts f rom the b lue  (0.01% AgGaS2) 
to ye l low (10% AgGaS~).  

The  t e r n a r y  sulfides,  CuGaS~ a n d  AgGaS~, h a v e  
the  c h a l c o p y r i t e  s t r u c t u r e  w h i c h  is c lose ly  r e l a t e d  
to the  z inc  b l e n d e  s t r u c t u r e  of cubic  ZnS  (1) .  In  
t hese  compounds ,  two  d i f f e ren t  a tomic  spec ies  oc-  
cupy  e q u i v a l e n t  l a t t i c e  s i tes  on the  z inc  b l e n d e  l a t -  
t ice.  In  CuGaS~, a z 5.34A and  c = 10.47A. ( c / a  = 
1.96) w h i l e  in AgGaS2, a = 5.74A and  c = 10.26A 
( c / a  = 1.79) (2) .  

Because  of t he  s i m i l a r i t i e s  in s t r uc tu r e ,  un i t  ce l l  
d imens ions ,  and  bond  type ,  the  t e r n a r y  sulf ides  m a y  
f o r m  sol id  so lu t ions  w i t h  ZnS.  In  such  so l id  so lu-  
t ions,  t he  t e r n a r y  c o m p o u n d s  w o u l d  not  on ly  change  
the  un i t  ce l l  d i m e n s i o n  of ZnS,  b u t  m a y  also affect  
the  o b s e r v e d  l u m i n e s c e n c e  in ZnS:  Cu ,Ga  and  
Z n S : A g , G a  phosphor s .  Cu and  A g  a r e  a c t i v a t o r s  
a n d  G a  is a c o a c t i v a t o r  in  n o r m a l  ZnS  p h o s p h o r s  
w i t h  g r e e n  and  b l u e  emiss ion.  

The  s o l u b i l i t y  of t he se  a c t i v a t o r s  in ZnS  is d e -  
p e n d e n t  on the  p r e s e n c e  of c h a r g e - c o m p e n s a t i n g  
ions  w h i c h  u s u a l l y  func t ion  as c o a c t i v a t o r s  (3) .  F o r  
ins tance ,  in ZnS:  Cu w i t h  no c h e m i c a l  c o a c t i v a t o r  
added ,  F r o e l i c h  r e p o r t e d  t h a t  on ly  a b o u t  4 x  104 
g - a t o m s  C u / m o l e  ZnS  is r e t a i n e d  in  t h e  l a t t i c e  a f t e r  
f i r ing (4) .  In  con t ras t ,  a t  l eas t  9 x  10 -~ g - a t o m  
C u / m o l e  Z n S  is r e t a i n e d  in  t he  Z n S : C u , A 1  p h o s -  
pho r  w i t h  o r a n g e  emiss ion  (5) .  I n c o r p o r a t i o n  of the  
l a r g e r  c o n c e n t r a t i o n  of Cu in the  l a t t e r  case  is 
poss ib l e  because  of t he  s i m u l t a n e o u s  i n c o r p o r a t i o n  
of A1 as AI~S~. In  th is  phospho r ,  t he  A1 was  a d d e d  to 
ZnS  as  an  o x y - s a l t  and  c o n v e r t e d  to AI~S~ d u r i n g  
the  f i r ing process  in  H2S at  1100~176 I t  is 
q u e s t i o n a b l e  w h e t h e r  a l a r g e  a m o u n t  of AI~O~ w o u l d  
be  c o n v e r t e d  c o m p l e t e l y  to ALS~ w h e n  f ired in  t he  
p re sence  of ZnS  in an  H~S s t r eam.  E q u i m o l a r  m i x -  
tu res  of Z n S  and  AI~O~, for  ins tance ,  w h e n  so f i red 
do no t  y i e l d  ZnALS, ,  t he  c o m p o u n d  e x p e c t e d  on 
c o m p l e t e  conve r s ion  of t h e  o x i d e  to t h e  sulf ide.  In  
a l l  p r o b a b i l i t y ,  a d d i t i o n  of A1 as the  ox ide  or  o x y -  
sa l t  l imi t s  the  so lub i l i t y  of Cu b e c a u s e  of i n c o m -  
p l e t e  conve r s ion  to AI~S~. H o w e v e r ,  if the  a c t i v a t o r  
and  c o a c t i v a t o r  a r e  a d d e d  as t he  t e r n a r y  sulfide,  the  
ox ide  conve r s ion  is c i r c u m v e n t e d .  F u r t h e r ,  a c t i v a t o r  
and  c o a c t i v a t o r  a r e  a d d e d  in e x a c t l y  s t o i ch iome t r i c  
a m o u n t s  in  a fo rm w h i c h  f ac i l i t a t e s  i n c o r p o r a t i o n  
in t he  la t t i ce .  

I t  is the  p u r p o s e  of th is  p a p e r  to r e p o r t  r e su l t s  
of s tud ies  in  t h e  sy s t e ms  CuGaS~-ZnS  a n d  AgGaS2-  
ZnS.  Of spec ia l  i n t e r e s t  w i l l  be  t he  s t r u c t u r a l  da ta ,  
l imi t s  of so lub i l i ty ,  and  l u m i n e s c e n t  p rope r t i e s .  In  
these  sy s t e ms  the  c o n c e n t r a t i o n s  of Cu or  A g  in ZnS  
fa r  exceed  those  r e p o r t e d  in  t he  l i t e r a t u r e ,  a n d  w i t h  
the  i n c r e a s e d  c o n c e n t r a t i o n s  of a c t i va to r s  i nco r -  
p o r a t e d  n e w  l u m i n e s c e n t  p r o p e r t i e s  a r e  obse rved .  

Experimental Results 
CuGaS~-ZnS  Sys tem 

A s to i ch iome t r i c  m i x t u r e  of Cu~S ( m a d e  f r o m  
99.999% Cu)  and  Ga~S~ ( m a d e  f r o m  99.97% GabOn) 
was  h e a t e d  in a sealed,  e v a c u a t e d  a m p o u l e  for  12 h r  
a t  900~ The  b o d y  color  of t he  m i x t u r e  c h a n g e d  
f rom g r a y  to o r a n g e  as a r e s u l t  of th is  f i r ing  p r o c -  
ess a n d  an  x - r a y  d i f f r ac t ion  p a t t e r n  of t he  p o w d e r  
i n d i c a t e d  t ha t  CuGaS~ h a d  f o r m e d  (d i f f r ac t ion  l ines  
d u e  to  Cu~S or  Ga~S~ w e r e  a b s e n t ) .  

W e i g h e d  m i x t u r e s  of CuGaS~ and  Z n S  (G.E. 
l u m i n e s c e n t  g r a d e )  w e r e  g r o u n d  and  b a l l m i l l e d  to -  
g e t h e r  and  t h e n  f i red a t  975~ for  1 h r  in H~S. [The  
H~S used  t h r o u g h o u t  th is  w o r k  was  p a s s e d  t h r o u g h  
a B a ( O H ) ~  solut ion ,  t h e n  t h r o u g h  d r y i n g  c o lumns  
c on t a in ing  s i l ica  gel  and  p h o s p h o r u s  pen tox ide ,  a n d  
f ina l ly  t h r o u g h  a t r a p  he ld  a t  - -50~  b e f o r e  coming  
in con tac t  w i t h  t h e  s a m p l e . ]  The  e n t i r e  r a n g e  of  
c o n c e n t r a t i o n s  f r o m  0.01 mo le  % to 99.9 m o l e  % 
CuGaS~* was  covered .  The  b o d y  color  c h a n g e d  f r o m  
n e a r - w h i t e  in t h e  0.01% s a m p l e  t h r o u g h  g reen  to 
o r a n g e  in t he  30-40% reg ion ;  b e t w e e n  50-90% i t  
w e n t  f rom o r a n g e  to g reen ;  a b o v e  90% the  b o d y  
co lor  w a s  o range .  In  no  case  was  f r ee  Cu2S o b s e r v e d  
or  d id  t he  p o w d e r s  h a v e  a d a r k  b o d y  color.  

X - r a y  d i f f r ac t ion  p a t t e r n s  of the  p o w d e r s  i n d i -  
ca t e  t h a t  the  s t r u c t u r e  is cub ic  in m i x t u r e s  w i t h  up  
to and  i nc lud ing  40% CuGaS~. The  un i t  ce l l  d i m e n -  
sion, as p l o t t e d  in Fig.  1, dec reases  f r o m  5.404A 
( p u r e  Z n S )  to 5.350A (40% CuGaS~) w i t h  V e g a r d ' s  
l a w  be ing  o b e y e d  a p p r o x i m a t e l y .  Di f f rac t ion  l ines  
c h a r a c t e r i s t i c  of t e t r a g o n a l  CuGaS~ a re  a b s e n t  in  
th is  r a n g e  a n d  i t  is c o n c l u d e d  t h a t  CuGaS2 and  Z n S  
a r e  misc ib l e  up  to a n d  i n c l u d i n g  40 mo le  % CuGaS~. 

* Concentrations throughout paper are in mole % CuGaS2 or 
AgGaS2 unless otherwise indicated. 
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A b o v e  40% CuGaS~, t he  s t r u c t u r e  is t e t r a g o n a l  w i t h  
the  ao and  Co d i m e n s i o n s  d e c r e a s i n g  n e a r l y  l i n e a r l y  
w i t h  i n c r e a s e  of CuGaS~. The  c / a  r a t i o  r e m a i n s  a b o u t  
t he  s a m e  and  in  a l l  p r o b a b i l i t y  s o l i d - s o l u t i o n  f o r -  
m a t i o n  occurs  t h r o u g h o u t  the  t e t r a g o n a l  r eg ion  also.  
I t  is t hus  conc luded  f r o m  the  x - r a y  d a t a  a n d  a lso  
f r o m  t h e  o rde r ly ,  if  no t  con t inuous ,  c h a n g e  in  
p h y s i c a l  p r o p e r t i e s  t h roughou t ,  t h a t  CuGaS2 and  
ZnS  a r e  c o m p l e t e l y  misc ib le .  

S a m p l e s  w i t h  20% a n d  less  CuGaS2 l u m i n e s c e  at  
r o o m  t e m p e r a t u r e  u n d e r  3650A exc i t a t i on  ( w h i c h  
e x c i t a t i o n  a p p e a r s  to be  in t he  o p t i m u m  w a v e -  
l e n g t h  r e g i o n ) .  The  emiss ion  m o v e s  f r o m  the  g reen  
into  t he  r e d  and,  in  genera l ,  t he  s p e c t r a l  d i s t r i b u -  
t ion  of emiss ion  a t  r o o m  t e m p e r a t u r e  b r o a d e n s  and  
the  b r i g h t n e s s  d rops  w i t h  i n c r e a s i n g  CuGaS~ con-  
tent .  No v i sua l  a f t e r g l o w  occurs  w h e n  e x c i t a t i o n  is 
r e m o v e d  in a l l  s amp le s  e x c e p t  0.01% CuGaS2 w h e r e  
a long  b r i g h t  g reen  a f t e r g l o w  is obse rved .  Emiss ion  
s p e c t r a  a t  r oom t e m p e r a t u r e  a r e  shown  in Fig.  2 
and  p e a k  va lue s  a r e  p l o t t e d  in  Fig .  3. A t  - -195~ 
l u m i n e s c e n c e  is o b s e r v e d  u n d e r  3650A exc i t a t i on  in 
a l l  s a m p l e s  in  the  ser ies  i n c l u d i n g  CuGaS~ in w h i c h  
the  s p e c t r a l  d i s t r i b u t i o n  of emiss ion  e x t e n d s  b e y o n d  
7000A and  is too w e a k  to r e c o r d  a c c u r a t e l y  on the  
s p e c t r o r a d i o m e t e r  used.  As  i n d i c a t e d  in  Fig.  3, the  
emiss ion  p e a k  at  - -195~ sh i f t s  f rom t h e  c h a r a c -  
t e r i s t i c  g r e e n  in low CuGaS2 s a m p l e s  to a m a x i m u m  
w a v e  l e n g t h  in t h e  30-40% r a n g e  w i t h  the  p e a k  in 
the  33 1 /3% s a m p l e  b e i n g  sh i f t ed  a b n o r m a l l y  to 
above  7000A. A b o v e  40% the  p e a k  shi f ts  b a c k  g r a d -  
u a l l y  to s h o r t e r  w a v e  l eng th s  u n t i l  a t  70% CuGaS_~ 
a s u d d e n  sh i f t  to a l onge r  w a v e  l e n g t h  is obse rved .  
S a m p l e s  w i t h  70% a n d  a b o v e  show ev idence  of two  
emiss ion  b a n d s  and  the  p e a k s  of these  b a n d s  a r e  in 
fact  r e s o l v e d  in t h e  90% s a m p l e  as shown  in Fig.  4. 
The  h a l f - w i d t h  of t h e  emiss ion  s p e c t r a  at  - -195~ 
shows  a m i n i m u m  in t he  30-40% reg ion .  

T h e r m o l u m i n e s c e n t  e x p e r i m e n t s  i n d i c a t e  t he  
p r e s e n c e  of two  p r i n c i p a l  g low p e a k s  in a l l  s a m p l e s  
in  t he  ser ies .  A f t e r  exc i t a t i on  a t  - -195~  w i t h  a 
B H - 4  l a m p  a n d  us ing  a 1 0 ~  h e a t i n g  ra te ,  one 
g low p e a k  fa l l s  in  t he  --160 ~ to --18O~ r e g i o n  and  
the  o t h e r  p e a k  occurs  a t  - -90 ~ to - - l l 0 ~  

C a t h o d o l u m i n e s c e n c e  in  s a m p l e s  w i t h  m o r e  t h a n  
1% CuGaS~ is v e r y  w e a k  a n d  t h e  s p e c t r a l  d i s t r i -  
b u t i o n  of emiss ion  is a b o u t  t he  s a m e  as  t h a t  for  
3650A exc i t a t ion .  

The  diffuse  re f lec t iv i ty ,  (see Fig.  5) m o v e s  to 
l o n g e r  w a v e  l eng ths  w i t h  i n c r e a s i n g  CuGaS~ con-  
tent .  The  r e f l ec t iv i ty  edge  shows  a m a x i m u m  in 
w a v e  l e n g t h  in t he  30-40% reg ion  w i t h  the  edge  in 
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Fig. 2. Emission spectra (normalized) of ZnS-CuGaS2 at 
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Fig. 3. Emission peak at room temperature and at - - I  95~ 
and diffuse ref(ectivity in ZnS-CuGQS~ system. Circle, emis- 
sion peak at room temperature; square, emission peak at 
--195~ triangle, diffuse reflectivity (10% R reference). 

t he  33 1 /3% CuGaS~ s a m p l e  be ing  a t  a l onge r  w a v e -  
l e n g t h  r a n g e  t h a n  t h a t  of p u r e  CuGaS~. Change  in  
diffuse r e f l ec t iv i ty  and  p e a k  emiss ion  at  - -195~ 
c lose ly  p a r a l l e l  each  o the r  as shown  in Fig .  3. Ten  
p e r  cent  r e f l ec t iv i ty  is used  as t he  po in t  of r e fe rence .  

F i r i n g  the  s a m p l e s  c o n t a i n i n g  less t h a n  20% 
CuGaS~ in H~., N~, S~, or  in sealed,  e v a c u a t e d  tubes  
i n s t e a d  of in H~S has  no effect on the  s p e c t r a l  d i s t r i -  
b u t i o n  of emiss ion  or  the  diffuse re f lec t iv i ty .  H o w -  
ever ,  f i r ing in  O~ or  a i r  for  a f ew  m i n u t e s  causes  t he  
s a mp le s  to d a r k e n  and  d e a d e n s  the  l u m i n e s c e n c e  in 
mos t  cases. P r e s u m a b l y ,  o x y g e n  d e s t r o y s  t h e  sol id  
so lu t ion  b y  p r e c i p i t a t i n g  G a  as Ga20~ thus  l o w e r i n g  
the  so lub i l i t y  of Cuss  in ZnS.  The  t e m p e r a t u r e  of 
p r e p a r a t i o n  or, m o r e  speci f ica l ly ,  t he  c r y s t a l  s t r u c -  
t u r e  of the  l a t t i c e  has  a m a r k e d  effect on the  l u m i -  
nescen t  p rope r t i e s .  S a m p l e s  w i t h  1 to 10% CuGaS_~ 
p r e p a r e d  a t  1150~ in H_~S have  the  h e x a g o n a l  
s t r u c t u r e  and  g ive  a d i m  o r a n g e - r e d  emiss ion  u n d e r  
3650A e x c i t a t i o n  as c o m p a r e d  to t he  y e l l o w  to r e d  
emiss ion  of  t he  s a m p l e s  f i red a t  975~ In  t h e  20% 
s a m p l e  f i red a t  1150~ t h e  s t r u c t u r e  is cub ic  and  
the  b r i g h t n e s s  a n d  s p e c t r a l  d i s t r i b u t i o n  of emiss ion  
a r e  a b o u t  t he  s ame  as in  t he  c o r r e s p o n d i n g  s a m p l e  
f i red at  975~ S t r u c t u r e ,  a p p a r e n t l y ,  is v e r y  i m -  
p o r t a n t  in the  l u m i n e s c e n t  p rocesses  invo lved ,  a 
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fac t  w h i c h  is o b s e r v e d  even  in  the  0.01% CuGaS~ 
m a t e r i a l .  

Z n S : 0 . 0 1 %  CuGaS~ p r e p a r e d  in H~S or  in a 
sealed,  e v a c u a t e d  a m p o u l e  a t  975~ shows  a g reen  
emiss ion  u n d e r  3650A exc i t a t i on  at  r o o m  t e m p e r a -  
t u r e  a n d  a b l u e - g r e e n  emiss ion  at  - -195~ H o w -  
ever ,  the  s ame  m a t e r i a l  f i red at  1150~ u n d e r  
e i t he r  cond i t i on  g ives  a g r e e n  emiss ion  at  r oom 
t e m p e r a t u r e  b u t  a r ed  emiss ion  a t  - -195~ (see 
Fig.  6) .  In  t he  first  case, t he  s t r u c t u r e  is cub ic  a n d  
in the  l a t t e r  case, i t  is h e x a g o n a l .  As  w i l l  be  d i s -  
cussed  l a t e r ,  th is  effect of s t r u c t u r e  on emiss ion  is 
o b s e r v e d  in a f a i r l y  l a r g e  n u m b e r  of sy s t ems  u n d e r  
s t u d y  at  t h e  p r e s e n t  t ime .  

AgGaS~-ZnS  System 

AgGaS~ was  m a d e  b y  h e a t i n g  a s t o i ch iome t r i c  
m i x t u r e  of AgeS a n d  Ga~S~ in an  evacua t ed ,  sea led  
t u b e  a t  900~ for  12 hr .  T h e  p r o d u c t  o b t a i n e d  w a s  
l i gh t  g r e e n  in  color.  M i x t u r e s  of ZnS  a n d  up  to 20 
mole  % AgGaS~ w e r e  f i red in H~S a t  900~ for  1 hr .  
In  s a m p l e s  w i t h  ove r  5 % AgGaS~, b l a c k  specks  w e r e  
o b s e r v e d  t h r o u g h o u t  t he  f i red m a t e r i a l  i n d i c a t i n g  
s e p a r a t i o n  of Ag_~S. F o r  th is  r eason ,  t he  s t u d y  was  
t e r m i n a t e d  a t  20 m o l e  %. 

Us ing  3650A exc i t a t ion ,  p h o t o l u m i n e s c e n c e  is ob -  
s e r v e d  at  r o o m  t e m p e r a t u r e  ove r  t h e  e n t i r e  r a n g e  
s tud ied .  The  emiss ion  shi f ts  f r o m  t h e  b l u e  in to  the  

y e l l o w  as the  AgGaS2 c o n t e n t  is i nc reased .  Too, t he  
s p e c t r a l  d i s t r i b u t i o n  of emiss ion  w i d e n s  a n d  the  
b r i g h t n e s s  dec reases .  Emis s ion  spe c t r a  a r e  s h o w n  in 
Fig .  7. A t  - -195~ t h e  emiss ion  p e a k  of a g iven  
s a m p l e  sh i f t s  400-500A to s h o r t e r  w a v e  l e n g t h s  as 
is s h o w n  in Fig .  8 a n d  the  l u m i n e s c e n c e  becomes  
m u c h  b r i g h t e r  t h a n  a t  r o o m  t e m p e r a t u r e .  C a t h o d o -  
l u m i n e s c e n c e  is o b s e r v e d  in a l l  samples ,  b u t  t h e  
p e a k  emiss ion  occurs  50-100A s h o r t e r  in  w a v e  
l e n g t h  t h a n  t h a t  in  p h o t o l u m i n e s c e n c e .  

Diffuse r e f l ec t iv i ty  s p e c t r a  shown  in Fig .  9 also 
sh i f t  to l onge r  w a v e  l e n g t h  w i t h  i n c r e a s i n g  AgGaS2 
content .  Mos t  of the  s a m p l e s  c on t a in ing  A g  w e r e  
l i gh t  sens i t ive ,  and  d a r k e n e d  on e x p o s u r e  to s u n -  
l ight .  

W i t h  5% a n d  b e l o w  AgGaS2, the  s t r u c t u r e  in  t he  
s y s t e m  is cub ic  ( in  s a m p l e s  p r e p a r e d  a t  900~ it  
is a m i x t u r e  of  cubic  a n d  h e x a g o n a l  in the  10% 
region ,  a n d  is h e x a g o n a l  in  the  20% sample .  This  
c h a n g e  in  s t r u c t u r e  is e x p l a i n e d  b y  a s s u m i n g  a so l id  
so lu t ion  of  Ga2S~ and  ZnS  fo rms  in t he  r eg ion  w h e r e  
AgeS p rec ip i t a t e s .  Such  a sol id  so lu t ion  of Ga~S~ in 
Z n S  is h e x a g o n a l  in th is  c o n c e n t r a t i o n  r a n g e  w h e n  
p r e p a r e d  a t  900~ (6) .  

A s  in  Z n S : C u G a S ~  a m a r k e d  effect  of s t r u c t u r e  
on l u m i n e s c e n t  p r o p e r t i e s  was  obse rved .  In  ZnS:  
0.01% AgGaS~ p r e p a r e d  in  H~S a t  900~ t h e  e m i s -  
s ion u n d e r  3650A e x c i t a t i o n  b o t h  at  r o o m  t e m p e r a -  
t u r e  a n d  at  - -195~ is b lue .  H o w e v e r ,  the  emiss ion  
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of a sample fired in H~S at  1150~ is blue at  room 
t empera tu r e  but  yel low at --195~ as shown in 
Fig. 10. The s t ruc ture  in the sample  fired at 900~ 
is cubic and it is hexagonal  in the one fired at  
1150~ 

Discussion 
Two compounds whose s t ructures  are  s imi lar  

sometimes are  miscible  over a wide concentrat ion 
range.  For  instance, InAs and InP form mixed crys-  
tals in which the re la t ions  be tween  the unit  cell 
dimensions or energy gap (optical)  and the com- 
position pa rame te r  are  l inear  (7).  

CdS and ZnS form a l ike series of solid solutions, 
in which the diffuse ref lect ivi ty spect ra  shifts f rom 

May 1958 

tha t  of pure  ZnS to CdS as CdS subst i tutes  in the 
lattice.  CdS subst i tut ion in the ZnS:Ag,  C1 phos-  
phor  shifts the emission spectra  un i fo rmly  from 
blue into the red  (8).  

In the ZnS-CuGaS2 system, however,  some of the 
physical  proper t ies  are not  a l inear  funct ion of 
composit ion even though s t ruc tura l  da ta  indicate  
sol id-solut ion format ion  over  the ent i re  range. 
Maxima in the wave  lengths of the diffuse reflect-  
ance edge and peak  emission (under  3650A exci ta -  
t ion) and a min imum in the ha l f - w i d t h  of emission 
spec t ra  occur in the 30-40% CuGaS2 region. This 
suggests the possibi l i ty  of compound format ion  or 
order ing in the  s t ruc ture  in this  region. In fact, at  
33 1/3% CuGaS~, where  m a r k e d  shifts in emission 
spectra  and diffuse reflectance are  observed,  the 
compound Zn2CuGaS~ may  form, in which case each 
S atom would be sur rounded  by  two Zn atoms, one 
Cu atom, and one Ga atom. However,  such an 
ordered  a r r angemen t  would give a t e t ragona l  s t ruc-  
ture  whereas  the  s t ruc ture  of the  33 1/3% sample  is 
cubic. Unfor tuna te ly  compound format ion or o rde r -  
ing in this system is difficult to detect  by  o rd inary  
x - r a y  diffraction methods because of the s imi la r i ty  
in atomic scat ter ing factors of Cu, Zn, and Ga. How- 
ever, the ex t r eme  sharpness  of the K~I and K~2 lines 
in the back reflection region of the x - r a y  diffraction 
pa t t e rn  of 33 1/3% CuGaS2 indicates  v i r tua l ly  no 
te t ragonal  distort ion.  Supers t ruc tu re  lines are  not 
observed in the diffraction pa t t e rn  even wi th  very  
long exposure  times. The compound, if formed,  must  
have a pseudocubic s t ruc ture  ( c / a  = 2.00). 

Above 40% CuGaS~, the diffuse ref lect ivi ty shifts 
to shorter  wave  lengths and the emission spectra  
become a composite  of two emission bands. X - r a y  
da ta  shows a l inear  decrease  in t e t ragona l  cell d i -  
mensions in this region. Again  compound format ion 
or order ing would be difficult to detect  by  x - r a y  
diffraction methods.  

It should be pointed out tha t  some solid solutions 
be tween two compounds exhib i t  proper t ies  which 
are  not l inear  wi th  composition. For  instance, GaP 
and GaAs form mixed  crystals  but  the  re la t ionship  
be tween the energy gap AE and the composit ion 
pa rame te r  is not  l inear.  This has been a t t r ibu ted  to 
a difference in band s t ructures  for GaAs and GaP 
(7).  Such a difference in band  s t ructures  in ZnS, 
Zn~CuGaS,, and CuGaS~ would  expla in  the  observed 
var ia t ion  in proper t ies  throughout  the  ZnS-CuGaS.~ 
system. 

The na tu re  of the luminescent  systems in ZnS 
phosphors has received considerable  a t tent ion  (9).  
In these phosphors,  the ac t iva tor  (Cu, Ag, Au)  and 
coact ivator  (C1, A1, Ga, etc.) concentrat ions  are  in 
the 10 -' g - a t o m s / m o l e  ZnS range where  depar tures  
f rom random dis t r ibut ion  of the added impur i t ies  
undoubted ly  affect the luminescent  propert ies .  In 
fact the observed photoluminescent  propert ies ,  in-  
c luding edge emission, in Z n S - t y p e  phosphors can 
be expla ined  by an associated donor -accep tor  lumi-  
nescent center  (10). I t  is thought  tha t  an unde r -  
s tanding of the luminescent  processes in the ZnS-  
CuGaS~ (above 0.1%) sys tem where  Cu and Ga are 
by necessi ty h ighly  associated may  lead to a be t te r  
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u n d e r s t a n d i n g  of the  a c t i v a t o r  s y s t e m  in n o r m a l  
ZnS phosphor s .  

A c o m p a r i s o n  of emis s ion  u n d e r  3650A e x c i t a t i o n  
w i th  F r o e l i c h ' s  y e l l o w -  and  o r a n g e - e m i t t i n g  Z n S  
p h o s p h o r s  ( c o n t a i n i n g  up  to a b o u t  9 x 104 g - a t o m  
C u / m o l e  Z n S  and  5 x 10 -~" g - a t o m  A1 /mo le  ZnS)  
shows  t ha t  ZnS:  CuGaS~ has  a b o u t  the  s a m e  s p e c t r a l  
d i s t r i b u t i o n  of emiss ion  as i ts  ZnS :Cu ,A1  c o u n t e r -  
p a r t  (5) .  This  w o u l d  i n d i c a t e  t h a t  t he  emiss ion  is 
r e l a t i v e l y  i n d e p e n d e n t  of the  G r o u p  I I I  e l e m e n t  b u t  
a p p a r e n t l y  is due  to  leve ls  i n t r o d u c e d  b y  Cu . t  S or  
Zn vacanc ie s  a re  p r o b a b l y  not  i n v o l v e d  in the  l u m i -  
nescen t  p rocess  s ince  p r e p a r a t i o n  of a p a r t i c u l a r  
s a m p l e  in r e d u c i n g  (H~, N~) or  ox id i z ing  (S~) a t -  
m o s p h e r e s  g ive  i d e n t i c a l  emiss ion  spec t ra .  

A b o v e  40% CuGaS=, w h e r e  t he  s y s t e m  is t e t r a g -  
onal ,  the  Zn a t o m s  h a v e  two  choices  for  subs t i -  
tu t ion ,  e i t h e r  in p l a c e  of a Cu a t o m  or  for  a G a  
a tom.  In  t he  f o r m e r  case  Zn  wi l l  be  an  e l ec t ron  
donor  a n d  in  the  l a t t e r  case  i t  w i l l  h a v e  accep to r  
p rope r t i e s .  These  two  d i f fe ren t  subs t i t u t i ons  m a y  g ive  
r ise  to leve ls  p r o d u c i n g  the  two  emiss ion  b a n d s  ob -  
s e r v e d  in th is  p a r t  of the  ser ies .  A p r e f e r e n t i a l  
s u b s t i t u t i o n  b y  Zn on one t y p e  of l a t t i c e  s i te  w o u l d  
be  e v i d e n c e d  b y  changes  in r e l a t i v e  in t ens i t i e s  of 
the  two  emiss ion  bands .  

In  v i e w  of the  c o m p l e t e  m i s c i b i l i t y  of CuGaS2 in 
ZnS,  i t  is r a t h e r  s t r i k i n g  t h a t  t he  so lub i l i t y  of 
AgGaS3 is l i m i t e d  to 5-10 mo le  %. C e r t a i n l y  size 
cons ide ra t i ons  of A g  a lone  could  no t  p r e c l u d e  a 
g r e a t e r  so lub i l i t y  s ince  CdS has  b e e n  shown  to be  
so lub le  in ZnS,  a n d  Cd a n d  A g  a re  s i m i l a r  in size. 
As  was  m e n t i o n e d  ea r l i e r ,  the  un i t  ce l l  d i m e n s i o n  
ra t io  c / a  in AgGaS~ is 1.79 i n d i c a t i n g  a g r e a t e r  
d i s t o r t i on  t h a n  is o b s e r v e d  in  CuGaS.. ( c / a  = 1.96). 
This  g r e a t e r  d e v i a t i o n  f r o m  p s e u d o c u b i c  ( c / a = 2 . 0 0 )  
m a y  l o w e r  t he  s o l u b i l i t y  of AgGaS2 in ZnS.  Ga=S3 is 
c o m p l e t e l y  mi sc ib l e  in  ZnS  and,  in con tac t  w i t h  
AgGaS2, w o u l d  fo rm a sol id  so lu t ion  w i t h  ZnS  
w h e n  t h e  c o n c e n t r a t i o n  l imi t  of the  t e r n a r y  su l -  
fide is exceeded .  

In  t h e  0 .01-10% AgGaS~ r ange ,  u n i f o r m  changes  
in p r o p e r t i e s  such as  emiss ion  and  diffuse  ref lec-  
t a n c e  a r e  obse rved .  I t  a p p e a r s  f r o m  the  p h o t o -  
l u m i n e s c e n t  s p e c t r a  t h a t  t he  l onges t  w a v e - l e n g t h  
emiss ion  a t  r o o m  t e m p e r a t u r e  in  th is  s y s t e m  p e a k s  
a t  5800-5900A. The  effect  of t r a c e  i m p u r i t i e s  in the  
AgGaS~ s t a r t i n g  m a t e r i a l  m u s t  be  cons ide r e d  in 
e v a l u a t i n g  the  spec t ra .  The  copper  c o n t e n t  of the  
AgNO~ used  in p r e p a r a t i o n  of AgeS was  a b o u t  10-' 
w t  % w h i c h  c o r r e s p o n d s  to Cu con ten t s  in t he  
A g G a S ~ - Z n S  s y s t e m  s t u d i e d  of a p p r o x i m a t e l y  10 -3 
to 10 -7 g - a t o m  C u / m o l e  ZnS.  This  i m p u r i t y  m a y  
c o n t r i b u t e  s l i g h t l y  to t he  g reen  emiss ion  o b s e r v e d  
in some samples ,  b u t  s e v e r a l  f ac to r s  i nd i ca t e  t ha t  
the  o v e r - a l l  emiss ion  is a func t ion  of s o m e t h i n g  
o the r  t h a n  Cu. F i r s t ,  t he  p h o s p h o r e s c e n c e  is v e r y  
w e a k  a n d  of sho r t  d u r a t i o n  in c o m p a r i s o n  to t h e  
long  a f t e r g l o w  o b s e r v e d  in, for  e x a m p l e ,  ZnS:  
0.01%CuGaS.~. Second,  Cu p r e s e n t  in such a l ow 
c o n c e n t r a t i o n  as 10 -3 g - a t o m / m o l e  ZnS  w o u l d  

I t  s h o u l d  b e  p o i n t e d  ou t  t h a t  Z n S : C u I n S 2  does no t  g i v e  t he  s ame  
spec t r a l  d i s t r i b u t i o n  of e m i s s i o n  as i ts  ZnS:Cu ,A1  or  ZnS:CuGaS.~ 
c o u n t e r p a r t .  

g ive  r i se  to b l u e  or  g r e e n  emiss ion  only ,  w h e r e a s  
y e l l o w  emiss ion  is o b s e r v e d  in t he  Z n S - A g G a S ~  
sys tem.  F o r  t hese  r ea sons  t he  o b s e r v e d  l u m i n e s -  
cence  is t h o u g h t  to a r i se  f r o m  A g  a n d  G a  i m p u r i -  
t ies  p r o b a b l y  in h i g h l y  a s soc ia t ed  conf igura t ions .  

Of p a r t i c u l a r  i n t e r e s t  in t he  s t u d y  of t he  
A g G a S , - Z n S  s y s t e m  is t he  o b s e r v a t i o n  of t h e  e f -  
fect  of s t r u c t u r e  on the  emiss ion  s p e c t r a  of t he  
0.01% sample .  W h e n  f i red in  H~S or  in  a sealed,  
e v a c u a t e d  t u b e  at  1000~ or  be low,  t he  n o r m a l  
b lue  emiss ion  ( u n d e r  3650A e x c i t a t i o n )  is o b -  
s e r v e d  bo th  at  r o o m  t e m p e r a t u r e  a n d  at  - -195~ 
H o w e v e r ,  w h e n  the  s a m e  s t a r t i n g  m a t e r i a l  is f i red 
at  1050~ or  above ,  t h e  emiss ion  is b l u e  at  r o o m  
t e m p e r a t u r e  b u t  y e l l o w  a t  - -195~ A s i m i l a r  sh i f t  
f r o m  g reen  to o r a n g e - r e d  is o b s e r v e d  in t he  
ZnS-0 .01% CuGaS2. In  fact ,  sh i f t s  due  to s t r u c t u r e  
changes  h a v e  been  o b s e r v e d  in a n u m b e r  of sys -  
t ems  i n c l u d i n g  ZnS:  0.01% CuInS~, ZnS:  0.01% A g -  
INS,, Z n S : 0 . 0 1 %  Au,In ,  and  Z nS :0 .005%  Ga~S,. In  
t he  sys t ems  c on t a in ing  In, t he  s p e c t r a l  sh i f t s  a r e  
o b s e r v e d  at  r o o m  t e m p e r a t u r e .  The  r e su l t s  of 
t he se  s tud ies  wi l l  be  i n c l u d e d  in a f u t u r e  c o m m u n -  
icat ion.  Suffice i t  to m e n t i o n  h e r e  t h a t  t he  effect is 
d e p e n d e n t  on the  c r y s t a l  s t r u c t u r e  of t h e  hos t  l a t -  
t ice, ZnS,  is r e v e r s i b l e  w i t h  c h a n g e  in s t r u c t u r e  
f rom cubic  to h e x a g o n a l  or  h e x a g o n a l  to cubic,  and  
is i n d e p e n d e n t  of f i r ing a t m o s p h e r e .  I t  is t h o u g h t  
t h a t  th is  effect  of s t r u c t u r e  on l u m i n e s c e n c e  m a y  be  
r e l a t e d  to a c h a n g e  in a s soc ia t ion  of a c t i v a t o r  a n d  
c o a c t i v a t o r  in the  ZnS  hos t  la t t ice .  
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The Effect of Impurities on the Plaque Brightness 

of a 3000~ Calcium Halophosphate Phosphor 
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ABSTRACT 

The killing action of 27 elements has been investigated at I, i0, I00, 1000, 
and I0,000 ppm addition to a specially purified 3000~ calcium halophosphate 
phosphor mix. At 1% addition, the observed reduction in output increases in 
the order: AI, Zr, Ce, La, Pb, Y, In, Sin, Cs, S, Pr, Nd, Na, Ag, Sn, W, Si, Mo, 
U, Ga, Cr, Ni, Fe, Cu, Co, V, and Ti. In the neighborhood of i00 ppm, the first 
five elements listed showed a slight enhancing effect. None of the elements 
tested had an appreciable effect on the color of the fluorescence, except where 
killing of the luminescence became very pronounced. Purification of chemicals 
for preparat ion of the unfired mix involved difficulties with respect to Fe and 
was more successful with certain organic reagents. The use of capped silica 
tubes enabled firings with a reproducibil i ty of • 

In view of the widespread  use of calcium halo-  
phosphate  phosphors in the fluorescent lamp in-  
dustry,  it  appeared  desi rable  to obtain prac t ica l  
l imits  governing the permiss ib le  impur i t y  content  
of commercia l  r aw mater ia ls .  Some previous pub l i -  
cations (1,2) deal ing wi th  calcium halophosphate  
phosphors  in a more  genera l  manner  indicate  the ne-  
cessity of main ta in ing  a cer ta in  degree  of pur i ty ,  but  
no specific in format ion  with  respect  to the  ind iv id-  
ual  effects of a large  number  of possible ki l lers  
could be found. 

While  i t  is unders tood that,  for prac t ica l  purposes,  
only the  per formance  of the phosphor  in lamps  is of 
interest ,  it is also known that  the laborious and 
somewhat  less reproducib le  na tu re  of lamp test ing 
may  be due to factors other  than  intr insic  phosphor  
per formance  under  s imple condit ions of 2537A ex-  
ci tat ion in air. Thus, the  measurement  of p laque  
br ightness  was bel ieved to be capable  of y ie ld ing  
more  fundamen ta l  information,  as wel l  as of en-  
abl ing the test ing of a l a rger  va r i e ty  of impur i ty  
addit ions.  Inasmuch as one may  safely assume tha t  
an apprec iab ly  impa i red  plaque output  of a phos-  
phor  wi l l  be s imi la r ly  reflected in the zero-hour  
per formance  of a fluorescent lamp made wi th  this 
phosphor,  this type  of invest igat ion could be em-  
ployed to effect a considerable  e l iminat ion  of sam-  
ples for fu ture  lamp testing. This s tudy was unde r -  
t aken  ma in ly  for this purpose  and involves only the 
p laque output  of the calcium ha lophosphate  phos-  
phors. 

General Considerations 
Composition o] the unt~red mix.--Inasmuch as at  

the t ime at  which this project  was under taken ,  some 
increased demand for 3O00~ phosphor  was ant ic i -  
pa ted  a 3000~ (Warm White)  formula t ion  was 

chosen. Its composit ion before  firing, exclusive of 
CO~ and res idual  t races  of H.,O, is shown below: 

CaO 44.29% 
P~O5 41.87 
SrCI~ 3.74 
CaF~ 6.02 
Mn (as meta l )  1.67 
Sb~O~ 2.41 

Since the normal  "whi te"  ha lophosphate  composi-  
t ions differ f rom each other  only in minor  respects,  
it  was assumed tha t  the resul ts  obta ined  here  would  
be reasonably  rep resen ta t ive  for most s imi lar  spe-  
cies of this system. 

Nature of raw materials employed.--In order  to 
in t e rp re t  small  var ia t ions  in phosphor  output  wi th  
confidence, a high degree  of reproduc ib i l i ty  of phos-  
phor  synthesis  was desirable.  The unfavorab le  in-  
fluence of H~O and reducing gases such as NH.~ has 
a l r eady  been pointed out by  Jenkins,  McKeag, and 
Ranby  (1).  Therefore,  prefired Ca2P~O7 was p re -  
fe r red  over the more usual  CaHPO4. P r e l i m i n a r y  
exper iments  have  shown that  reac t ing  CaCO3 wi th  
(NH4)2HPO, yields  a coarser  and more free-f lowing 
mate r i a l  than if H3PO~ is used as a source of P~O~. 
In spite  of this, phosphor  format ion  takes  p lace  as 
read i ly  and yields  s imi lar  products  in each case. 
Incorpora t ion  of the Sb in a valence state grea ter  
than three  (3) was shown to decrease the depend-  
ence of phosphor  br ightness  on Sb addit ion.  Since 
Sb20~ or Sb~O~ was found to be gr i t ty  and difficult to 
admix  with  the rest  of the ingredients ,  it  was 
formed from Sb~O~ on a CaCO~ car r ie r  by heat ing to 
500 ~ and 600~ in air. S t ronger  heat ing was avoided 
to p reven t  the format ion  of calcium ant imonates  
(4) wi th  loss of CO2, so as to avoid subsequent  

256 



Vol. 105, No. 5 I M P U R I T Y  E F F E C T  ON P L A Q U E  B R I G H T N E S S  257 

chemical  absorpt ion of H,O when small  amounts  
of impur i t ies  are added in aqueous solution. The 
other  ingredients  (SrCI~, CaF~, MnCO,) were  used 
in the usual  form. 

Purity of raw materials.--Purification procedures  
involving acid and a lka l ine  H2S precipi ta t ions  (5) 
were  found to work  sa t is fac tor i ly  for most impur i ty  
e lements  or ig ina l ly  present ,  except  Fe. Using SrCI~ 
as a represen ta t ive  substance for most of the  purif i -  
cation exper iments ,  it was found tha t  a grea t  
va r i e ty  of procedures,  including prec ip i ta t ion  with 
collectors or firing in HC1-CI~ mixtures ,  resul ted  in 
products  whose chemical ly  de te rmined  Fe  content  
was ve ry  low and corresponded to the efficiency of 
the (chemical)  purif icat ion procedures  employed 
(which for the most pa r t  were  based on known 
analy t ica l  react ions) ,  whi le  the  spec t rographica l ly  
de te rmined  Fe content  was inva r i ab ly  h igher  and 
of the order  of 10-15 ppm. No sat is factory  exp lana -  
t ion for this phenomenon could be offered, except  
the hypothesis  tha t  pa r t  of the spec t rographica l ly  
detec table  Fe is present  in anionic, complexed,  or 
o therwise  less react ive  form. In connection wi th  
this, it was in teres t ing to note tha t  n i t ra tes  or ace- 
tates were  easier  to free of Fe  than  chlorides. 

The best resul ts  for Ca and Sr  n i t ra tes  were  ob- 
ta ined by  pa r t i a l  prec ip i ta t ion  wi th  mix tures  of am-  
monium carbonate  and (NH4)~S, fol lowed by di-  
phenyl th iocarbazone  in excess wi th  a Zn(NO~)~ col- 
lector at pH----8 to 8.5, f i l t rat ion and chloroform 
extract ion.  Mn(CH~COO)~ and ammonium carbon-  
ate (for p repara t ion  of Ca and Mn carbonates)  were  
purif ied s imilar ly,  except  for the use of 8 - h y d r o x y -  
quinol ine ins tead of the dithizone, and the use of a 
Ca(NO~)~ collector for ammonium carbonate,  and 
no collector for the  Mn(CH~COO)~. SbCI~ was 
s lowly dis t i l led at  a tmospher ic  pressure  from a 
P y r e x  re tor t  (a i r  cooled) and the d is t i l la te  hyd ro -  
lized and decomposed with  doubly  dis t i l led H20 and 
NH~ gas. Reagent  grades of NH4F (for react ion with  
CaCO~) and P~O~ were  found to be of sufficient 
pur i ty .  

I t  should be ment ioned tha t  inasmuch as Fe and 
Cu are known to be pa r t i cu l a r ly  ha rmfu l  in calcium 
halophosphate  phosphors,  a ve ry  logical choice for 
the removal  of these e lements  appeared  to be am-  
m o n i u m - N - n i t r o s o p h e n y l h y d r o x y l a m i n e  (cupfer -  
ron) .  This tu rned  out to be pa r t i cu l a r ly  ineffective 
wi th  respect  to Fe. Genera l ly  speaking,  whi le  the 
chemicaI detect ion of Fe is much more sensi t ive 
than the spect rographic  method, the former  appears  
to be l imi ted  to tha t  por t ion of Fe  which in most 
cases is easi ly removable .  To a lesser degree, s imi-  
lar  difficulties preva i led  wi th  A1. Thus, such p a r a m -  
eters  as solubi l i ty  products  of prec ip i ta tes  and 
known degrees of efficiency of separa t ion  and f i l t ra-  
tion techniques became almost  meaningless  and 
could not serve as more  than  an in tu i t ive  guide in 
this phase of the project .  

Experimental Procedure 
Preparation of unfired phosphor mixes.--The im-  

pur i ty  e lements  were  added in aqueous solution of 
concentrat ions  ad jus ted  so as to contain 50 mg, 5 
mg, 0.5 mg, 0.05 mg, and 0.005 mg of the  e lement  

per  0.8 ml of solution. In order  to avoid upset t ing  
the metah  P: hal ide  rat io  of the phosphors,  all  e le-  
ments  of valence less than  four were  added  as or-  
thophosphates  wi th  enough HNO~ to main ta in  solu-  
bil i ty.  Where  this was not possible, the stoichio- 
metr ic  equiva lent  of H~PO, was added separa te ly  
wi th  the ni t ra te .  The in t roduct ion of C1 could not  
be avoided wi th  Si (as SIC14 in CC1,), so as to effect 
a higher  degree  of reac t iv i ty  than tha t  caused by  
the contact  of the sample  wi th  the SiO~ firing con- 
tainer.  Elements  of valence grea ter  than  four were  
added as anions in the form of ammonium salts, to-  
gether  wi th  the s toichiometr ic  equiva lent  of Ca 
(NO~)~ added separa te ly .  

The exper imen ta l  p rocedure  consisted of s lu r ry -  
ing 1 g al iquots  of the  unfired mix  wi th  0.8 ml  a l i -  
quots of impur i t y  solution of each of the five con- 
centra t ions  respect ively,  drying,  and d ry  mix ing  
the residues wi th  4 g al iquots  of the  same unfired 
mix. Thus, 5 g samples wi th  addit ions of 1, 10, 100, 
1000, and 10,000 ppm impur i t y  e lement  were  ob-  
tained. In the case of Si, the  1 g al iquot  was first 
moistened wi th  80% alcohol so as to effect hydro l -  
ysis of the SIC1, in situ. The precaut ion  against  H~O 
could have been ex tended  fur ther  by adding the 
solutions to the CaCO, + Sb~O, pa r t  of the  mix only, 
fol lowed by d ry ing  and then mix ing  wi th  the  res t  
of the phosphor  components.  However ,  p r e l im ina ry  
tests showed this to be unnecessary.  

Phosphor firing.--A par t i cu l a r ly  efficient closure 
which stil l  pe rmi t t ed  the diss ipat ion of in te rna l  
pressure  consisted of 75 mm long tubes of 15 mm 
I.D., 17 mm O.D. t r anspa ren t  silica, closed at one 
end, and capped by s imilar  tubes of 18 mm I.D., 20 
mm O.D. F ive  such tubes containing 1, 10, 100, 
1000, and 10,000 ppm impur i ty  in the phosphor  mix  
were  a r ranged  side by side in a covered silica firing 
pan  and confined by fire b r ick  so as to prevent  
movement  of the caps due to in te rna l  pressure.  

Two firings were  conducted at  l l 0 0 ~  for 1 hr  in 
air  each. Between firings, the phosphors  were  
screened through a 100 mesh screen. In dupl ica te  
series for each impur i ty  tested, the tubes were  
al igned in reverse  order  in the  firing pan. Using a 
uni form supply  of an unfired calc ium halophos-  
phate  mix, the reproduc ib i l i ty  of br ightness  under  
2537A exci ta t ion of averaged  dupl icates  was found 
to be of the  order  of •  

Brightness measurements.--The appara tus  used 
was very  s imi lar  to the one descr ibed by  But ler  and 
Mooney (6) and is shown in Fig. 1. A U-shaped  
low-pres su re  mercu ry  lamp whose output  was not  
f i l tered served as the exci t ing source; made  of Vy-  
cor tubing,  the u l t rav io le t  component  of the l amp 
output  could be removed  by  inser t ion of a glass 
p la te  by means of which b lank  readings  for each 
indiv idual  sample  could be performed.  The fluores- 
cent l ight  was measured  by a Weston Photronic  
cell over which three  color filters (blue, Viscor, 
amber )  could be posi t ioned by  means  of a s l iding 
carriage.  Three  50 mm diamete r  sample  cells were  
also ava i lab le  for posi t ioning in a sl iding carr iage,  
a l though only two of these cells were  used here. 
The exposed area  of the  plaques  could be var ied  
by insert ion of aper tures  of different  diameters .  
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Fig. 1. Cross-sectional view of apparatus for measuring 
brightness of phosphor plaques: A, mercury arc lamp; B, alu- 
minum reflectors; C, sliding carriage for apertures, D; E, slid- 
ing carriage with sample cells (a) quartz plate, (b) phosphor, 
(c) cardboard insert, (d) aluminum cover; F, aluminum tube; 
(3, sliding carriage with color filters, H; I, photovoltaic cell; 
J, aluminum plate; K, glass plate inserted for blank readings; 
L, hinge. (3 and C slide perpendicular to the plane of the page. 

The output  of the Photronic  cell was measured  with  
a br idge  circuit  by means  of the resis tance selected 
to balance  the  cell ou tpu t  against  tha t  of a d ry  cell, 
using a mul t ip le  reflection ga lvanometer  as nu l l -  
indicator.  

The measur ing  technique  consisted in filling the 
first sample cell wi th  a calcium halophosphate  phos-  
phor  ava i lab le  in un i fo rm supply,  and placing the 
1 ppm impur i t y  sample  in the second cell. The in-  
s t rument  was then normal ized  for this sample, and 
a reading  was taken  of cell No. 1. Subsequent  sam-  
ples were  filled into cell No. 2 only, while  cell No. 
1 remained  untouched and served only to r e s t and-  
ardize the ins t rument  at  f requent  intervals .  Fa t igu -  
ing of the Photronic  cell became pronounced upon 
changing of color filters, requi r ing  the es tabl ish-  
ment  of equ i l ib r ium be tween  ind iv idua l  readings.  
Ind iv idua l  b lank  readings  were  taken  s imi la r ly  
af ter  inser t ion of the  glass p la te  to remove the 
2537A radiat ion.  Al l  resul ts  repor ted  here refer  to 
the differences of to ta l  minus b lank  readings,  nor -  
mal ized to 100 for the 1 ppm impur i ty  samples. 

P r e l i m i n a r y  tests wi th  a uni form supply  of a cal-  
cium halophosphate  phosphor indica ted  a r epro-  
ducib i l i ty  of br ightness  readings  be tween  subse-  
quent  charges of phosphor  in any one sample  cell 
of •  

Results and Discussion 
Commonly occurring impurity elements.---Figure 

2 shows the effect of eight impur i t y  e lements  (Fe, 
Cu, Ag, Na, A1, Si, Pb, and  Sn)  whose presence was 
usual ly  detected in commerc ia l ly  avai lab le  S.L. 
grade raw mater ia ls .  I t  can be seen tha t  only Fe 
exer ted  enough influence so that,  at  commonly 
occurr ing concentrat ions of about  15-30 ppm, ap-  
prec iable  in ter ference  may  be expected.  The usual  
concentrat ion of Cu in S.L. grade raw mater ia l s  is 
only of the order  of 1-3 ppm. The effect of Fe  and 
Cu at  low concentrat ions as de te rmined  in separa te  
t r ia ls  is more  c lear ly  shown in Fig. 3. I t  should be 
ment ioned that,  while  the emission of al l  phosphors 
was measured  through each of the t r icolor  filters in 
the ins t rument ,  no apprec iab le  effect on color was 
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Fig. 2. Effect on brightness of eight commonly occurring im- 
purity elements. 
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Fig. 3. Effect on brightness of Fe and Cu at low concentra- 
tions. 

noted, except  in cases of s trong ki l l ing of the  lumi -  
nescence. Therefore,  all  figures show re la t ive  
br ightness  only. 

Enhancing effects which were  sufficiently p ro-  
nounced to be meaningful  wi th in  the reproduc ib i l i ty  
of phosphor  syntheses and measurements  were  
noted only on Pb and A1. The resul ts  of separa te  
t r ia ls  wi th  Pb and A1 in the neighborhood of the  
observed emission m a x i m a  are shown in Fig. 4. The 
use of about  100 ppm A1 has a l r eady  been repor ted  
(7),  whi le  Pb (and Sn) have  been used for the 
p repa ra t ion  of ye l low or o range -emi t t ing  calcium 
halophosphates  (8).  

The mechanism of enhancement by A l . - - W h i l e  no 
invest igat ions  were  made  here per ta in ing  to the  
mechanism (9) of the k i l le r  effect of Fe, it has been 
suggested (10) tha t  Fe  may  enter  the apa t i t e  la t t ice 
by charge compensat ion with  alkalies,  no tab ly  Na. 
Since the Fe and Na content  of even highly  purif ied 
raw mater ia l s  cannot  be neglected,  one may  expect  
tha t  an apprec iab le  concentra t ion of A1 may  com- 
pete for charge compensat ion wi th  such res idual  
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Fig. 4. Effect on brightness of Pb and AI in the neighbor- 
hood of enhancement maxima. 
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Fig. 5. Effect on brightness of Na or AI in combinat ion with 
Fe. Curve A, Fe alone; curve B, Fe wi th 0 .1% No; curve C, 
Fe with 1.0% AI. 

a lka l ies .  This  was  i n v e s t i g a t e d  b y  f i r ing v a r i a b l e  
c o n c e n t r a t i o n s  of F e  in the  p r e s e n c e  of e i t he r  1% 
A1 or  0.1% Na. A c o m p a r i s o n  w i t h  t h e  effect  of F e  
a lone  is s h o w n  in Fig .  5, w h e r e  a l l  va lue s  h a v e  been  
n o r m a l i z e d  to 100 for  t he  1 p p m  F e  add i t ion .  I t  can  
be  seen t h a t  t h e  effect of F e  was  i n c r e a s e d  b y  the  
p r e s e n c e  of Na. H o w e v e r ,  since, because  of the  
s t rong  effect  of l a r g e  c o n c e n t r a t i o n s  of N a  alone,  
no t  e n o u g h  could  b e  used  to c h a r g e  c o m p e n s a t e  
m o r e  t h a n  abou t  0.24% Fe,  t he  c o n t i n u e d  effect of 
Na  a b o v e  this  Fe  c o n c e n t r a t i o n  canno t  be exp l a ine d .  
The  effect  of A1 does  no t  a p p e a r  as  p r o n o u n c e d ,  e x -  
cept  in t he  n e i g h b o r h o o d  of 1% Fe,  w h e r e  the  p r o -  
duc t ion  of  m o r e  t h a n  a v e r y  s m a l l  b a c k g r o u n d  
emiss ion  could  be  cons ide r ed  s ignif icant .  

T h e  b e h a v i o r  of p r e s u m a b l y  d i v a l e n t  Ni u n d e r  
s i m i l a r  cond i t ions  is shown  in Fig .  6. He re  aga in ,  
A1 and  Na  show oppos i t e  effects ove r  mos t  of the  
r ange ,  a l t h o u g h  a t  1% Ni, n e i t h e r  A1 no r  Na  a p -  
p e a r s  to inf luence  the  o u t p u t  of the  phosphor .  I t  
was  fe l t  t ha t  the  r e su l t s  o b t a i n e d  he re  w e r e  i ncon -  
c lus ive .  I t  shou ld  also be  m e n t i o n e d  t ha t  W a n m a k e r  
and  T a k  (11) h a v e  r e p o r t e d  r e c e n t l y  on m u t u a l l y  
oppos i t e  effects of Na  and  A1 on ca l c ium h a l o p h o s -  
p h a t e s  in the  absence  of h e a v y  m e t a l  impur i t i e s .  

Trivalent elements other than A l . - - E x a m i n a t i o n  
of Fig .  7 shows  t h a t  for  t h e  o t h e r  t r i v a l e n t  i m -  
p u r i t i e s  t r i ed ,  w i t h  t he  e x c e p t i o n  of Ga  w h i c h  shows  
a r a t h e r  s h a r p  b r e a k  a r o u n d  0.1% and  In  w h i c h  
p r o b a b l y  v o l a t i l i z e d  to a g r e a t  ex ten t ,  a n y  e n h a n c -  
ing effect no t ed  (Ce, L a )  d e c r e a s e d  w i t h  i n c r e a s i n g  
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Fig. 7. Effect on brightness of some t r iva lent  elements. 

k i l l e r  ac t ion  of t he  e l ement .  On the  bas is  of this ,  A1 
m a y  s t i l l  be  cons ide red  as t h e  bes t  choice.  O n l y  the  
effect of Ce  was  suff ic ient ly  p r o n o u n c e d  to be  s ig -  
nif icant .  S ince  these  p h o s p h o r s  w e r e  n o t  f ired in a 
r e d u c i n g  a t m o s p h e r e  (12) i t  is pos s ib l e  t h a t  a t  l eas t  
p a r t  of the  Ce e x i s t e d  in  t e t r a v a l e n t  form.  

Miscellaneous impuri t ies . - -The effect  of s e v e r a l  
m i sc e l l a ne ous  i m p u r i t i e s  t e s t ed  is shown  in Fig.  8. 
I t  can  be  seen  t ha t  some e l e m e n t s  a r e  s t r ong  k i l l e r s  
p r i m a r i l y  a t  h i g h e r  c onc e n t r a t i ons ;  Co a n d  V, h o w -  
ever ,  h a v e  an  inf luence  even  at  v e r y  low c o n c e n t r a -  
t ions  (10 p p m )  w h i c h  exceeds  t h a t  of a n y  o t h e r  
e l e m e n t  tes ted .  A s l igh t  e n h a n c i n g  effect  was  no ted  
in t h e  n e i g h b o r h o o d  of  100 p p m  for  Zr.  I n a s m u c h  as  
t h e r e  is no a p p a r e n t  c o r r e l a t i o n  b e t w e e n  the  ob -  
s e r v e d  k i l l i ng  ac t ion  and  o t h e r  m o r e  g e n e r a l  p a -  
r a m e t e r s  of a n y  of these  e lements ,  t he se  p a r t i c u l a r  
r e su l t s  r e q u i r e  no f u r t h e r  commen t .  H o w e v e r ,  i t  
shou ld  be  s t r e s sed  t h a t  a n y  s m a l l  effects (of  t he  
o r d e r  of 1 % )  o b s e r v e d  in  th is  s t u d y  a re  n e c e s s a r i l y  
unc e r t a in ,  and  m a y  h a v e  r e s u l t e d  f rom d i f fe rences  
in p a r t i c l e  size d i s t r i b u t i o n  as we l l  as p o s s i b l y  
o t h e r  p a r a m e t e r s  caused  b y  the  p a r t i c u l a r  i m p u r i t y .  
Such  inf luences  m i g h t  b e  e l i m i n a t e d  d u r i n g  f u r t h e r  
p rocess ing  of such p h o s p h o r s  in l a m p  m a k i n g .  

S u m m o r y  

The  effect  on p l a q u e  b r i g h t n e s s  of a n u m b e r  of 
i m p u r i t y  e l e m e n t s  in  a 3000~ ca l c ium h a l o p h o s -  
p h a t e  p h o s p h o r  has  been  i nves t i ga t ed .  Resu l t s  for  
100 ppm,  1000 ppm,  and  1% i m p u r i t y  c o n c e n t r a -  
t ions  a r e  s u m m a r i z e d  in T a b l e  I. A m o n g  those  i m -  
p u r i t i e s  w h i c h  n o r m a l l y  occur  in  S. L. g r a d e  r a w  
m a t e r i a l s  in c o n c e n t r a t i o n s  of 10-30 ppm,  on ly  F e  

i IO I00 1,000 I0,o00 
AMOUNT OF Ni ADDED (ppm) 

Fig. 6. Effect on brightness of Na or AI in combinat ion with 
Ni. Curve A, Ni alone; curve B, Ni with 0 .1% No; curve C, 
Ni with 1.0% AI. 

IOC 

90 
(;3 

8o I -  
~7o 

so 

5o 
O 

,., 3c 

QC 

[l~,v Illl 
z~ 

I II i t  ' tll I 

i l/NT, I 
ILli l \  I u 

,,,,,,,,2 l lllllJ- 
IO IOO I,OOO Co IO, uOO 

AMOUNT OF ADDED IMPURITY (ppm) 

Fig. 8. Effect on brightness of some other less commonly 
occurring impur i ty  elements. 
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Table I. Effect of impurity additions at 100 ppm, 1000 ppm, and 
10,000 ppm on the plaque brightness of a 3000~ calcium halo- 
phosphate phosphor. All values are normalized to 100 for 1 ppm 
added impurity and arranged according to increasing killer effect. 

100 ppm added 1000 ppm added 10,000 ppm added 
Impurity Output Impurity Output Impurity Output 

Ce 101.1 A1 100.5 A1 99.5 
A1 100.9 Ce 98.8 Zr 95.2 
Zr 100.9 Ag 88.8 Ce 93.2 
Pb 100.8 S 97.8 La 92.5 
Ga 100.8 Pb 97.7 Pb 91.7 
La 100.6 Zr 97.6 Y 89.6 
S 100.2 Si 97.5 In 89.2 
Na 100.2 La 97.0 Sm 86.2 
Si 100.1 In 96.9 Cs 83.5 
Sm 99.8 Cs 96.7 S 79.7 
Ag 99.7 Y 95.3 Pr  78.8 
Cs 99.5 Sm 95.1 Nd 61.0 
Mo 99.5 Mo 95.0 Na 48.5 
Pr  99.5 Ga 94.8 Ag 46.7 
Sn 98.9 Pr  92.5 Sn 45.8 
Y 98.8 Nd 88.5 W 42.7 
In 98.5 Na 88.5 Si 41.8 
U 98.5 W 85.7 Mo 32.3 
W 98.3 Sn 81.8 U 31.3 
Nd 98.2 U 81.7 Ga 18.1 
Ti 98.1 Cr 77.9 Cr 7.57 
Cr 93.5 Fe 62.3 Ni 3.96 
Cu 92.5 Ni 53.6 Fe 0.72 
Ni 92.3 V 51.3 Cu - -  
V 91.8 Cu 50.7 Co - -  
Fe 91.7 Ti 44.9 V - -  
Co 87.3 Co 39.6 Ti - -  

is be l i eved  to exer t  a sufficient inf luence  to affect 
the phosphor  ou tpu t  apprec iab ly .  E n h a n c i n g  effects 
of the order  of 1% or s l ight ly  less we re  no ted  for 
A1, Ce, Ga, La, Zr, and  Pb. The  resul t s  of some p re -  
p a r a t o r y  work  on pur i f ica t ion  procedures  for r a w  
mater ia l s ,  as wel l  as a r ep roduc ib l e  t e chn ique  for 
firing, have  also b e e n  described.  It  is be l i eved  tha t  
a n y  r educ t i on  in  f luorescent  b r igh tness  observed  
wou ld  p r o b a b l y  be reflected in  ze ro -hour  l a m p  
readings .  Because  of this, the resul t s  ob ta ined  al low 
a r easonab le  select ion of impur i t i e s  and  c o n c e n t r a -  
t ion r anges  for l amp  test ing.  
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Polorgraphic Reduction of Delta-3-Ketosteroids 

in Well-Buffered Media 
Peter Kabasakalian and James McGIotten 

Research Division, Schering Corporation, Bloomfield, New Jersey 

ABSTRACT 

The polarographic reduction of progesterone, testosterone, methyltestos- 
terone, testosterone propionate, 17-hydroxyprogesterone, l l -deoxycort icoster-  
one, l l-deoxycorticosterone acetate, and ll-deoxy-17-hydroxycorticosterone has 
been studied in relation to the changes in the wave effected by pH, temperature,  
concentration, and mercury pressure. The system used was 50% aqueous alcohol 
with organic buffers. Testosterone was also examined at pH 7 and above in 
phosphate and borate buffers. Wave splitting was found in these buffers that 
was nonexistent at comparable pH values in organic buffers. 

The need for adequate  buffering in the po la ro-  
graphic  reduct ion of many  organic compounds has 
by now been firmly established.  Just  wha t  consti-  
tutes a good polarographic  buffer in the alcoholic 
solutions so often necessary  in the po la rography  of 
organic compounds has not been clarified. The prob-  
lem of buffer choice seems to be most t roublesome 
in the basic regions. 

The polarographic  buffering abi l i ty  (in w a t e r -  
alcohol solutions) of the phosphate  and bora te  buf-  
fers often used to obtain a pH of 7 or h igher  is open 
to question in view of the resul ts  obta ined wi th  azo- 
benzene (1) in these buffers. Quite different  results  
have been obtained for this compound by other  
workers  (2,3) using different  buffer components.  
Zuman,  et al. (4),  have  publ i shed  some work  on the 
polarographic  reduct ion of ~ ' -3 -ke tos te ro ids  in 
wa t e r - e thano l  solutions buffered wi th  Br i t ton and 
Robinson buffers (acetic, phosphoric,  and boric 
acids) .  These authors  repor ted  that  the steroids in-  
vestigated, gave two waves  in basic solutions. The 
re la t ive  heights  of these two waves  var ied  as the 
pH of the solutions was varied,  wi th  the  total  
height  remain ing  re la t ive ly  constant.  The presence 
of these two waves  was a t t r ibu ted  to forms in te r -  
conver t ib le  wi th  pH. Recent ly  Lund (5) has re -  
por ted  the po la rographic  behavior  of proges terone  
and androsta-1,  4-d iene-17f l -o l -3-one  in 75% me th -  
anol-25% wate r  solutions containing 0.5M LiC1 and 
0.05M buffer. He repor ted  having obta ined only one 
wave for these compounds over the basic region. 

This work  presents ,  p r imar i ly ,  the  polarographic  
behavior  of eight  steriods [progesterone ( I ) ,  testo-  
s terone ( I I ) ,  methyl tes tos te rone  ( I I I ) ,  tes tosterone 
propiona te  ( IV) ,  17-hydroxyproges te rone  (V),  l l -  
deoxycor t icosterone (VI) ,  l l - d e o x y c o r t i c o s t e r o n e  
acetate  (VII) ,  l l - d e o x y - 1 7 - h y d r o x y c o r t i c o s t e r o n e  
(VIII)  ] in wha t  is bel ieved to be adequa te ly  buf-  
fered 50% ethanol  solutions containing organic buf -  
fer ing mate r ia l s  which cover the pH range  f rom pH 
1.3 to 10.5 wi thout  any large  gap be tween pH 

values such as was present  in an ear l ie r  paper  (6).  
Some work  wi th  tes tos terone in phosphate  and bor -  
ate buffers is also presented.  

R I 

COMPOUND R~ R2 

I -COCH, - - H  
II  - - O H  - - H  

III  - - O H  -CH3 
IV - -OCOC=H~ - H  
V -COCH.  - - O H  
VI - C O C H . 0 H  - - H  
VII -COCH.0'COCH. - - H  
VIII  -COCH~OH - - O H  

Experimental 
Apparatus and mater ia ls . - -Al l  of the expe r imen-  

ta l  work  was pe r fo rmed  on the Sargent  Model XXI  
recording polarograph.  The cells used for most of the 
work  were  small  H - t y p e  cells (3 -ml  sample  volume)  
containing a normal  calomel  e lectrode separa ted  
f rom the sample  compar tmen t  by  an agar  plug and 
f r i t ted  glass d iaphragm.  However,  10 ml cells em-  
ploying a mercu ry  pool anode were  used in the di f -  
fusion cur ren t  vs. t empera tu re  studies. These cells 
pe rmi t t ed  a smal l  Anschutz  precision the rmomete r  
to be immersed  d i rec t ly  in the sample solution along 
wi th  the  capi l lary .  

The electrode capi l la ry  del ivered 1.768 mg of 
Hg/sec  at  a column height  of 44.5 cm. The drop 
t ime was 4.01 sec and the capi l la ry  constant,  m2~"t ~ ,  
was 1.842 mg 2~" sec -1/~. The constants were  de te rmined  

261 



262 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1958 

at an  open circui t  wi th  the m e r c u r y  d ropp ing  in to  
a 0.1N po tass ium chlor ide  solut ion.  

The  appa ra tu s  used in  the  diffusion coefficient ex-  
pe r imen t s  was  essen t i a l ly  tha t  of Stokes (7) .  

The  abso lu te  e thano l  and  buffer  componen t s  we re  
found  to be po la rograph ica l ly  i ne r t  in  the desired 
vol tage  range.  The  ster iods used in  this  i nves t iga -  
t ion were  ob ta ined  f rom the Scher ing  Labora tor ies .  
The T r i t on  X-100 was ob ta ined  f rom Rohm and  
Haas. 

Procedure.--Electrolysis solut ions  for all  of the  
qua l i t a t i ve  work  were  p r epa red  by  p ipe t t ing  5 ml  
a l iquots  of an  alcoholic s teroidal  so lu t ion  in to  a 10 
ml  vo lume t r i c  flask, add ing  0.1 ml  of 0.2% Tr i t on  
X-100 and  d i lu t ing  to the  m a r k  w i th  the  appropr i a t e  
aqueous  buffer  solut ion.  Por t ions  of the  electrolysis  
so lu t ion  were  used to r inse  the  sample  cell, a final 
por t ion  was  deae ra t ed  w i th  n i t r o g e n  for 10 m i n  a nd  
then  electrolyzed.  The pH of the solut ions  was de-  
t e r m i n e d  af ter  electrolysis.  For  the  c u r r e n t - c o n c e n -  
t r a t ion  work  the sample  was  weighed  d i rec t ly  into 
the 10 ml  vo lume t r i c  flask us ing  a micro  ba l ance  and  
dissolved in  5 ml  of alcohol. Diffusion cu r r en t s  were  
d e t e r m i n e d  by  the  me thod  of in t e r sec t ing  lines.  
The  buffer  sys tem used for the ma jo r  pa r t  of this  
work  is p r e sen t ed  in  Tab le  I. 

Results and Discussion 
EJ]ect o] pH on half-wave potentials.--The ha l f -  

wave  po ten t ia l s  of each s teroid inves t iga ted  de-  
creased l i n e a r l y  w i th  a n  increase  in  pH t h r o u g h o u t  
the  pH r a n g e  f rom 1.3 to 10.5. The  slopes of the  
Ell.., vs. pH plots va r i ed  b e t w e e n  0.059 and  0.063 v /pH 
u n i t  w i th  a m e a n  va lue  of 0.060 v /pH uni t .  The re  
were  no  devia t ions  f rom this pH d e p e n d e n c y  ob-  
se rved  for methy l t es tos te rone ,  tes tosterone,  or p ro -  
ges te rone  as had been  observed  in  Br i t t on  and  Rob-  
inson  buffers.  A compar i son  of the  tes tos te rone  
E~/~. vs. pH plot  ob t a ined  by  Z u m a n ,  et al. (4) ,  and  
tha t  ob ta ined  in  this  i nves t iga t ion  is p r e sen t ed  in  
Fig. 1. The  e x p e r i m e n t a l  da ta  for all  t he  s teroids are 
compi led  in  Table  II. The da ta  p r e sen t ed  by  L u n d  
(5) for p roges te rone  show tha t  the  h a l f - w a v e  po- 
ten t ia l s  at the  basic pH va lues  (9.80, 10.16, and  11.0) 
a re  more  nega t i ve  t h a n  wou ld  be  expected f rom the  
slope of the l i ne  d e t e r m i n e d  by  the h a l f - w a v e s  a t  

Table I. Composition of buffers* in 50% ethanol 

p H  B u f f e r  c o m p o n e n t s  

1.3 0.100 M HC1 
3.0 0.100 M malonic acid +0.025M KOH 
4.0 0.100 M malonic acid +0.075M KOH 
5.2 0.075 M acetic acid +0.025M NaOAc 
5.7 0.050 M acetic acid +0.050M NaOAc 
6.2 0.025 M acetic acid +0.075M NaOAc 
6.9 0.100 M malonic acid +0.170M KOH 
8.6 0.100 M t r imethylamine  +0.075M HC1 
9.1 0.100 M t r imethylamine  +0.050M HC1 
9.5 0.100 M t r ie thylamine  +0.075M HC1 

10.0 0.100M t r ie thylamine  +0.050M HC1 
10.5 0.100 M t r ie thylamine  +0.025M HC1 

* P o t a s s i u m  c h l o r i d e  w a s  a d d e d  as a n  i o n i c  s t r e n g t h  a g e n t .  

the acidic pH va lues  (1.05, 4.00, and  5.08). In  an 
a t t e m p t  to ex t end  the E~/~ vs. pH da ta  for bora te  
buffers,  t es tos te rone  was e x a m i n e d  in  bora te  b u f -  
fers a t  pH 7.7, 8.5, 10.0, a nd  11.1 as wel l  as a ci tr ic 
a c i d - d i sod i um phospha te  buffer  pH 4.7 for compar i -  
son. The E1/~ vs. pH re l a t ionsh ip  was compl ica ted  by  
the  fact  tha t  wave  sp l i t t ing  s imi la r  to tha t  descr ibed  
by  Z u m a n  (4) occur red  in  the  solut ions  of pH 7.7 
and  8.5. However ,  the  one w a v e  ob ta ined  at pH 4.7 
a nd  the  smal l  first waves  o b t a i n e d  at  pH 7.7 and  8.5 

Table II. Effect of pH on half-wove potential and diffusion current 

M e t h y l t e s t o -  T e s t o s t e r o n e  
P r o g e s t e r o n e  T e s t o s t e r o n e  s t e r o n e  p r o p i o n a t e  

p H  --El12" k** --E~I2 k --E]I~ k --EII~ k 

1.3 1.11 2.01 1.13 1.76 1.13 1.78 1.13 1.93 
3.0 1.21 1.92 1.23 1.74 1.23 1.71 1.23 1.91 
4.0 1.27 1.82 1.29 1.76 1.30 1.61 1.29 1.78 
5.2 1.35 1.81 1.37 1.63 1.37 1.62 1.36 1.74 
5.7 1.38 1.77 1.40 1.78 1.41 1.53 1.39 1.68 
6.2 1.41 1.70 1.43 1.69 1.44 1.56 1.43 1.72 
6.9 1.46 1.73 1.47 1.68 1.47 1.43 1.46 1.63 
8.6 1.57 1.82 1.57 1.53 1.57 1.58 1.57 1.52 
9.1 1.59 1.74 1.60 1.62 1.60 1.42 1.60 1.52 
9.5 1.62 1.60 1.63 1.49 1.62 1.46 1.62 1.46 

10.0 1.65 1.68 1.66 1.50 1.65 1.46 1.65 1.40 
10.5 1.68 1.70 1.69 1.46 1.68 1.48 1.68 1.47 
Sloper 

= 0.063 0.061 0.059 0.060 

TESTOSTERONE In EtOH-HIO 

I . I  

B 

1.2 

,.; 1.3 

z 

~ 1.5 

w 1.6 

17 

pH pH 

Fig. 1. Variation of E1/~ with pH for testosterone using (A) 
buffers used in this study and (B) buffers used by Zuman and 
co-workers. 

p H  

l l - D e o x y -  l l - D e o x y - 1 7 -  
1 7 - H y d r o x y -  l l - D e o x y -  c o r t i e o s t e r o n e  h y d r o x y -  
p r o g e s t e r o n e  c o r t i c o s t e r o n e  a c e t a t e  c o r t i e o s t e r o n e  

--EJ/2 k --EI/2 k --EI/2 k --EI12 k 

1.3 1.14 2.09 1.12 2.31 1.11 1.92 1.15 2.10 
3.0 1.24 2.02 1.22 1.80 1.21 2.06 1.24 1.74 
4.0 1.31 1.90 1.29 1.58 1.28 1.64 1.31 1.76 
5.2 1.37 1.78 1.36 1.57 1.35 1.43 1.38 1.71 
5.7 1.40 1.72 1.39 1.58 1.38 1.43 1.41 1.68 
6.2 1.44 1.70 1.42 1.58 1.43 1.43 1.45 1.63 
6.9 1.48 1.53 1.46 1.65 1.46 1.61 1.49 1.54 
8.6 1.57 1.62 1.57 1.83 1.55 1.84 1.58 1.60 
9.1 1.60 1.61 1.60 1.86 1.58 1.76 1.60 1.62 
9.5 1.62 1.54 1.62 1.66 1.62 1.54 1.63 1.36 

10.0 1.65 1.61 1.64 1.50 1.64 1.47 1.66 1.41 
10.5 1.68 1.57 1.67 1.51 1.67 1.45 1.69 1.36 
Slope = 0.059 0.059 0.060 0.059 

* H a l f - w a v e  p o t e n t i a l s  i n  v o l t s  m e a s u r e d  a g a i n s t  a n o r m a l  c a l o -  
m e l  e l e c t r o d e .  

** k = m i c r o a m p e r e s  p e r  m i l l i m o l a r .  
? S l o p e  a t  25~ i n  v / p H  u n i t s .  
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Table III. Testosterone in 75% CH3OH 

--EI12 --EI12 
p H  Buf fe r  c o m p o s i t i o n  v 

4.7 0.050M citr ic acid 1.29 
0.060M disodium phosphate  

7.7 0.075M hydrochlor ic  acid 1.45 1.63 
0.050M sodium te t r abora te  

8.5 0.045M hydrochlor ic  acid 1.50 1.63 
0.050M sodium te t r abora te  

10.0 0.068M sodium hydrox ide  - -  1.66 
0.050M sodium te t r abora t e  

11.1 0.100M sodium hydrox ide  - -  1.72 
0.050M sodium te t r abora te  

0.5M LiC1 added  

fa l l  on a s t r a i g h t  l ine  whose  s lope  is a p p r o x i m a t e l y  
0.059 v / p H  uni t .  T h e  Elz, of t h e  second  a n d  ma in  
w a v e  at  p H  7.7 and  8.5 was  i n v a r i a n t  a t  bo th  pH 
va lues .  This  w a v e  b e g a n  to sh i f t  to m o r e  n e g a t i v e  
p o t e n t i a l s  a t  p H  10.0 a n d  11.1. The  d a t a  a r e  l i s t ed  
in T a b l e  III .  

Effect of pH on diffusion current . - -The dif fus ion 
c u r r e n t s  o b t a i n e d  w i t h  e igh t  s t e ro ids  w e r e  s u b -  
s t a n t i a l l y  p H  i n d e p e n d e n t .  H o w e v e r ,  the  c u r r e n t s  
o b t a i n e d  in ac id  so lu t ions  w e r e  s l i g h t l y  l a r g e r  t h a n  
those  o b t a i n e d  in  bas ic  so lu t ions  for  a l l  of t he  s t e r -  
oids e x a m i n e d  w i t h  t he  excep t ion  of d e o x y c o r t i -  
cos te rone  and  d e o x y c o r t i c o s t e r o n e  ace ta te .  T h e  d i f -  
fus ion  c u r r e n t  cons t an t s  o b t a i n e d  at  the  v a r i o u s  p H  
va lues  a r e  l i s t ed  in  T a b l e  II. 

Effect of concentration on diffusion c u r r e n t - - T h e  
dif fus ion c u r r e n t s  o b t a i n e d  w i t h  p roges t e ron e ,  t e s -  
tos te rone ,  m e t h y l t e s t o s t e r o n e ,  1 1 - d e o x y -  1 7 - h y -  
d r o x y c o r t i c o s t e r o n e ,  a n d  t e s t o s t e r o n e  p r o p i o n a t e  
w e r e  found  to be  d i r e c t l y  d e p e n d e n t  upon  concen -  
t r a t i o n  f r o m  a p p r o x i m a t e l y . 2  x IO-'M to 1 x 10-~M. 
W i t h  d e o x y c o r t i c o s t e r o n e  a n d  d e o x y c o r t i c o s t e r o n e  
ace t a t e  t he  c u r r e n t - c o n c e n t r a t i o n  r e l a t i o n s h i p  a p -  
p e a r s  to d e v i a t e  f r o m  l i n e a r i t y  a t  t h e  l o w e r  end  of 
th is  c o n c e n t r a t i o n  r ange .  H o w e v e r ,  t he  d i f fus ion  
p l a t e a u  for  t hose  two  c o m p o u n d s  a t  th is  p o i n t  was  so 
s teep  t h a t  t he  d e v i a t i o n  m a y  be  due  m o r e  to t he  
m e t h o d  of m e a s u r e m e n t  t h a n  to a n y  change  in  
d i f fus ion  p r o p e r t i e s .  

Effect of temperature on diffusion current . - -The 
v a r i a t i o n  of  d i f fus ion  c u r r e n t  w i t h  t e m p e r a t u r e  was  
d e t e r m i n e d  for  t he  e igh t  s t e ro ids  ove r  a t e m p e r a t u r e  
r a n g e  f r o m  7 ~ to 5O~ T h e  t e m p e r a t u r e  coefficients 
for  these  ~ ' - 3 - k e t o s t e r o i d s  a v e r a g e d  1.94--- + 0.08% 
p e r  d e g r e e  w i t h  r e s p e c t  to t h e  25~ va lue .  The  co-  
efficients a r e  in k e e p i n g  w i t h  d i f f u s i o n - c o n t r o l l e d  
processes .  

Effect of mercury height on diffusion c u r r e n t s . -  
The  effect of m e r c u r y  p r e s s u r e  on the  d i f fus ion c u r -  
r en t s  o b t a i n e d  w i t h  t hese  s t e ro ids  was  s t u d i e d  in  
50% e t h a n o l  so lu t ions  bu f f e r ed  a t  p H  5.5 w i t h  ace t ic  
a c i d - s o d i u m  ace t a t e  buffer .  The  r a t i o s  of t he  cu r -  
r en t s  o b t a i n e d  a t  two  d i f f e ren t  m e r c u r y  he igh t s  
a v e r a g e d  1.34__- 0.01. Ra t ios  of 1.00, 1.38, and  1.92 
w o u l d  be  e x p e c t e d  for  k ine t ic ,  diffusion,  a n d  a d -  
so rp t ion  control ,  r e spec t i ve ly ,  for  t h e  two  m e r c u r y  
he igh t s  e m p l o y e d .  

Determination of diffusion coel~cients by the dia- 
phragm cell technique.--Diffusion coefficients of 

2.37, 2.31, 2.53, 2.25, 2.22, 2.54, 2.33, and  2.07 ( in  un i t s  
of 10 -6 cm ~ sec -1) w e r e  o b t a i n e d  for  p roges t e rone ,  
t e s tos t e rone ,  m e t h y l t e s t o s t e r o n e ,  t e s t o s t e r o n e  p r o -  
p iona te ,  1 7 - h y d r o x y p r o g e s t e r o n e ,  l l - d e o x y c o r t i -  
cos terone ,  l l - d e o x y c o r t i c o s t e r o n e  ace ta te ,  l l - d e o x y -  
1 7 - h y d r o x y c o r t i c o s t e r o n e ,  r e spe c t i ve ly .  On  subs t i -  
t u t ion  in t he  modi f i ed  I l kov ic  e q u a t i o n  (8)  these  
d i f fus ion coefficients y i e l d  n va lue s  of 1.04, 1.02, 
0.93, 1.01, 1.06, 0.90, 0.83, and  1.02 for  t he  r e d u c -  
t ion of t he  s t e ro ids  as l i s t ed  above.  This  i nd i ca t e s  
t ha t  the  r e d u c t i o n  m e c h a n i s m  is the  s a m e  as tha t  
r e p o r t e d  e a r l i e r  (6 ) ,  i.e., b i m o l e c u l a r  r e d u c t i o n  to a 
p inacol .  

Wave form.--Essential ly  t he  r e d u c t i o n  of each  of 
the  s t e ro id  c o m p o u n d s  is c h a r a c t e r i z e d  b y  a s ingle,  
r e g u l a r  S s h a p e d  curve .  T h r e e  c o m p o u n d s  e x h i b i t  
an  a d d i t i o n a l  w a v e  at  pHs  3.0 a n d  4.0. This  w a v e ,  
a p p a r e n t l y  c a t a l y t i c  in n a t u r e ,  is o b s e r v e d  w i t h  p r o -  
ges te rone ,  l l - d e o x y c o r t i c o s t e r o n e ,  and  l l - d e o x y -  
co r t i cos t e rone  ace ta te .  I t  is i n t e r e s t i n g  to no te  t ha t  
th is  w a v e  is no t  o b s e r v e d  w i t h  1 7 - h y d r o x y p r o g e s -  
t e r o n e  or  l l - d e o x y - 1 7 - h y d r o x y c o r t i c o s t e r o n e .  The  
a d d i t i o n  of t h e  1 7 - h y d r o x y  g r o u p  seems  to h a v e  an  
i n h i b i t o r y  effect  on th is  c a t a l y t i c  wave .  

T h e r e  was  no d o u b l e  w a v e  o b s e r v e d  for  a n y  of 
these  c o m p o u n d s  in bas ic  m e d i a  c o n t r a r y  to p r e -  
v ious  repor t s .  Z u m a n ,  et al. (4) ,  o b s e r v e d  two  
w a v e s  w i t h  t e s tos te rone ,  m e t h y l t e s t o s t e r o n e ,  p r o -  
ges te rone ,  and  d e o x y c o r t i c o s t e r o n e  in e t h a n o l - w a t e r  
sys t ems  buf fe red  w i t h  B r i t t o n  and  Rob inson  buffers .  
The  he igh t s  of t h e  two  w a v e s  w e r e  f o u n d  to v a r y  w i t h  
pH, t he  t o t a l  he igh t  r e m a i n i n g  r e l a t i v e l y  cons tan t .  
The  ptI  i n t e r v a l  ove r  w h i c h  two  w a v e s  w e r e  ob -  
t a i n e d  v a r i e d  for  t he  d i f fe ren t  s t e ro ids ;  h o w e v e r ,  no 
w a v e  s p l i t t i n g  was  f o u n d  b e l o w  p H  5 or  a b o v e  p H  
11 for  a n y  of the  compounds .  S ince  no w a v e  sp l i t t i ng  
was  e v i d e n c e d  b y  the  fou r  s t e ro ids  l i s t ed  a b o v e  a n y -  
w h e r e  in th is  p H  r a n g e  in  t he  o rgan ic  buf fe rs  used  
here ,  i t  w o u l d  a p p e a r  t h a t  the  doub le  w a v e s  ob -  
s e r v e d  b y  Z u m a n  and  his  c o - w o r k e r s  w e r e  due  to 
the  buf fe rs  used  r a t h e r  t h a n  the  pH of the  so lu t ion  
as h a d  been  pos tu l a t ed .  

I f  e q u a t i o n  ( I )  

S + H2POj  ~ SH + + H P O /  ( I )  

w h e r e  S = u n s a t u r a t e d  k e t o s t e r o i d  a n d  SH" = 
s t e r o i d - h y d r o g e n  ion  complex ,  r e p r e s e n t e d  a r e a c -  
t ion  b e t w e e n  a s t e ro id  and  a specific buffer acid 
( r a t h e r  t h a n  a g e n e r a l i z e d  a c i d - b a s e  r e a c t i o n )  t hen  
an e q u i l i b r i u m  cons t an t  cou ld  be  w r i t t e n  

[ S H  ~] [ H P 0 2 ]  
K =  

[S ]  [H~PO4-] 

which ,  w i t h  a p p r o p r i a t e  K a n d  HPO2/H~PO,-  va lues ,  
cou ld  accoun t  for  two  w a v e s  o b s e r v e d  in  buf fe r  so-  
lu t ions  w h i c h  c on t a in  excess  ac id  c o m p o n e n t  p r o -  
v id ing  the  e q u i l i b r i u m  at  t h e  e l e c t r o d e  su r f ace  is r e -  
e s t a b l i s h e d  s lowly .  The  fac t  t h a t  t h e  first  w a v e  i n -  
c reases  d i r e c t l y  w i t h  s t e ro id  concen t r a t i on ,  dec reases  
w i t h  i n c r e a s i n g  sa l t  ( H P O / )  c o n c e n t r a t i o n  at  con-  
s t an t  ac id  concen t r a t i on ,  and  r e m a i n s  r e l a t i v e l y  
cons t an t  u p o n  i nc r e a s ing  buf fe r  c o n c e n t r a t i o n  w h i l e  
m a i n t a i n i n g  H P O 2 / H ~ P O j  cons t an t  w o u l d  be  u n -  
d e r s t a n d a b l e  if such  an  e q u i l i b r i u m  e x i s t e d  for  p h o s -  
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TaMe IV. Effect of steroid concentration, buffer concentration, and salt to acid ratio on the two waves in phosphate buffered solutions. 
50% Ethanol solutions of testosterone 

S t e r o i d  
cone  B u f f e r  conc  i (obs) i ( t h e o r y )  

(a) Vary ing  s teroid conc 
0.33mM 0.030 M KH~PO~ -}- 0.045 M K~HPO, 0.31~a 0.55~a 
0.65mM 0.030 M KH~PO~ -p 0.045 M K~HPO4 0.61~a 1.01~a 
1.62mM 0.030 M KH~PO, -t- 0.045 M K~HPO, 1.47~a 2.69~a 
3.25mM 0.030 M KH~PO, + 0.045 M K~HPO, 2.86~a 5.40~a 

(b) Vary ing  salt  to acid ra t io  
0.025 M KH~PO4 ~- 0.050 M I~HPO,  
0.050 M KH2PO~ + 0.050 M K~HPO, 
0.075 M KH~PO, + 0.050 M KcHPO4 
0.075 M KH~PO, -t- 0.025 M K2HPO, 

(c) Vary ing  buffer  conc 
0.006 M KH~PO, ~- 0.004 M K~HPO, 
0.015 M KH~PO~ -t- 0.010 M K~HPO, 
0.030 M KH2PO~ ~- 0.020 M K~HPO, 
0.060 M KH~PO, ~- 0.040 M K~HPO4 

1.0raM 0.83~a 1.66~a 
1.0mM 1.12~a 1.66~a 
1.0mM 1.25~a 1.66~a 
1.0ram 1.44~a 1.66~a 

1.0mM 1.04~a 1.66~a 
1.0mM 1.16~a 1.66~a 
1.0mM 1.25~a 1.66~a 
1.0mM 1.27~a 1.66~a 

(obs) = c u r r e n t  o b s e r v e d  f o r  t h e  pl~I c o n t r o l l e d  f i r s t  w a v e ;  i ( t h e o r y )  = c u r r e n t  o b t a i n e d  f o r  s a m e  w a v e  i n  w e l l - b u f f e r e d  so lu t ions .  

Table V. Determination of the equilibrium constant for the proposed 
steroid-hydrogen ion complex in phosphate and borate buffers. 

50% Ethanol solutions of 1.0raM testosterone 

Buffer  C o m p o s i t i o n  i / i '  K 

0.025 M KH2PO, ~- 0.050 M K, HPO, 
0.050 M KH,PO~ + 0.050 M K~HPO4 
0.075 M KH,PO, ~- 0.050 M K, HPO, 
0.075 M KH2PO~ + 0.025 M K~HPO~ 

0.208 M H3BOa 
0.212 M H,BO.~ 
0.214 M HsBO~ 
0.216 M H~BO3 

~- 0.012 M NaH,BO, 
-{- 0.008 M NaH,BO, 
-~ 0.006 M NaH~BO~ 
-I- 0.004 M NaI-I~BO3 

1.0 2.0 
2.1 2.1 
3.0 2.0 
6.5 2.2 

0.2 0.013 
0.4 0.015 
0.5 0.014 
0.9 0.018 

0.2 M KC1 added  

i = c u r r e n t  o b s e r v e d  f o r  p H  c o n t r o l l e d  f i r s t  w a v e ;  i ' = c u r r e n t  
o b s e r v e d  fo r  p H  i n d e p e n d e n t  s e c o n d  w a v e .  

p h a t e  so lu t ions  (see T a b l e  I V ) .  The  s l igh t  i nc rease  
in  c u r r e n t  occas ioned  b y  t h e  i n c r e a s e  in  buf fe r  con-  
s t i t uen t s  is no t  n e a r l y  as g r e a t  as w o u l d  be  p r e d i c t e d  
b y  t h e  e q u a t i o n  d e v e l o p e d  b y  K o u t e c k y  (9)  for  t h e  
a v e r a g e  c u r r e n t  of an  e l e c t r o d e  r e a c t i o n  g o v e r n e d  
b y  the  r a t e  of d i f fus ion of r e a c t a n t s  and  b y  the  r a t e  
of d i s soc ia t ion  of t he  buffer .  S i m i l a r  r e su l t s  w e r e  ob -  
t a i n e d  w i t h  b o r a t e  buffers .  T a b l e  V shows  v a l u e s  of 
K c a l c u l a t e d  for  a ser ies  of p h o s p h a t e  a n d  b o r a t e  
buffers .  

In  s u m m a r y  i t  can  be  sa id  t h a t  t h e  d o u b l e  w a v e  
o b t a i n e d  in  the  one  e l e c t r o n  r e d u c t i o n  of A ' - 3 - k e t -  
os te ro ids  in 50% e t h a n o l  so lu t ions  bu f fe red  w i t h  
p h o s p h a t e  or  b o r a t e  buf fe rs  ( a n d  c o m b i n a t i o n s  of t h e  
two)  is not  due  to t h e  p H  of t he  solu t ion ,  b u t  to t h e  
buf fe r  componen t s .  I t  ha s  b e e n  s h o w n  t h a t  th is  w a v e  
s p l i t t i n g  can  be  a v o i d e d  b y  us ing  t e r t i a r y  a m i n e s  as 
t he  buf fe r  c ons t i t ue n t s  for  t h e  h i g h e r  p H  range ,  
r a t h e r  t h a n  the  i n o r g a n i c  p h o s p h a t e s  a n d  bora tes .  

Manuscr ip t  rece ived  J u l y  5, 1957. This paper  was 
p repa red  for de l ive ry  before  the  Buffalo Meeting, Oct. 
6-10, 1957. 

A n y  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1958 
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ABSTRACT 

An invest igat ion has been  car r ied  out  of the  react ions  occurr ing  when  an 
electr ic  discharge is passed f rom a posi t ive e lect rode to the surface of an 
aqueous e lec t ro ly te  conta in ing oxidizable  subs t ra tes  such as ferrous,  azide, 
fer rocyanide ,  and cerous ions. Electrolysis  is accompanied  by  oxida t ion  ar is ing 
f rom the b reakup  of wa te r  molecules  due to the b o m b a r d m e n t  of the  solut ion 
by  gaseous ions, and  the chemical  phenomena  are  analogous to the  effects 
p roduced  by  ionizing radiat ions.  An  a t t empt  has been made  to develop a 
genera l  mechanism of the process which  wil l  account quan t i t a t ive ly  for the 
oxidat ion  yie lds  and the i r  dependence  on expe r imen ta l  conditions. 

I f  an  e l e c t r o l y t i c  cel l  is a r r a n g e d  so t h a t  one  e lec -  
t r o d e  is in t he  gas  space  a b o v e  t h e  e l ec t ro ly t e ,  then ,  
on w o r k i n g  a t  r e d u c e d  p r e s s u r e  and  a p p l y i n g  a 
m o d e r a t e l y  h igh  vo l t age ,  s u b s t a n t i a l  c u r r e n t s  can 
be  pa s sed  to t he  l i q u i d  su r f ace  in  t he  f o r m  of a g low 
d i scha rge .  T h e  t e c h n i q u e  was  d e v e l o p e d  long  ago 
(1) ,  a n d  m a n y  f e a t u r e s  of g l o w - d i s c h a r g e  e l e c t r o l -  
ysis  h a v e  been  i nves t i ga t ed ,  p a r t i c u l a r l y  b y  K l e -  
menc  and  his  c o - w o r k e r s  (2) .  I t  has  been  e s t a b -  
l i shed  tha t ,  in a d d i t i o n  to t h e  e x p e c t e d  e l e c t r o l y t i c  
reac t ion ,  a d d i t i o n a l  c h e m i c a l  r e ac t i ons  a re  in i t i a t ed ,  
p r o b a b l y  b y  r a d i c a l s  p r o d u c e d  in t h e  d i s c h a r g e  and,  
w h e r e  a s u i t a b l e  s u b s t r a t e  is p resen t ,  o x i d a t i o n  
y ie lds  g r e a t l y  in excess  of those  e x p e c t e d  f r o m  
F a r a d a y ' s  L a w s  can  occur.  In  m u c h  of th is  work ,  
h o w e v e r ,  r a t h e r  c o m p l e x  cond i t ions  h a v e  been  e m -  
p loyed ,  and  no i n t e g r a t e d  v i ew  of t he  m e c h a n i s m  of 
the  process  has  e m e r g e d  w h i c h  accoun t s  q u a n t i t a -  
t i v e l y  for  t he  e x p e r i m e n t a l  resu l t s .  

The  p r e s e n t  ser ies  of i n v e s t i g a t i o n s  was  u n d e r -  
t a k e n  w i t h  a v i e w  to e l u c i d a t i n g  the  f u n d a m e n t a l  
m e c h a n i s m  b y  s t u d y i n g  the  p rocess  us ing  a g l o w -  
d i s c h a r g e  a n o d e  in v e r y  s i m p l e  c h e m i c a l  sys tems .  
I n i t i a l l y  t he  r e a c t i o n s  o c c u r r i n g  in  i n e r t  e l e c t r o -  
ly te s  w e r e  i n v e s t i g a t e d  (3) ,  w h e r e  the  f o r m a t i o n  
and  s u b s e q u e n t  decompos i t i on  of h y d r o g e n  p e r -  
ox ide  is t he  m a i n  p rocess  obse rved ;  th is  was  fo l -  
l o w e d  b y  a s t u d y  of t he  g l o w - d i s c h a r g e  o x i d a t i o n  
of f e r rous  su l f a t e  so lu t ions  (4) .  This  w o r k  showed  
t h a t  t he  c h e m i c a l  r e su l t s  of g l o w - d i s c h a r g e  e lec -  
t r o ly s i s  a r e  c lose ly  s i m i l a r  to those  b r o u g h t  abou t  
b y  ion iz ing  r a d i a t i o n s  such  as a, ~,, a n d  x - r a y s ,  sug -  
ges t ing  t h a t  a s im i l a r  s equence  of r eac t i ons  m i g h t  
fo l low a c o m m o n  p r i m a r y  step.  The  r e su l t s  i n d i -  
ca ted  t h a t  w i t h  a g l o w - d i s c h a r g e  a n o d e  the  c u r r e n t  
is c o n v e y e d  across  t he  g a s - l i q u i d  i n t e r f a c e  b y  pos i -  
t i ve  gaseous  ions d e r i v e d  f r o m  w a t e r  v a p o r ;  these  
a r e  d r i v e n  in to  t he  aqueous  p h a s e  u n d e r  t he  h igh  
p o t e n t i a l  g r a d i e n t  w h i c h  exis t s  in  t h e  d i s c h a r g e  
n e a r  t he  l i qu id  s u r f a c e  a n d  m a y  b r i n g  a b o u t  d i s -  
soc ia t ion  of w a t e r  m o l e c u l e s  b e f o r e  t h e y  a r e  d i s -  
charged .  The  p r i m a r y  r e su l t  of t he  p a s s a g e  of c u r -  

r en t  m i g h t  t h e r e f o r e  be  r e p r e s e n t e d  in c o n v e n t i o n a l  
t e r m s  as fo l lows :  

C h a r g e  t r a n s f e r e n c e  H~O - -  e- -~H20+~OHWH + 
Dissoc ia t ion  H~O ~ OH + H 

On this  v i ew  the  o x i d a t i o n  r eac t ions  w h i c h  occur  
a r e  due  to t he  OH r a d i c a l  a n d  in specific cases  t he  
e x p e r i m e n t a l  r e su l t s  could  be  i n t e r p r e t e d  q u a n t i t a -  
t i v e l y  b y  suppos ing  t h e r e  to be  a def in i te  y i e l d  of 
OH r a d i c a l s  p e r  f a r a d a y  w h i c h  a r e  used  up  in  c o m -  
p e t i n g  ox ida t ion ,  d i m e r i z a t i o n ,  a n d  r e c o m b i n a t i o n  
reac t ions .  T h e  w o r k  d e s c r i b e d  in  the  p r e s e n t  p a p e r  
was  des igned  to tes t  th is  i dea  us ing  o x i d i z a b l e  s u b -  
s t r a t e s  of d i f f e ren t  types ,  and  i t  has  l ed  to f u r t h e r  
d e v e l o p m e n t  and  modi f i ca t ion  of the  bas ic  h y p o t h -  
esis. 

Experimental Technique 
T h e  m e t h o d  of i n v e s t i g a t i o n  is to pass  k n o w n  

qua n t i t i e s  of e l ec t r i c i t y  u n d e r  c on t ro l l e d  cond i t ions  
to t h e  su r f ace  of t he  e l e c t r o l y t e  in the  f o r m  of a 
g low d i scha rge ,  a n d  b y  s u b s e q u e n t  a n a l y s i s  of t he  
so lu t ion  to e xp re s s  the  o x i d a t i o n  y i e l d  in e q u i v a -  
l en t s  p e r  f a r a d a y .  

The  t y p e  of  cel l  used  is s h o w n  in Fig .  1. I t  con-  
s i s ted  of two  c y l i n d r i c a l  glass  vessels ,  w h i c h  f o r m e d  
t h e  anode  and  c a thode  c o m p a r t m e n t s ,  j o i n e d  b y  

-I- B 
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Fig. 1. Electrolytic cell: (1) glow-discharge anode; (2) 
cathode; (3) f i l ter paper plug; (4) magnetic stirrer; (5) con- 
nections to vacuum line; (6) cooling water; (7) gas supply. 
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s h o r t  s ide  t ubes  n e a r  t h e  bo t tom.  The  a n o l y t e  and  
c a t h o l y t e  w e r e  p r e v e n t e d  f r o m  m i x i n g  b y  a f i l te r  
p a p e r  p l u g  in  the  s ide  t u b e  of t h e  a n o d e  c o m p a r t -  
men t ,  a n d  t h e  two  h a l v e s  of t he  ce l l  w e r e  c o n n e c t e d  
b y  a sho r t  l e n g t h  of r u b b e r  tub ing .  The  c o m p a r t -  
m e n t s  w e r e  c losed b y  r u b b e r  b u n g s  w h i c h  c a r r i e d  
the  cel l  componen t s .  The  anode,  f r o m  w h i c h  the  
d i s c h a r g e  occur red ,  was  of p l a t i n u m  w i r e  c o n n e c t e d  
to a t u n g s t e n  rod  sea led  in to  a g lass  h o l d e r ;  the  
c a t h o d e  was  a s m a l l  shee t  of p l a t i n u m  foil .  The  
a n o d e  a n d  ca thode  c o m p a r t m e n t s  w e r e  connec t ed  
s e p a r a t e l y  to the  v a c u u m  l ine  t h r o u g h  s m a l l  g r o u n d  
glass  jo in t s  w h i c h  p e r m i t t e d  ea sy  r e m o v a l  of t he  
cell .  T h e  a n o l y t e  was  s t i r r e d  d u r i n g  e l ec t ro lys i s  by  
a m a g n e t i c  s t i r r e r .  To r e m o v e  the  c o n s i d e r a b l e  h e a t  
d i s s i p a t e d  in  the  d i scha rge ,  t he  cel l  was  a lmos t  
c o m p l e t e l y  i m m e r s e d  in  a b a t h  t h r o u g h  w h i c h  a 
r a p i d  s t r e a m  of t ap  w a t e r  was  passed .  

The  v a c u u m  s y s t e m  was  of a c o n v e n t i o n a l  t y p e  
b u t  i n c l u d e d  a float  m a n o s t a t  so t h a t  t he  p r e s s u r e  
in t he  a p p a r a t u s  cou ld  be  k e p t  cons t an t  ove r  long  
per iods .  Be fo re  each  e l ec t ro ly s i s  t he  cel l  was  e v a c u -  
a t ed  to t he  v a p o r  p r e s s u r e  of t he  solu t ion .  I t  was  
t h e n  f i l led w i t h  t he  gaseous  a t m o s p h e r e  to be  used  
( u s u a l l y  h y d r o g e n )  at  a t m o s p h e r i c  p r e s s u r e  a n d  
the  s y s t e m  p u m p e d  d o w n  to t he  p r e s s u r e  to be  used  
in t he  e x p e r i m e n t ;  d u r i n g  e l ec t ro ly s i s  a s low s t r e a m  
of the  gas  was  a d m i t t e d  to the  a n o d e  c o m p a r t m e n t .  
C u r r e n t  was  s u p p l i e d  f r o m  a L e l a n d  rec t i f ie r  un i t  of 
a d j u s t a b l e  v o l t a g e  (0-1500 v )  t h r o u g h  a c a l i b r a t e d  
m i l l i a m m e t e r  and  s u i t a b l e  b a l l a s t  r e s i s t ance  (2000- 
10,000 o h m s ) .  The  d i s c h a r g e  was  i n i t i a t e d  b y  a 
pu l se  f r o m  an  i nduc t i on  coil ;  once  s t a r t e d  i t  r e -  
q u i r e d  a b o u t  600 v a n d  the  c u r r e n t  cou ld  be  k e p t  
s t e a d y  at  a n y  d e s i r e d  v a l u e  b e t w e e n  25 a n d  100 ma.  
The  s t a n d a r d  cond i t ions  of e l ec t ro lys i s  w e r e  to use  
a c u r r e n t  of 75 m a  in an  a t m o s p h e r e  of h y d r o g e n  at  
a p r e s s u r e  of 50 mm,  t h e  a n o d e  b e i n g  0.75 cm f rom 
t h e  su r f ace  of 50 m l  of ano ly te ,  and  the  a v e r a g e  
t e m p e r a t u r e  abou t  23~ 

The  m e d i u m  used  for  e l ec t ro lys i s  has  u s u a l l y  
been  e i t h e r  0 .8N-su l fu r i c  ac id  ( for  f e r rous  and  
ce rous  s u l f a t e  e x p e r i m e n t s ) ,  or  a p h o s p h a t e  buf fe r  
(0 .1M-KH2PO,  + 0.1M-Na~HPO,)  w h e r e  a n e u t r a l  
m e d i u m  was  d e s i r a b l e  ( for  f e r r o c y a n i d e  and  az ide  
e x p e r i m e n t s ) .  The  a n o l y t e  was  m a d e  f r o m  a 
w e i g h e d  q u a n t i t y  of t h e  s u b s t r a t e  d i s so lved  in t he  
m e d i u m ;  the  c a t h o l y t e  was  t he  m e d i u m  alone.  A n a -  
l a r  g r a d e  r e a g e n t s  w e r e  used  t h r o u g h o u t .  S t a n d a r d  
v o l u m e t r i c  m e t h o d s  could  be  e m p l o y e d  in mos t  
cases  for  t he  ana lys i s  of the  solu t ions .  F e r r o u s  ion 
was  e s t i m a t e d  b y  t i t r a t i o n  w i t h  p e r m a n g a n a t e ;  
az ide  was  f o u n d  b y  o x i d a t i o n  w i t h  excess  cer ic  su l -  
f a t e  f o l l o w e d  b y  a d d i t i o n  of p o t a s s i u m  i o d i d e  a n d  
b a c k  t i t r a t i o n  w i t h  t h io su l f a t e ;  cer ic  ion w a s  as -  
sessed b y  r e d u c t i o n  w i t h  excess  f e r rous  su l f a t e  and  
b a c k  t i t r a t i o n  w i t h  cer ic  su l fa t e ;  h y d r o g e n  p e r o x i d e  
w h e n  f o r m e d  was  u s u a l l y  d e t e r m i n e d  c o l o r i m e t r i -  
ca l ly  w i t h  t i t an i c  su l fa te .  The  a n a l y s i s  of m i x t u r e s  
c o n t a i n i n g  f e r ro  and  f e r r i c y a n i d e s  and  h y d r o g e n  
p e r o x i d e  p r e s e n t e d  a diff icult  p r o b l e m .  I t  was  so lved  
b y  e s t i m a t i n g  h y d r o g e n  p e r o x i d e  + f e r r o c y a n i d e  b y  
o x i d a t i o n  w i t h  cer ic  su l fa te ,  w h i l e  f e r r i c y a n i d e  + 
h y d r o g e n  p e r o x i d e  w e r e  f o u n d  i o d o m e t r i c a l l y ;  fi- 

na l ly ,  by  c o m b i n a t i o n  of t h e  two  p rocedu re s ,  t o t a l  
f e r ro  + f e r r i c y a n i d e  cou ld  be  ob ta ined .  

The  s u b s t r a t e s  h a d  been  chosen  to g ive  s imp le  
o x i d a t i o n  r e a c t i o n s  and  th i s  w a s  f o u n d  g e n e r a l l y  
to be  t h e  case, a l t h o u g h  some  s l igh t  d i s i n t e g r a t i o n  
of f e r r i c y a n i d e  o c c u r r e d  on p r o l o n g e d  g l o w - d i s -  
cha rge  e l ec t ro lys i s ;  s m a l l  q u a n t i t i e s  of a m m o n i a  
a c c o m p a n i e d  the  n i t r o g e n  w h i c h  was  the  m a i n  ox i -  
d a t i o n  p r o d u c t  f r o m  azide.  In  a l l  cases  b y  c o m p l e t e  
ana lys i s  of bo th  gaseous  p r o d u c t s  a n d  those  in  so lu -  
t ion  a s a t i s f a c t o r y  w e i g h t  a n d  o x i d a t i o n / r e d u c t i o n  
b a l a n c e  was  e s t ab l i shed .  

Characteristics of the Discharge 
T h e  d i s c h a r g e  t ook  the  f o r m  of a s h a r p l y  def ined  

cone b e t w e e n  the  t ip  of the  a n o d e  a n d  t h e  e l e c t r o -  
l y t e  surface .  By  p h o t o g r a p h i n g  i t  u n d e r  d i f fe ren t  
cond i t ions  of cu r r en t ,  p r e s su re ,  e l ec t rode  d is tance ,  
etc.,  i t  was  poss ib l e  to d e t e r m i n e  the  v a r i a t i o n  of 
c u r r e n t  d e n s i t y  a t  t he  s u r f a c e  w i t h  t he  a b o v e  f ac -  
tors .  V a r i a t i o n  of c u r r e n t  p r o d u c e d  no s ign i f ican t  
change ,  the  spo t  a r e a  i n c r e a s i n g  l i n e a r l y  w i t h  i n -  
c r e a s e  of cu r ren t .  W i t h  d e c r e a s e  of p re s su re ,  c u r -  
r en t  d e n s i t y  d e c r e a s e d  a n d  t h e  r e l a t i o n  I p-1 _-- 0.03 
he ld  ove r  t he  p r e s s u r e  r a n g e  3-10 cm of m e r c u r y ,  
w h e r e  I was  t h e  c u r r e n t  d e n s i t y  in  a m p / c m  ~ and  p 
the  p r e s s u r e  in  cm of m e r c u r y .  C u r r e n t  d e n s i t y  was  
f o u n d  to v a r y  i n v e r s e l y  w i t h  e l e c t r o d e  d i s t ance  
f r o m  the  sur face ,  bu t  t h e  effect was  r e l a t i v e l y  
s l ight .  

To d e t e r m i n e  the  f a l l  of p o t e n t i a l  n e a r  t he  l i qu id  
su r f a c e  a p r o b e  of p l a t i n u m  w i r e  was  i n s e r t e d  in  
t h e  d i s c h a r g e  a n d  t h e  v o l t a g e  b e t w e e n  i t  a n d  the  
ca thode  m e a s u r e d  on a v a l v e  v o l t m e t e r .  U n d e r  t he  
cond i t ions  of o p e r a t i o n  i t  was  e x p e c t e d  t h a t  t he  
fa l l  w o u l d  occur  v e r y  close to t h e  s u r f a c e  of t he  
solu t ion ,  c e r t a i n l y  w i t h i n  1 mm.  In  p r a c t i c e  i t  was  
not  pos s ib l e  to h a v e  the  p r o b e  n e a r e r  to t he  su r f ace  
t h a n  th i s  a n d  a p rocess  of e x t r a p o l a t i o n  was  a p p l i e d  
to d e t e r m i n e  t h e  c a thode  fal l .  The  p r o b e  v o l t a g e  
was  m e a s u r e d  a t  v a r i o u s  p r o b e - s u r f a c e  d i s t ances  a t  
va r i ous  p ressu res .  T h e  r e su l t s  a r e  s h o w n  in Fig .  2 
w h e n c e  i t  can  be  seen  t h a t  t h e  c a thode  fa l l  is 415 v 
a n d  occurs  a t  a d i s t a n c e  of less  t h a n  0.05 cm f r o m  
the  su r f ace  of t h e  solu t ion .  This  v a l u e  was  u n -  
a f fec ted  b y  the  gaseous  a t m o s p h e r e ,  b y  t h e  p re s su re ,  
b y  t h e  cu r r en t ,  b y  the  e l e c t r o d e - s u r f a c e  d is tance ,  
or  b y  the  n a t u r e  of the  e l ec t ro ly t e .  
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Fig.  2 .  D e t e r m i n a t i o n  o f  p o t e n t i a l  d r o p  n e a r  l i qu id  s u r f a c e :  
pressures (1) 27, (2) 50, and (3) 100 mm mercury. 
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Fig. 3a. Var ia t ion of yield with concentrat ion of substrate: 
curve 1, substrote oxidized; curve 2, hydrogen peroxide 
formed. 
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Fig. 3b. Var ia t ion of yield with concentrat ion of substrate: 
curve 1, substrate oxidized; curve 2, hydrogen peroxide 
formed. 

The glow was examined  using a Hilger  Medium 
Quartz  Spec t rograph  but, apa r t  f rom showing the 
presence of the OH radica l  and diffuse absorpt ion 
bands in the  near  u l t rav io le t  p robab ly  due to some 
polyatomic  hyd rogen -oxygen  species, the spectro-  
grams furnished l i t t le  specific informat ion  on the 
discharge.  

R e s u l t s  

Exper imen ta l  va r iab les  fal l  into two categories.  
Of p r ime  impor tance  a re  the  quan t i ty  of e lec t r ic i ty  
passed, the concentra t ion of the  substrate ,  the  p res -  
sure of the  gas in the  cell, and in some cases the 
presence of chlor ide ion in solution. Fac tors  such as 
current ,  e lectrode distance, and the na tu re  of the 
gas in the  cell, a l though they  m a y  affect the power  
diss ipated in the discharge considerably,  usual ly  
have only  a t r iv ia l  influence on the yie ld  of chem- 
ical products.  The most  useful  w a y  of summar iz ing  
the resul ts  of g low-discharge  electrolysis  is by  
quoting the ins tantaneous  or different ia l  y ie ld  of 
the p roduc t  at  the  in i t ia l  concentra t ion of substrate .  
This quan t i ty  is denoted in this paper  by  G and is 
given in equ iva l en t / f a r aday ;  i t  is analogous in some 
ways to the quan t i ty  used in rad ia t ion  chemis t ry  
where  the  y ie ld  is expressed in moleeules/ lO0 ev. 
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Fig. 3c. Var iat ion of yield with concentrat ion of substrote: 
curve 1, substrate oxidized; curve 2, hydrogen peroxide 
formed. 
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Fig. 3d. Variation of yield with concentrQtion of substrate: 
curve 1, substrate oxidized. 

Values of G in the present  work  have been obta ined 
f rom exper imen ta l  curves of y ie ld  p lo t ted  against  
quan t i ty  of e lect r ic i ty  passed under  different  ex-  
pe r imenta l  conditions;  the slope of the  tangent  to 
such a curve at the origin gives the corresponding 
G value. The genera l  resul ts  obta ined in the  glow- 
discharge electrolysis  of sodium azide, cerous sul-  
fate, and potass ium fer rocyanide  are  compared  be-  
low, together  wi th  those obta ined using ferrous  sul-  
fa te  in an ear l ie r  s tudy (4).  

Influence of concentration.--In Fig. 3a-d  are 
shown graphs of the different ia l  y ie ld  of oxidat ion  
product  p lot ted  against  the concentra t ion of sub-  
s t ra te  in the  four cases; whe re  hydrogen  peroxide  
was formed the y ie ld  of this  is also indica ted  
(Curve 2). 

In genera l  it  is seen tha t  the different ia l  y ie ld  
increases wi th  increas ing concentra t ion of subs t ra te  
and approaches  a l imi t ing va lue  asymptot ica l ly ;  the 
fe r rocyanide  case is abnormal  here  in that ,  over  a 
subs tant ia l  range  of concentrat ions,  the  y ie ld  is ac-  
cura te ly  p ropor t iona l  to the  concentrat ion,  and the 
l imi t ing va lue  is a t ta ined  ab rup t ly  when the con- 
cent ra t ion  is 0.125M. The behavior  a t  low concen- 
t ra t ions  depends on the react ion of the subs t ra te  or 
its oxidat ion product  wi th  hydrogen  peroxide.  
Where  the subs t ra te  is r ead i ly  oxidized by  hyd ro -  
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gen peroxide,  as is the case wi th  ferrous sulfate,  
there  is a finite oxidat ion  yie ld  even at  zero concen- 
t ra t ion.  On the other  hand,  w h e r e  the oxidat ion  
product  can be reduced by  hydrogen  peroxide,  e.g., 
ceric sulfate, a cer ta in  min imum concentra t ion of 
subs t ra te  is necessary  for any oxidat ion to occur. 
Where  hydrogen  perox ide  cannot  react  in e i ther  
way, its format ion  accompanies the oxidat ion of the 
substrate ,  the hydrogen  perox ide  y ie ld  diminishing 
with  increasing subs t ra te  concentrat ion.  This is seen 
in the azide and fe r rocyan ide  examples,  a l though 
it is no tewor thy  tha t  even at the  highest  fe r rocy-  
anide concentrat ions  there  is s t i l l  a smal l  y ie ld  of hy-  
drogen peroxide.  

El~ect o] pressure.--With r ise of pressure,  i.e., 
increase of cur rent  densi ty  in  the glow-spot ,  oxi-  
dat ion yie lds  were  found in genera l  to fall .  This is 
i l lus t ra ted  by  the fol lowing figures which re fe r  to 
a concentra t ion of subs t ra te  of 0.025M in each case. 

P r e s s u r e  G e q u i v a l e n f s / f a r a d a y  
m m  F e  ~+ N a -  F e  ( C N )  6 5- C e  8+ 

30 4.3 2.7 2.4 1.5 
50 4.2 2.3 1.9 1.0 
75 4.2 1.8 1.6 0.6 

The effect seems most  marked  where  the oxidat ion 
y ie ld  is low, and is r e l a t ive ly  sl ight  in the ferrous  
case. 

Influence o] chloride.---In the g low-discharge  
electrolysis  of iner t  e lectrolytes  the presence of 
chlor ide ion at  concentrat ions grea te r  than  0.02M 
seems to inhib i t  the format ion  of hydrogen  peroxide,  
a l though it is not apprec iab ly  consumed, and its 
effect has therefore  been tes ted in the present  oxi-  
dat ion studies. With  ferrous  sulfate,  sodium azide 
and cerous sulfate  the presence of 0.02M-sodium 
chloride in the e lec t ro ly te  decreased the oxidat ion 
yields  apprec iably ,  but  wi th  potass ium fer rocyanide  
the oxidat ion yie ld  of fe r r icyan ide  was scarcely 
affected, a l though tha t  of the accompanying hyd ro -  
gen perox ide  was reduced.  

Miscellaneous factors.--Variation of t empe ra tu r e  
is possible over a l imi ted  range  of about  20~176 
The oxida t ion  y ie ld  has usua l ly  been found to in-  
crease somewhat  wi th  r ise  of t empera ture ,  but  this 
is not i nva r i ab ly  so and, in the  case of azide, an 
apprec iable  decrease was noted. Working  wi th  oxy -  
gen- sa tu ra t ed  solutions of ferrous sulfate and wi th  
an oxygen a tmosphere  in the  cell, the l imi t ing  G 
value  at  high concentrat ions  was no tab ly  increased 
f rom about  7.0 to 12.5 equ iva l en t s / f a r aday ;  wi th  all  
the other  subs t ra tes  invest igated,  however,  the 
presence of oxygen had  l i t t le  effect. In the inves t i -  
gation of the format ion  of hydrogen  peroxide  in 
iner t  e lectrolytes  (3) a salt  effect was noted where -  
by  the y ie ld  was increased by  ra is ing e lec t ro ly te  
concentration.  In the p resen t  work  it has been found 
tha t  where  the subs t ra te  is oxidized by  hydrogen  
peroxide,  as in the  ferrous case, a s imi lar  r ise  in 
oxidat ion y ie ld  occurs, but  where  the  subs t ra te  is 
fa i r ly  s table  to hydrogen  peroxide,  as in the  fer ro-  
cyanide  and azide cases, l i t t le  sal t  effect is apparent ,  
and wi th  cerous sulfa te  where  the oxidat ion  p rod-  
uct  is reduced by hydrogen  perox ide  the  addi t ion of 
sodium sulfate  to the med ium decreased the ox ida -  
t ion yield.  

Discussion 
Since it seems improbab le  tha t  electrons can be 

emi t ted  d i rec t ly  f rom the surface of a l iquid e lec t ro-  
lyte, it  follows tha t  in exper iments  wi th  a g low- 
discharge anode the cur ren t  must  be conveyed by 
posi t ive gaseous ions which are  dr iven  into the l iq-  
uid from the gas phase and subsequent ly  d is -  
charged.  The fact  tha t  the  na tu re  of the  gas present  
has usual ly  l i t t le  influence on the process suggests 
that  the discharge may  wel l  pass u l t ima te ly  th rough  
wa te r  vapor  in al l  cases and this is not  un l ike ly  
since the local t empera tu re  under  the  glow spot 
must  be re la t ive ly  high. We have no cer ta in  knowl -  
edge of the na tu re  of the  ions presen t  in ionized 
wa te r  vapor  at pressures  corresponding to those 
used in the present  work,  but  observat ions  made  
wi th  the mass spec t rometer  at  much lower  p res -  
sures (5) have shown tha t  the ma in  posi t ive ion 
present  is H~O § and for s impl ic i ty  this wi l l  be as-  
sumed to be the species ca r ry ing  the charge  across 
the in terface  in the  present  exper iments .  Now, as 
previous ly  ment ioned,  the main  drop of potent ia l  is 
some 415 v and occurs in the discharge wi th in  about  
0.05 cm of the l iquid surface, and  hence the m a x i -  
mum energy which the ions could have  on enter ing  
the solution would be 415 ev. In practice,  of course, 
much of this energy wil l  be diss ipated in collisions 
in the  vapor  phase and the average  energy wil l  de-  
pend on the mean  free  pa th  of the ions in the dis-  
charge which cannot be ca lcula ted  wi th  any ac-  
curacy.  Thus the  par t ic les  are  l ike ly  to have  en-  
ergies less than  415 ev and, whi le  these are  minute  
compared  to those of most ionizing radiat ions,  they  
may  wel l  be adequate  to b r ing  about  dissociation of 
wate r  molecules. 

Thus in the p r i m a r y  react ion zone in the  glow 
spot in terac t ion  of the  gaseous ions wi th  solvent  
molecules might  be expected to produce dissociation 
by  collision 

H=0~H=0 ++e-~0HWH + q- e- (a) 

or possibly 

H~O -~ OH + H (b) 

and to produce also 1 equiva lent  of OH per  f a r aday  
by  charge  t ransference  

H~O~,. + H~O.,. ~ OH + H.O § (c) 

With in  this p r i m a r y  zone, in terac t ion  of the  radicals  
among themselves  is l ike ly  to be governed ve ry  
la rge ly  by spat ia l  considerat ions and is not amen-  
able to t r ea tmen t  by  convent ional  kinet ics  (6).  
However,  once the active species have diffused out  
it should be possible to consider thei r  react ions by  
o rd ina ry  kinet ic  methods.  The OH rad ica l  may  be 
expected to oxidize any sui table  subs t ra te  S by  the 
genera l  react ion 

OH + S-* S § + OH- (d) 

In an inert electrolyte hydrogen peroxide is always 
formed, and this may be represented by the dimer- 

isation 
2 OH -* H~O~ (e) 
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In  a d d i t i o n  t h e r e  w i l l  be  a b a c k  r e a c t i o n  w h i c h  m a y  
be  r e p r e s e n t e d  

OH + H--> H=O (f)  

Thus  o x i d a t i o n  b y  g l o w - d i s c h a r g e  e l ec t ro ly s i s  on  
th is  s cheme  wi l l  be  d e t e r m i n e d  b y  t h e  c o m p e t i t i o n  
of r e a c t i o n s  ( d ) ,  ( e ) ,  and  ( f ) .  Thus  if  n e q u i v a l e n t s  
of OH a re  f o r m e d  p e r  f a r a d a y  b y  t h e  p r i m a r y  r e -  
ac t ions  ( a ) ,  ( b ) ,  a n d  (c ) ,  a n d  i f  vl, v2, a n d  v,  a r e  
the  ve loc i t i es  of r eac t i ons  ( d ) ,  ( e ) ,  a n d  (f )  in  t he  
s t a t i o n a r y  s ta te ,  t hen  the  o x i d a t i o n  y i e l d  in e q u i v a -  
len ts  p e r  f a r a d a y  w i l l  be  g iven  b y  

G ( 1 )  = n. (v~ + v=)/(vl  + v~ + v,) ( I )  

w h e r e  t h e  s u b s t r a t e  is c o m p l e t e l y  ox id i zed  b y  h y -  
d r o g e n  pe rox ide .  

G ( 2 )  = n . v l /  (vl + v= + v,) ( I I )  

w h e r e  t he  s u b s t r a t e  a n d  p r o d u c t  a r e  i n e r t  t o w a r d  
h y d r o g e n  p e r o x i d e .  

G (3)  = n .  ( v l -  v 2 ) / ( v l  + v2 + v,)  ( I I I )  

w h e r e  t he  ox id i zed  p r o d u c t  is c o m p l e t e l y  r e d u c e d  
b y  h y d r o g e n  p e r o x i d e .  I f  n o w  the  ve loc i t i e s  a r e  e x -  
p r e s s e d  in  t e r m s  of  t he  c o n c e n t r a t i o n s  of t h e  r e a c t -  
ing species  a n d  r a t e  cons tan t s  k~, ks, and  k~ the  co r -  
r e s p o n d i n g  r e l a t i o n s  a r e  

G ( 1 )  ---- n- ( I S ]  + A ) / ( [ S ]  + A + B)  ( IV)  

G(2) = n.[S]/([S] + A + B) (V) 

G(3) =n.([S]--A)/([S] +A+B) (VI) 

w h e r e  A = k~[OH]/k~ a n d  B = ka[H]/k~. A a n d  B 
w o u l d  on ly  be  e x p e c t e d  to  be  c o n s t a n t  for  a p a r -  
t i c u l a r  s u b s t r a t e  in  a p a r t i c u l a r  se t  of condi t ions ,  
b u t  B / A  = k~[H]/k2[OH] m i g h t  b e  h o p e d  to h a v e  
some g e n e r a l  s igni f icance  if  t he  s t a t i o n a r y  OH con-  
c e n t r a t i o n  does  no t  v a r y  w i d e l y  w i t h  d i f f e r en t  
s u b s t r a t e s ;  n should ,  of course ,  b e  cons t an t  t h r o u g h -  
out.  F e r r o u s  su l fa te ,  s o d i u m  azide,  a n d  cerous  su l -  
f a t e  a p p r o x i m a t e  to these  t h r e e  l i m i t i n g  cases  ( a l -  
t h o u g h  s o d i u m  az ide  in  c o n c e n t r a t e d  so lu t ions  is 
s l owly  ox id i zed  b y  h y d r o g e n  p e r o x i d e )  a n d  i t  is 
i n t e r e s t i n g  to see h o w  the  e x p e r i m e n t a l  d a t a  fit t he  
a b o v e  re l a t ions .  On  t a k i n g  r e c i p r o c a l s  of t h e  a b o v e  
exp re s s ions  t h e y  b e c o m e  

1 1 B 1 
= --. ~- ( V I I )  

G ( 1 )  n [S ]  + A n 

1 1 A + B  1 
= -- �9 + -- (VIII) 

G ( 2 )  n [S ]  n 

1 1 2 A + B  1 
= -- �9 + (IX) 

G ( 3 )  n [S ]  - - A  n 

Hence  the  p lo t  of 1/G a g a i n s t  1 / [ S ]  shou ld  b e  a 
s t r a i g h t  l ine  in  each  case  at  h igh  c o n c e n t r a t i o n s  of 
s u b s t r a t e  a n d  t h e  i n t e r c e p t  on t h e  1/G axis  shou ld  
be  t h e  same.  In  Fig .  4 t he  g r a p h s  a r e  p l o t t e d ;  i t  is 
seen  t h a t  t h e y  a r e  l i n e a r  a t  c o n c e n t r a t i o n s  g r e a t e r  
t h a n  0.05N a n d  c o n v e r g e  to a p p r o x i m a t e l y  a com-  
m o n  poin t .  F r o m  t h e  s lopes ,  v a l u e s  of  B/n ,  ( A + B ) / n ,  
and  ( 2 A + B ) / n  can  b e  o b t a i n e d  in  t he  r e s p e c t i v e  
cases. To a n a l y z e  these  f u r t h e r ,  s u p p l e m e n t a r y  d a t a  
a r e  r e q u i r e d  and  these  a r e  p r o v i d e d  b y  t h e  e x -  
t r a p o l a t e d  b e h a v i o r  a t  v e r y  low s u b s t r a t e  con-  
cen t r a t ions .  In  each  case, t he  y i e l d  of h y d r o g e n  
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Fig. 4. Grophs of reciprocol yields ogQinst reciprocal concen- 
trotions of  substrate: curve ],  Ces(SO4)3; curve 2, NoN~; curve 
3, FeSO~. 

p e r o x i d e  in th is  l i m i t  shou ld  be  n - A / ( A  + B ) ;  in  
the  f e r rous  su l f a t e  case  th is  wi l l  of course  c o r r e -  
spond  to t h e  l i m i t i n g  o x i d a t i o n  at  zero s u b s t r a t e  
c o n c e n t r a t i o n  (2.5 e q u i v a l e n t / f a r a d a y ) ,  w h i l e  in  
t h e  az ide  and  cerous  cases  i t  w i l l  b e  the  a c t u a l  
y i e lds  of h y d r o g e n  p e r o x i d e  ob ta ined ,  i.e., a p p r o x i -  
m a t e l y  2.3 and  0.6 e q u i v a l e n t / f a r a d a y .  U t i l i z ing  
these  da ta ,  the  v a l u e s  of  n, A,  B, a n d  B / A  in t he  
t h r e e  cases  h a v e  been  e v a l u a t e d  a n d  a r e  s u m m a -  
r ized  be low;  v a l u e s  of n a r e  o b t a i n e d  f r o m  the  i n -  
t e r cep t s  on the  1/G ax is  in  Fig .  4, a n d  the  v a l u e s  of 
A a n d  B a re  o b t a i n e d  f r o m  the  s lopes  of t he  g r a p h s  
c o m b i n e d  w i t h  t he  y i e l d s  a t  ze ro  s u b s t r a t e  con-  
cen t r a t ion .  

Substrate  n A B B / A  

FeSO4 7.3 0.011 0.026 2.4 
NaN3 8.3 0.012 0.032 2.7 
Ce2(SO,)8 7.6 0.013 0.152 11.7 

The  va lue s  of n a r e  a p p r o x i m a t e l y  c o n s t a n t  a n d  
B / A  is of t he  s a m e  o r d e r  of  m a g n i t u d e  in  t he  first  
two  cases, a l t h o u g h  i t  is r e l a t i v e l y  h igh  in  the  
cerous  ox ida t ion .  I t  is n o t e w o r t h y  t h a t  t he  t r e a t -  
m e n t  p r e d i c t s  tha t ,  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  
of subs t r a t e ,  a l i m i t i n g  y i e l d  shou ld  be  a p p r o a c h e d  
a s y m p t o t i c a l l y ,  as is f o u n d  in p rac t i ce ,  and  i t  f u r -  
t h e r  i nd i ca t e s  t h a t  in t he  ce rous  case  a m i n i m u m  
c o n c e n t r a t i o n  of 0.013N is n e c e s s a r y  for  a n y  ne t  
o x i d a t i o n  y ie ld ;  t he  e x p e r i m e n t a l  v a l u e  is ca. 0.01N. 

W i t h  i n c r e a s e  of p r e s s u r e  t he  a r e a  of t he  g low 
spot  d imin i she s  a n d  i t  w o u l d  be  e x p e c t e d  t h a t  [OH]  
a n d  [H]  m i g h t  increase .  In  gene ra l ,  t he re fo re ,  G 
shou ld  d i m i n i s h  w i t h  r i se  of p r e s su re ,  b u t  t h e  effect  
w i l l  be  v e r y  d e p e n d e n t  on the  c o n c e n t r a t i o n  of  
s u b s t r a t e  chosen,  s e n s i t i v i t y  to p r e s s u r e  c h a n g e  b e -  
ing  on ly  m a r k e d  a t  low concen t r a t i ons .  F u r t h e r -  
m o r e  f r o m  the  exp re s s ions  deduced ,  t h e  effect  
shou ld  b e  l eas t  w i t h  f e r r o u s  su l f a t e  and  g r e a t e s t  
w i t h  cerous  su l fa te .  Q u a l i t a t i v e l y  t hese  p r e d i c t i o n s  
s eem to be  in  a g r e e m e n t  w i t h  e x p e r i m e n t a l  resu l t s .  

T h u s  the  a b o v e  s cheme  seems  ab l e  to  a c c oun t  in  
g e n e r a l  t e r m s  for  m a n y  f e a t u r e s  of o x i d a t i o n  in  
g l o w - d i s c h a r g e  e l ec t ro ly s i s  b u t  i t  e n c o u n t e r s  v e r y  
g r e a t  diff icul t ies  in t he  p o t a s s i u m  f e r r o c y a n i d e  case. 
This  o x i d a t i o n  shows  a n u m b e r  of  p e c u l i a r  f e a tu r e s ;  
in  p a r t i c u l a r ,  G is l i n e a r l y  d e p e n d e n t  on  f e r r o c y -  
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anide concentra t ion over  a considerable  range,  and 
the l imi t ing  va lue  is not  approached  asympto t ica l ly  
but  is a t ta ined  ab rup t ly  at a f e r rocyan ide  concen- 
t ra t ion  of 0.125N. F u r t h e r m o r e  the presence of 
chloride ion does not ma te r i a l l y  d iminish  the oxi-  
dat ion yield,  whereas  in other  cases it  a lways  seems 
to in te r fe re  wi th  oxidat ion  by  the OH rad ica l  (7).  
A hypothesis  which would go some way  toward  ex-  
p la in ing these fea tures  migh t  suggest  t ha t  by  v i r tue  
of its high negat ive  charge the Fe  (CN)~'- ion can act 
as a scavenger  wi th in  the  p r i m a r y  zone for H.~O § 
ions which, as indica ted  in Eq. (a ) ,  may  be p re -  
cursors of the OH radicals  produced by  dissociation 
of wa te r  molecules.  On this basis the p robab i l i ty  
of a H20 ~ ion react ing before  decomposing would be 
d i rec t ly  p ropor t iona l  to the  fe r rocyanide  concen- 
t rat ion,  and at  a pa r t i cu la r  concentra t ion al l  the  
H20 * ions might  reac t  wi th in  the i r  average  life 
period.  This can only be rega rded  as h ighly  specu- 
la t ive  at  present ,  but  in view of its pecul ia r  fea tures  
a s tudy of the fe r rocyanide  system using the ord i -  
na ry  methods  of rad ia t ion  chemis t ry  might  prove 
h ighly  rewarding .  

The scheme of react ions put  fo rward  above to 
account for the  mechanism of g low-discharge  oxi-  
dat ion must  obviously be a somewhat  a r b i t r a r y  
simplif ication of the ac tual  position. Thus in the 
radia t ion  chemis t ry  of aqueous systems in recent  
years  i t  has been  real ized (8) tha t  in addi t ion to 
the OH and H radicals  formed a "molecular"  y ie ld  
of H~O~ and H~ may  emerge  f rom the p r i m a r y  zone. 
This may  possibly be so in g low-discharge  e lect rol -  
ysis also; indeed the assumpt ion of a p r i m a r y  yie ld  
of HO~ ( ra the r  than  H~O2) accompanying the  OH 
radical ,  which has been rega rded  as the main  oxi-  
dizing agent,  wi l l  expla in  some of the fine detai ls  of 
the present  resul ts  which are  o therwise  obscure;  
HO~ radicals  might  also arise, of course, by  in te rac -  
t ion of OH radicals  wi th  H~O~ molecules. I t  may  also 
be noted tha t  in the  react ions suggested no reducing 
proper t ies  have  been a t t r i bu ted  to the hydrogen  
atoms formed in the  dissociation of wa te r  molecules. 
This is in agreement  wi th  wha t  has genera l ly  been 
found in g low-discharge  electrolysis;  thus the oxi-  
dat ion of a ferrous sal t  proceeds to complet ion in-  
dependen t ly  of the concentra t ion of ferr ic  ions pres-  
ent  and, even when a g low-d ischarge  cathode is 
used, ve ry  l i t t le  reduct ion  of a ferr ic  sulfate  solu-  
t ion can be brought  about. This absence of reducing 
power  in a sys tem in which the existence of hyd ro -  
gen atoms is pos tu la ted  has been noted f requent ly  
in the  rad ia t ion  field, and much ingenui ty  has been 
directed to exp la in ing  i t  (9) .  

The s t r ik ing  analogy be tween  the resul ts  of g low- 
discharge electrolysis  and the action of ionizing r a -  
diat ions is apparen t  f rom the previous  discussion. 
Al though the energies of the bombard ing  par t ic les  
in g low-discharge  electrolysis  are r e la t ive ly  small,  
it  is to be noted tha t  the  dose - ra t e  can be ex t r eme ly  
high. Thus wi th  a cu r ren t  of 75 ma, the  n u m b e r  of 
un iva len t  gaseous ions reaching  the solution surface 
per  minute  is 2.8x10 TM and, assuming them to have 
an average  energy of 100 ev, this corresponds to a 
dose- ra te  of 2.8x10 ~ ev /min .  In view of the low en-  
ergy of the par t ic les  ve ry  l i t t le  pene t ra t ion  of the 

solution wil l  occur, and the react ion zone immedi -  
a te ly  under  the g low-spot  wi l l  have  a ve ry  smal l  
volume;  thus the  dose - ra te  per  uni t  volume wil l  
p robab ly  be much grea ter  than  the above figure. 
The ionizing radia t ions  employed  in convent ional  
rad iochemis t ry  are of much higher  energies (10 ' to 
10" ev) than  the posi t ive ions in g low-discharge  
electrolysis,  bu t  the dose- ra tes  which can be a t -  
ta ined  are  much lower,  being of the order  of 101% 
10 ~~ ev /cc -min .  In spite of these differences the 
chemical  effects appear  to be closely s imi lar  and, if 
the bombard ing  par t ic les  in  g low-d ischarge  elec-  
t rolysis  are  assigned energies  of about  100 ev, the 
yields  are quan t i t a t ive ly  comparab le  wi th  those 
produced by  a -par t i c les .  This i l lus t ra tes  very  forc-  
ib ly  the  indi rec t  na tu re  of the chemical  reactions 
produced.  

In the present  work  the s tudy of g low-discharge  
electrolysis  has been l imi ted  de l ibe ra te ly  to very  
s imple systems in order  to c lar i fy  the  fundamenta l  
mechanism, but  i t  is apparen t  tha t  the  method may  
prov ide  a useful  tool for e lec t ro-organic  p r e p a r a -  
tions. It gives a means  of producing and ma in t a in -  
ing a ve ry  high local concentra t ion  of OH radicals  
in aqueous systems, a l though the  considerable  hea t  
d iss ipated in the discharge m a y  cause exper imen ta l  
difficulty where  t he rma l ly  uns tab le  substances are 
to be used. There  is the poss ibi l i ty  also of adap t ing  
the technique to nonaqueous media  where  the re -  
actions of different  rad ica l  f ragments  of solvent  
molecules might  be uti l ized. 

Manuscript received Oct. 30, 1957. This paper was 
prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
JOURNAL. 
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ABSTRACT 

Measurements  were made of the vapor pressure of TiBr,(1). The following 
results were obtained: 

TiBr, (1) = TiBr, (g) 
--3706.29 

log P,t~ = --  6.2424 log T + 24.199 
T 

P ~ 1 arm at 506.6~ 
AH~8.: ~ 13.22 • 0.10 kcal 
5H~.5 ---- 10.60 _ 0.10 kcal 
AS~.2 = 27.58 _ 0.22 e. u. 
hS~  ~ = 20.93 _ 0.22 e. u. 

Combinat ion of the above data and thermal  data with the calculated en- 
tropy of TiBr~(g) gave the s tandard entropy: 

TiBr , (s) ,  S~ = 57.6 • 0.22 e. u. 
This value agrees with Kelley's  value 57.2 ___ 0.9 e. u. obtained from low 

tempera ture  heat-capacity measurements .  

Da ta  in  the  l i t e r a tu r e  on the  vapor  p ressure  of 
TiBr~ are incons is tent .  Seki  (1) m e a s u r e d  the  vapor  
p ressure  of solid and  l iqu id  TiBr ,  over  a l imi t ed  
range.  1 However ,  w h e n  his equa t i on  for the  l iqu id  

vapor  p ressure  is corrected for the  AC~ of vapor i za -  
t ion, --12.4 c a l / m o l e / d e g ,  ~ and  ex t r apo la t ed  to 760 
mm,  241~ is ob t a ined  for the  bo i l ing  point .  This  
is incons i s t en t  w i th  the  var ious  m e a s u r e d  bo i l ing  
points  which  converge  a r o u n d  230~ 8 Of these, the  
va lue  of Bond  and  Crone,  230~ at  751 m m  of Hg, 
appears  to be the  most  re l iable .  

Also in  d i s a g r e e m e n t  w i th  Seki ' s  resul ts  a re  da ta  
ob t a ined  in  ea r ly  w o r k  a t  Ba t te l l e  (8) .  These  data,  
t aken  w i t h  an  isoteniscope (9) ,  were  sub jec ted  to a 
s ta t is t ical  ana lys i s  which  ind ica ted  a h igh  degree  of 

precision,  bu t  gave a va lue  of AC~ = - - 7 . 5 7 4 ,  i nd i -  
cated by  the  coefficient of log T in  the  bes t  fit e qua -  
tion, which  did no t  agree w i th  the  expected  v a l ue  of 

• = --12.4. 
Later ,  Ka to  and  Abe  (10) m e a s u r e d  the  vapor  

p ressure  of the  l iqu id  in  the  r ange  40 to 366 m m  
wi th  a glass spoon (Bourdon )  gauge. '  The i r  p res -  
sures are s igni f icant ly  lower  t h a n  e i ther  the  i so teni -  
scope da ta  or the  ex t r apo la t i on  of Seki 's  data .  The  
da ta  of Ka to  and  Abe  are too sca t te red  and  the  
r ange  too n a r r o w  to d r a w  any  conclus ions  conce rn -  

ing the  m a g n i t u d e  of the  • t e rm.  

1 Those  r e f e r r i n g  to S e k i ' s  p a p e r  s h o u l d  no t e  t h a t  s e v e r a l  of  t he  
v a p o r  p r e s s u r e  t ab le s  a re  mi s l abe l ed .  The  v a p o r  p r e s s u r e  da t a  f o r  
CBr4, TiBr4, SnBr4, a n d  SnI4 are  a c t u a l l y  p r e s e n t e d  i n  Tab le s  I 
t h r o u g h  V I I I  i n  the  s ame  o r d e r  as l i s t ed  in  Tab le  IX.  F u r t h e r m o r e ,  
t h e  5 F  and  AS v a l u e s  l i s t ed  i n  T a b l e  I X  are  m i s l e a d i n g ,  h a v i n g  b e e n  
o b t a i n e d  by  m u l t i p l y i n g  the  log  P e q u a t i o n  b y  2.303 R w i t h o u t  h a v -  
i n g  f i rs t  c o n v e r t e d  f r o m  m m  of H g  to  a tmos phe re s .  Thus ,  t h e y  i m p l y  
a s t a n d a r d - s t a t e  p r e s su re  of 1 m m  of  t tg .  The  g l a s s - s p r i n g  m a n o m e -  
t e r  used  fo r  these  m e a s u r e m e n t s  is  de sc r ibed  by  N i t t a  a n d  S e k i  (2). 

"-See c a l c u l a t i o n  of AC~ be low.  

3 V a l u e s  h a v e  b e e n  r e p o r t e d  by  Bi l t z  and  J e e p  (3),  230~ at  
761 m m ;  B o n d  a n d  Crone  (4),  230~ at  751 ram;  B a x t e r  a n d  B u t -  
le r  (5),  230~ (760 m m  ?) ;  Y o u n g  a n d  S c h u m b  (6), 230~ (760 
m m )  ; a n d  b y  O l s e n  a n d  R y a n  (7),  228~ (761 r a m ) .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  v a l u e  AS = 35.73 e.u. s h o w n  i n  
T a b l e  I o f  K a t o ' s  p a p e r  was  o b t a i n e d  b y  m u l t i p l y i n g  t h e  log  P 
e q u a t i o n  b y  2.303 R w i t h o u t  h a v i n g  f i r s t  c o n v e r t e d  f r o m  m m  of H g  
to  a tmosphe re s .  

A source of e r ror  in  the  spoon-gauge  da ta  of 
Kato  a nd  Abe  was  though t  to be  the  exis tence  of a 
t e m p e r a t u r e  d i f fe rent ia l  b e t w e e n  the  b a t h  and  the  
convec t ion-coo led  spoon. I t  was  also suspected t ha t  

the  observed  AC~ d i sc repancy  in  the  isoteniscope 
da ta  migh t  be  exp la ined  by  the  possible  presence  of 
smal l  a m o u n t s  of res idua l  mo i s tu r e  in  the  glass 
e q u i p m e n t  r e su l t i ng  in  vo la t i l e  hydro lys i s  p rod -  
ucts. 

In  order  to d e t e r m i n e  the m a g n i t u d e  of these  
effects, n e w  da ta  were  ob t a ined  wi th  a P y r e x  spoon 
gauge.  The  n e w  da ta  show tha t  the  confl ict ing r e -  
sul ts  can  be  e xp l a i ne d  a d e q u a t e l y  on  the  above  
bases. 

Heat Capacity and Standard Entropy o~ TiBr ,  Vapor 

The e n t r o p y  a nd  hea t  capaci ty  of TiBr ,  vapo r  
were  ca lcu la ted  f rom the  v i b r a t i o n a l  f requenc ies  in  
cm -1 g iven  by  Delwaul le ,  et al., (11) .  O n l y  the  
t r ans la t iona l ,  ro ta t ional ,  a nd  v i b r a t i o n a l  c o n t r i b u -  
t ions to the  ene rgy  were  cons idered  to be significant .  
No correc t ion  was  m a d e  for  anha rmon ic i t y ,  the  
effect h a v i n g  been  cons idered  to be negl ig ible .  

In  ca lcu la t ing  the  ro t a t i ona l  con t r ibu t ions ,  the  
va l ue  g iven  b y  Lis te r  and  S u t t o n  (12) for the  T i - B r  
d is tance  (2.31A) was  used. The ca lcula t ions  led to 

S~ ~ 95.02 e .u .  

and  the  hea t  capaci t ies  g iven  in  Tab le  I. At  298.2~ 
a nd  above,  the  ca lcu la ted  hea t  capaci ty  can  be  ex -  
pressed to w i t h i n  ___0.02 c a l / m o l e / d e g  over  mos t  of 
the  r ange  by  the  equa t i on  

C~ = 25.77 --  1.58 • 105 T -~ (I)  

w he r e  
T >_ 298.2~ 

At  400~ the  e q u a t i o n  is i n  e r ro r  b y  0.04 uni t s .  

S ince  these  ca lcu la t ions  were  made ,  s imi la r  ca l -  
cu la t ions  by  Sk inne r ,  Johns ton ,  and  Becke t t  have  
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Table I. Heat Capacity of TiBr+(g) Table II. Vapor Pressure of Liquid TiBr~ (Continued) 

Cp, ca l cu l a t ed  S a m p l e  T, ~  PTiBr4*, m m  t t g  l og  Pobs -- log  Pca lc t  
Temp ,  ~ c a l / m o l e / d e g  C~, Eq. (I) 

200 22.35 (21.82) 
300 24.02 24.01 
400 24.74 24.78 
500 25.12 25.14 
700 25.45 25.45 

Table II. Vapor Pressure of Liquid TiBr+ 

S a m p l e  T, ~ PTiBr~*, m m  H g  log  Pobs -- log  P e l l e t  

A 352.1 5.9 +0.1144 
A 383.7 21.4 +0.0441 
A 413.0 62.8 +0.0188 
A 336.8 3.1 +0.1927 
A 362.5 9.3 +0.0889 
A 372.9 14.6 +0.0764 
A 393.2 31.5 +0.0409 
A 428.1 101.5 +0.0109 

B 446.3 175.7 +0.0062 
B 431.8 113.7 + 0.0099 
B 453.0 211.6 + 0.0076 
B 465.8 290.4 --0.0042 
B 480.5 424.4 +0.0014 
B 472.7 347.6 --0.0023 
B 459.0 246.4 +0.0024 
B 441.0 150.6 + 0.0098 

D 372.6 11.5 --0.0199 
D 387.3 22.3 --0.0068 
D 402.2 40.3 --0.0018 
D 416.0 65.7 --0.0069 
D 403.7 43.4 +0.0061 
D 390.9 26.0 --0.0034 
D 448.1 181.8 +0.0018 
D 472.3 345.9 0.0000 
D 498.5 634.7 --0.0025 
D 488.4 508.2 --0.0010 
D 476.4 381.0 --0.0021 
D 464.6 283.2 --0.0013 
D 450.8 194.2 --0.0027 
D 446.3 171.0 --0.0024 
D 436.3 126.9 --0.0029 
D 418.2 71.2 --0.0011 
D 402.5 41.1 +0.0019 
D 387.4 23.1 +0.0067 
D 376.4 13.7 --0.0174 
D 371.1 10.7 --0.0257 
D 366.4 8.6 --0.0271 
D 392.9 28.2 --0.0012 
D 398.0 34.4 --0.0013 
D 414.3 62.5 0.0000 

E 401.6 39.4 --0.0018 
E 365.2 8.7 +0.0023 
E 349.8 3.9 --0.0162 
E 356.4 5.4 --0.0204 
E 374.5 13.5 +0.0125 
E 419.2 73.0 --0.0050 
E 452.9 206.4 --0.0019 
E 472.4 345.8 --0.0012 
E 463.4 273.9 --0.0023 
E 434.2 120.0 +0.0009 
E 413.2 60.6 +0.0032 
E 407.6 49.4 + 0.0012 
E 395.6 31.5 +0.0007 
E 346.6 3.5 +0.0098 
E 355.0 5.5 +0.0179 
E 363.6 7.8 --0.0123 

F 358.6 6.6 +0.0197 
F 369.3 10.7 +0.0138 

F 374.5 13.5 +0.0125 
F 392.2 27.6 0.0000 
F 404.4 44.6 + 0.0067 
F 417.9 70.1 --0.0034 
F 429.5 104.2 +0.0035 
F 422.2 82.2 +0.0033 
F 413.3 60.4 +0.0003 
F 400.6 37.9 --0.0023 
F 376.7 14.5 +0.0014 
F 457.4 234.0 --0.0010 
F 456.4 228.1 --0.0014 
F 468.4 314.3 +0.0012 
F 489.0 516.0 --0.0002 
F 481.8 435.5 --0.0007 
F 452.1 203.2 +0.0010 
F 441.4 150.2 +0.0035 
F 354.1 5.1 +0.0048 
F 341.2 2.5 --0.0097 
F 385.8 21.9 +0.0121 
F 354.5 5.1 --0.0039 

F-II  404.2 44.2 +0.0060 
F-I I  444.5 164.4 +0.0032 
F-II  432.2 112.8 +0.0008 
F-II  487.1 494.6 +0.0005 
F-II  474.8 368.6 +0.0005 
F-II  460.6 256.2 +0.0009 
F-I I  359.4 6.9 +0.0220 
F-II  370.2 11.0 +0.0079 
F-II  376.8 14.9 +0.0112 
F-II  384.5 20.2 +0.0026 
F-II  395.5 31.8 +0.0065 

* Da ta  l i s t ed  i n  t he  o r d e r  t aken .  P r e s s u r e  co r rec ted  fo r  t h e r m a l  
e x p a n s i o n  of  Hg  i n  t h e  m a n o m e t e r  a n d  fo r  l a t i t u d e .  

t C a l c u l a t e d  ~rom the  e q u a t i o n :  log  Patm = - -3706.29/T -- 6.2424 
log T + 24.199. 

been  pub l i shed  (13) which  are in  essent ia l  agree-  
ment .  

Recent  d e t e r m i n a t i o n s  by  Ke l l ey  (14) show tha t  
the  hea t  capaci ty  of l iqu id  t i t a n i u m  t e t r a b r o m i d e  is 
essen t ia l ly  cons tan t  b e t w e e n  the  m e l t i n g  and  boi l -  
ing points .  His value ,  37.3 c a l / m o l e / d e g ,  is the  r e -  
sul t  of care fu l  d e t e r m i n a t i o n s  a nd  should  be qu i te  
re l iable .  Us ing  this  va l ue  w i th  the  hea t  capaci ty  of 
the gas ob ta ined  f rom the  above equat ion ,  one 
finds a AC~ of vapor i za t ion  of --12.4 c a l / m o l e / d e g  at  
420~ n e a r  the  midd le  of the  r a nge  of v a p o r - p r e s -  
sure  m e a s u r e m e n t s .  

Experimental 

The P y r e x  spoon gauge, w i th  sample  rese rvo i r  

a t tached,  was s u b m e r g e d  in  an  oil b a t h  t h e r m o s t a t  
(___0.2~ whose  t e m p e r a t u r e  was  m e a s u r e d  w i th  a 
c h r o m e l - a l u m e l  t he rmocoup le  ca l ib ra ted  a t  the  

bo i l ing  po in t  of w a t e r  and  the  m e l t i n g  po in t  of t in.  

Af t e r  the in i t i a l  b a k e - o u t  of the gauge and  ap-  

pendages  at 450~ and  0.05~ pressure  overn ight ,  a 
b r e a k  seal  was  b roken ,  a nd  some TiBr4 was  dis t i l led  
u n d e r  v a c u u m  t h r ough  the  system.  A s a m p l e  was  

t h e n  condensed  in  the rese rvo i r  and  W i l l a r d  va lves  
(15) on e i ther  side were  closed. P re s su re  m e a s u r e -  

me n t s  were  m a d e  wi th  the  spoon gauge used as a 
n u l l  i n s t r u m e n t .  Af t e r  the  des i red da ta  we re  ob-  
ta ined,  p roper  m a n i p u l a t i o n  of the  Wi l l a r d  va lves  
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p e r m i t t e d  e i t he r  p a r t i a l  r e m o v a l  of t h e  s a m p l e  and  
r e - e x a m i n a t i o n  of t h e  res idue ,  o r  c o m p l e t e  r e m o v a l  
and  r e p l a c e m e n t  b y  a f r e s h  sample .  D u r i n g  Runs  D, 
E, F, a n d  F - I I ,  a h e a t i n g  t a p e  w r a p p e d  a r o u n d  the  
u p p e r  p a r t  of t he  o u t e r  e n v e l o p e  of t h e  spoon  g a u g e  
was  h e a t e d  s t r o n g l y  e n o u g h  to p r e v e n t  c o n d e n s a -  
t ion  of l i q u i d  TiBr+ in t he  spoon  i tself .  F o r  Runs  F 
and  F - I I ,  t he  W i l l a r d  v a l v e s  w e r e  r e p l a c e d  b y  
c a p i l l a r y  t u b e s  w h i c h  s e r v e d  as v a l v e s  on c o n d e n s -  
ing  and  f r eez ing  p lugs  of TiBr+. 

The  t i t a n i u m  t e t r a b r o m i d e  used  in Runs  A and  B 
was  o b t a i n e d  f r o m  the  N a t i o n a l  B u r e a u  of S t a n d -  
ards .  A n o t h e r  s a m p l e  of t he  s a m e  lo t  was  r e p o r t e d  
b y  NBS to h a v e  an  o v e r - a l l  p u r i t y  of 99.998 as 
m e a s u r e d  b y  ana lys i s  of t h e  m e l t i n g  curve .  The  t r i -  
p l e  po in t  t e m p e r a t u r e  was  r e p o r t e d  to b e  311.50 ~ 
•176  The  s a m p l e  was  t r a n s f e r r e d  b y  v a c u u m  
d i s t i l l a t i on  in to  s m a l l  a m p o u l e s  f r o m  t h e  l a r g e  
a m p o u l e  in  w h i c h  i t  was  sh ipped .  L i q u i d  n i t r o g e n  
was  used  to cool t he  p u m p  t r a p  and  the  glass  was  
o u t g a s s e d  b y  f l aming  w i t h  a h a n d  torch.  S a m p l e s  
A and  B w e r e  success ive  cuts  f r o m  one s m a l l  a m -  
poule .  

A second  lot  of t e t r a b r o m i d e ,  r e c e i v e d  f r o m  the  
B u r e a u  of S t a n d a r d s  h a v i n g  the  s a m e  p u r i t y  spec i -  
f ica t ions ,  was  also t r a n s f e r r e d  to s m a l l  ampou les .  
In  o r d e r  to e l imina t e ,  if poss ib le ,  a n y  t r aces  of r e -  
s idua l  moi s tu re ,  a s ea son ing  t e c h n i q u e  was  adop ted .  
The  t r a n s f e r  s y s t e m  was  e v a c u a t e d  to <0.01~ and  
h e a t e d  to a b o u t  150~ for  24 hr ,  a f t e r  w h i c h  i t  was  
t hen  f lushed out  w i t h  a s a m p l e  of r e d i s t i l l e d  t e t r a -  
b r o m i d e  so t h a t  a l l  of t he  glass  was  in  p r o l o n g e d  
con tac t  w i t h  the  l iqu id .  The  m a t e r i a l  was  a l l  d i s t i l l ed  
out  be fo re  the  N B S  s a m p l e  was  t r a n s f e r r e d .  The  
f i r s t  f rac t ion ,  S a m p l e  C, f r o m  one  sma l l  a m p o u l e  
was  used  to p r e c o n d i t i o n  t h e  glass  su r faces  of t he  
gauge .  A f t e r  be ing  h e a t e d  for  48 hr ,  t he  TiBr ,  was  
e n t i r e l y  r e m o v e d  b y  vo la t i l i za t ion .  S a m p l e s  D and  
E were  s u b s e q u e n t  cuts  f r o m  the  s a m e  ampou le ,  
w h i l e  S a m p l e  F was  f r o m  a second  ampou le .  F - I I  
de s igna t e s  t he  s a m p l e  r e m a i n i n g  a f t e r  a b o u t  ha l f  of 
F was  r e m o v e d  b y  d i s t i l l a t ion .  

P r e s s u r e  vs. t e m p e r a t u r e  d a t a  for  t he  s ix  s e p a r a t e  
s a m p l e s  a r e  p r e s e n t e d  in  T a b l e  II .  T h e  m u t u a l l y  
cons i s t en t  d a t a  f r o m  S a m p l e s  D, E, F,  a n d  F - I I  w e r e  
s u b j e c t e d  to  a ~ - c a l c u l a t i o n  in  w h i c h  t h e  coefficient  
of log  T in the  v a p o r - p r e s s u r e  e q u a t i o n  was  a s -  

s igned  the  v a l u e  --6.2424 (AC~ = - -12 .4) .  This  t r e a t -  
m e n t  l eads  to the  equa t i on :  

log P~,,~ = - -3706 .29 /T  - -  6.2424 log T + 24.199 

In  t he  f o u r t h  c o l u m n  of  Tab le  I I  a r e  l i s t ed  the  d e -  
v i a t ions  of each  p o i n t  f r o m  the  a b o v e  equa t ion .  A 
p lo t  of t he  d e v i a t i o n s  vs. T, ~  is s h o w n  in Fig .  1. 
I t  m a y  be  seen  t h a t  t he  d a t a  for  S a m p l e s  D, E, F, 
and  F - I I  a r e  r a n d o m l y  s c a t t e r e d  a b o u t  zero  d e v i -  

a t ion;  hence,  t he  v a l u e  of AC~ ~ --12.4 is cons i s t en t  
w i t h  these  da ta .  D a t a  for  S a m p l e s  A and  B do not  
a g r e e  w i t h  t he  o t h e r  fou r  samples .  F o r  p u r p o s e s  of 
compar i son ,  i t  m a y  be  n o t e d  t h a t  t he  be s t  equa t ion  
t h r o u g h  the  d a t a  of A and  B is a c t u a l l y  a s t r a i g h t  

l ine,  i.e., t he  a p p a r e n t  AC~ = 0. Also  s h o w n  in Fig .  1 
a r e  t he  dev i a t i ons  of t he  d a t a  of Seki ,  Ka to ,  a n d  
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Fig. 1. Vapor pressure of l iquid TiBr+. Deviation from l o g  
P.~t . . . .  3706 .29 /T - -6 .2424  log T + 24.199. 

Abe,  t he  i so ten i scope  da ta ,  a n d  the  bo i l ing  p o i n t  of 
Bond  and  Crone.  

D i s c u s s i o n  

Two di f fe rences  in the  e x p e r i m e n t a l  t e c h n i q u e  
h a v e  s igni f icance  in t he  i n t e r p r e t a t i o n  of t he  r e -  
su l t s :  ( a )  p r e v e n t i o n  of c o n d e n s a t i o n  of T iBr ,  in  
t he  spoon  p o r t i o n  of t he  s y s t e m  d u r i n g  p r e s s u r e  
m e a s u r e m e n t s ,  and  (b )  p r e c o n d i t i o n i n g  of a l l  
g l a s s w a r e  w i t h  TiBr4. These  p r e c a u t i o n s  w e r e  e m -  
p l o y e d  for  S a m p l e s  D, E, F, and  F - I I ,  b u t  no t  for  
A and  B. 

If  l i qu id  is p e r m i t t e d  to condense  in  t he  spoon  as  
a r e s u l t  of c i r cu l a t i on  of cool i ne r t  gas  w i t h i n  t h e  
enve lope ,  t he  e q u i l i b r i u m  t e m p e r a t u r e  m a y  be  n o -  
t i c e a b l y  l o w e r  t h a n  the  b a t h  t e m p e r a t u r e .  In  an  
e x p e r i m e n t  a t  cons t an t  b a t h  t e m p e r a t u r e ,  t he  ob -  
s e r v e d  p r e s s u r e  d r o p p e d  f r o m  626.4 to 609.9 m m  of 
Hg  w h e n  the  h e a t e d  e n v e l o p e  was  a l l o w e d  to cool  
t o w a r d  room t e m p e r a t u r e .  This  p r e s s u r e  d i f fe rence  
is e q u i v a l e n t  to a t e m p e r a t u r e  d i f fe rence  of 1.2~ 
In  t he  low t e m p e r a t u r e  r a n g e  of t he  da ta ,  no p r e s -  
su re  d i f fe rence  could  be  o b s e r v e d  b e t w e e n  a cool 
and  a h e a t e d  e n v e l o p e  be c a use  of t he  r e d u c e d  con-  
v e c t i v e  effect a t  low p re s su re .  K a t o  a n d  A b e  do no t  
i n d i c a t e  t h a t  a n y  p r e c a u t i o n s  w e r e  t a k e n  to p r e v e n t  
condensa t ion .  H o w e v e r ,  as  can  be  seen  f rom the  d e -  
v i a t i o n  p]ot,  c o r r e c t i on  of  t h e i r  d a t a  b y  the  a b o v e  
a m o u n t  w o u l d  b r i n g  t h e m  in to  b e t t e r  c o r r e l a t i o n  
w i th  t he  d a t a  r e p o r t e d  h e r e  fo r  S a m p l e s  D, E, F,  
and  F - I I .  The  a c t u a l  m a g n i t u d e  of t h e  c o r r ec t i on  
would ,  of course ,  v a r y  w i t h  t he  g e o m e t r y  of t h e  
p a r t i c u l a r  a p p a r a t u s .  

If  r o u t i n e  v a c u u m  b a k e o u t  of g l a s s w a r e  w e r e  no t  
success fu l  in r e m o v i n g  so rbed  m o i s t u r e  comple t e ly ,  
s u b s e q u e n t  h y d r o l y s i s  of t he  t e t r a b r o m i d e  w o u l d  be  
e x p e c t e d  to p r o d u c e  s m a l l  a m o u n t s  of v o l a t i l e  h y -  
d ro ly s i s  p roduc t s ,  such as HBr ,  d i s so lved  in  the  t e t -  
r a b r o m i d e .  This  w o u l d  i n t r o d u c e  a r a t h e r  l a r g e  
pos i t i ve  e r r o r  in t he  o b s e r v e d  p r e s s u r e  in t he  l o w -  
p r e s s u r e  range ,  b u t  a m u c h  s m a l l e r  r e l a t i v e  e r r o r  in  
t h e  h i g h - p r e s s u r e  r ange .  T h e  d e v i a t i o n  p lo t  shows  
t h a t  t he  d a t a  f r o m  S a m p l e s  A a n d  B v a r y  in such  a 
m a n n e r .  S ince  the  d i f fe rences  in  s a m p l e  h a n d l i n g  
t e c h n i q u e  shou ld  h a v e  r e d u c e d  the  p o s s i b i l i t y  of 
m o i s t u r e  c o n t a m i n a t i o n  for  S a m p l e s  D, E, F, a n d  
F - I I ,  i t  is l i k e l y  t h a t  r e s i d u a l  m o i s t u r e  was  i n d e e d  
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the  source  of e r r o r  in  t he  d a t a  f r o m  S a m p l e s  A a n d  
B. S ince  Sek i ' s  d a t a  a n d  the  i so ten i scope  d a t a  d e v i -  
a te  in  t he  s a m e  m a n n e r  as  S a m p l e s  A a n d  B, t he  
s ame  e x p l a n a t i o n  p r o b a b l y  appl ies .  ~ 

The  fac t  t h a t  the  d e v i a t i o n  of t he  d a t a  f r o m  S a m -  
p l e  B in t he  h i g h - p r e s s u r e  r a n g e  is s m a l l e r  t h a n  
t ha t  of t he  i so ten i scope  d a t a  is p r o b a b l y  the  r e s u l t  
of c o m p e n s a t i n g  e r ro rs .  The  i m p u r i t y  e r r o r  w o u l d  
l e ad  to pos i t i ve  dev ia t ion ,  w h i l e  t he  c o n d e n s a t i o n  
e r r o r  w o u l d  l e ad  to n e g a t i v e  dev ia t ion .  

The  absence  of v o l a t i l e  or  so lub l e  n o n v o l a t i l e  i m -  
p u r i t i e s  in S a m p l e  F is s h o w n  b y  the  fac t  t h a t  a f t e r  
v o l a t i l i z a t i o n  of a b o u t  ha l f  of t he  s a m p l e  t he  v a p o r  
p r e s s u r e  r e m a i n e d  unchanged .  

Results 
One has  a choice  of two  m e t h o d s  for  t r e a t m e n t  of 

t he  da ta .  The  f r ee  e n e r g y  a n d  e n t h a l p y  func t ions  
m a y  be  c o n s t r u c t e d  f r o m  the  C~ d a t a  of  K e l l e y  (14) 
and  the  spec t roscop ic  d a t a  of Dewau l l e ,  et  al. (11) ,  
w h i c h  p e r m i t  t he  ca l cu l a t i on  of v a l u e s  of AH~ for  
each  e x p e r i m e n t a l  v a p o r - p r e s s u r e  poin t .  The  con-  
s i s t ency  of t h e  d a t a  is t h e n  j u d g e d  b y  the  abse nc e  of 
s ca t t e r  a n d  of t r e n d  w i t h  t e m p e r a t u r e  in t he  AH~ 
va lues .  

F o r  t he  p r e s e n t  pu rpose ,  a n d  in  v i e w  of  t h e  fac t  
t h a t  t he  C~ d a t a  of K e l l e y  a r e  as y e t  u n p u b l i s h e d ,  
t he  a u t h o r s  p r e f e r  the  ~ - f u n c t i o n  t r e a t m e n t  w h i c h  
g ives  c o n v e n i e n t  a n a l y t i c a l  exp re s s ions  for  t h e  r e -  
sults .  The  cons i s t ency  w i t h  t he  T h i r d  L a w  can  be  
t e s t ed  b y  c o m p a r i n g  the  e n t r o p i e s  of v a p o r i z a t i o n  
c a l c u l a t e d  f r o m  t h e  v a p o r - p r e s s u r e  d a t a  and  f r o m  
t h e  t h e r m a l  da ta .  A g r e e m e n t  of t he  t h e r m o d y n a m i c  
quan t i t i e s  c a l c u l a t e d  b y  t h e  two  m e t h o d s  is w e l l  
w i t h i n  the  p rec i s ion  of t he  da ta .  

T r e a t m e n t  of t h e  d a t a  f r o m  S a m p l e s  D, E, F,  and  
F - I I  b y  the  m e t h o d  of l eas t  squa re s  l eads  to t he  
fo l l owing  r e su l t s  for  

TiBr~(1) = T i B r , ( g )  

log P~,,,, = - -3706 .29 /T  - -  6.2424 log  T + 24.199 

P = 1 a t m  a t  506.6~ (233.4~ 

The  i n d i c a t e d  n o r m a l  bo i l i ng  point ,  233.4~ is 
2.6 ~ a b o v e  the  230.8~ ( c o r r e c t e d )  g i v e n  b y  Bond  
a n d  Crone  (4 ) ,  i.e., a b o u t  3~ a b o v e  t h e  s e v e r a l  
v a l u e s  p r e v i o u s l y  r e p o r t e d .  H o w e v e r ,  r e c e n t  u n -  
p u b l i s h e d  r e su l t s  of J o h a n n e s e n  (16) a t  t he  N a -  
t i ona l  B u r e a u  of S t a n d a r d s  t e n d  to conf i rm the  
h i g h e r  v a l u e  o b t a i n e d  in  t he  p r e s e n t  w o r k .  I n  t h e  
d i s t i l l a t i on  of a s a m p l e  of TiBr, ,  J o h a n n e s e n  o b -  
t a i n e d  a f inal  bo i l ing  p o i n t  of 232~ a t  765 m m  of 
Hg  w i t h  a c a l i b r a t e d  t h e r m o m e t e r  t o t a l l y  i m m e r s e d  
in t he  vapo r .  S ince  the  bo i l ing  p o i n t  h a d  r i sen  1~ 
d u r i n g  the  d i s t i l l a t ion ,  i t  was  su spec t ed  t h a t  t he  
TiBr ,  c o n t a i n e d  some r e s i d u a l  TiCL f r o m  t h e  p r e p -  
a r a t i o n  and  t h a t  t he  v a l u e  232~ is s o m e w h a t  low.  

The  r a t i o  of f u g a c i t y  ~ to p r e s s u r e  as  a func t ion  of 
t e m p e r a t u r e  m a y  be  a p p r o x i m a t e d  in  t he  r a n g e  of 
the  d a t a  b y  the  e q u a t i o n  

I t  m a y  b e  n o t e d  t h a t  t h e  d e v i a t i o n  of  t h e  i s o t e n i s cope  da ta ,  f o r  
e x a m p l e ,  is  no t  q u a n t i t a t i v e l y  a c c o u n t e d  fo r  a t  b o t h  ends  of  the  
pre s su re  r a n g e  on  t he  bas is  of an  i dea l  s o l u t i o n  of I-IBr in  TiBr4. 
H o w e v e r ,  s ince  t h e  q u a l i t a t i v e  e x p l a n a t i o n  a p p e a r s  adequa t e ,  con-  
s i d e r a t i o n  of  u n c e r t a i n  d e p a r t u r e  f r o m  i d e a l i t y  i n  a n  e f for t  to  i m -  
p r o v e  the  a g r e e m e n t  d id  no t  seem to be  jus t i f i ed .  

e E s t i m a t e d  b y  t he  m e t h o d  of  B r e w e r  a n d  Sea rcy  (17). 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1958 

log f / p  = --0.0738 log  T + 0.1908 

By  a d d i t i o n  to t he  a b o v e  e q u a t i o n  one obta ins ,  

log fa , ,  ---- - -3706 .29 /T  - -  6.3162 log T + 24.390 

f r o m  w h i c h  the  fo l l owing  t h e r m o d y n a m i c  q u a n -  
t i t i es  a r e  d e r i v e d :  

AC~ ---- --12.54 c a l / m o l e / d e g  
AH~.~ ---- 13.22 _+ 0.10 kca l  
AH~.e ---- 10.60 +_ 0.10 kca l  
/xS~e,.~ = 27.58 _+ 0.22 e. u. 
AS~.~ = 20.93 __ 0.22 e. u. 

The  u n c e r t a i n t i e s  a r e  e x p r e s s e d  as t he  m a x i m u m  
d e v i a t i o n  f r o m  the  m e a n  of t he  v a l u e s  o b t a i n e d  b y  
s e p a r a t e  t r e a t m e n t  of t he  d a t a  f r o m  each  sample .  

I t  is r e c ogn i z e d  t h a t  t he  coefficient  of log T in t he  

f u g a c i t y  e q u a t i o n  is t he  A C J R  w h i c h  shou ld  be  
c o m p a r e d  w i t h  t h a t  o b t a i n e d  f rom the  C~ of t he  gas  
and  l iqu id  as p r e v i o u s l y  desc r ibed .  T h e  i n d i c a t e d  

v a l u e  ~C~ = - - 1 2 . 5 4  is t he  d i f fe rence  b e t w e e n  t h e  
gas and  l iqu id  a t  400~ S ince  th is  t e m p e r a t u r e  is 
s t i l l  n e a r  the  m i d d l e  of t he  r a n g e  of t he  d a t a  and  

the  t e m p e r a t u r e  t a k e n  for  t he  hC~ ca l cu l a t i on  is 

s o m e w h a t  a r b i t r a r y  in  a n y  case, t he  • i n d i c a t e d  
b y  the  f u g a c i t y  e q u a t i o n  is c o n s i d e r e d  to be  as a p -  
p r o p r i a t e  for  t he  p r e s e n t  pu rpose .  

The  a b o v e  d a t a  can  be  used  to o b t a i n  an  e q u a t i o n  
for  t he  v a p o r  p r e s s u r e  of t he  solid.  In  a d d i t i o n  to 
i ts  i n h e r e n t  i n t e re s t ,  th is  p e r m i t s  a c o m p a r i s o n  of 
t he  e n t r o p y  of t he  sol id  w i t h  t h a t  o b t a i n e d  ca lo r i -  
m e t r i c a l l y  b y  K e l l e y  (18) .  T h e  h e a t  of fus ion  of 
T i B r , ( s ) ,  ~H~ ---- 3080 c a l / m o l e  (14) is  a d d e d  to  t h e  
h e a t  of v a p o r i z a t i o n  of t he  l i qu id  a t  t he  m e l t i n g  
point ,  h H ~ . ,  = 13,051 c a l / m o l e ,  as c a l c u l a t e d  f r o m  
the  f u g a c i t y  e q u a t i o n  above ,  to o b t a i n  t he  h e a t  of 
s u b l i m a t i o n  at  t he  m e l t i n g  poin t ,  Z~Hs~., = 16,131 
c a l / m o l e .  This  v a l u e  is e x t r a p o l a t e d  to 0~  w i t h  

t he  v a l u e  ~C~ = - - 7 . 5  c a l / m o l e / d e g  ~ to g ive  Z~H~ 
18,467 c a l / m o l e .  

The  a b o v e  v a l u e s  can  be  s u b s t i t u t e d  in  an  e q u a -  
t ion  of t he  f o r m :  

4.575 log P = --AH~ + 2.303 ACp log  T - -  I 

t he  v a l u e  of I be ing  d e t e r m i n e d  b y  subs t i t u t i ng ,  for  
P, t he  v a l u e  c a l c u l a t e d  a t  t he  m e l t i n g  p o i n t  f r o m  
the  e q u a t i o n  for  t h e  v a p o r  p r e s s u r e  of t he  l iqu id .  

This  t r e a t m e n t  l eads  to t he  fo l lowing  r e su l t s  for  

TiBr~(s)  = T i B r , ( g )  : 

log P ..... ~ - -4036 .5 /T  - -  3.776 log T + 19.106 

~C,, = --7.5 c a l / m o l e / d e g  
~H~.~ = 16.2 k c a l  
~H ..... = 16.1 k c a l  
• = 37.2 e. u. 
AS~.,  = 36.8 e. u. 

The  d e r i v e d  e q u a t i o n  for  so l id  T iBr ,  g ives  p r e s -  
su res  a b o u t  50% l o w e r  t h a n  those  o b s e r v e d  b y  Sek i  
for  t he  v a p o r  p r e s s u r e  of t he  solid.  The  d i f fe rence  
m a y  be  a t t r i b u t a b l e  to t he  p r e s e n c e  of h y d r o l y s i s  
p r o d u c t s  in Sek i ' s  m a t e r i a l .  

K e l l e y  (18) g ives  31.43 c a l / m o l e / d e g  fo r  t h e  h e a t  c apac i t y  of  
so l id  TiBr~ a t  298.2~ A t  t he  s ame  t e m p e r a t u r e  C~,(g) = 23.9 
c a l / m o l e / d e g  is o b t a i n e d  f r o m  spec t roscop ic  da ta ,  as d i scussed  
above .  
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The above  va lue  of AS~.2 m a y  be combined  wi th  
the  s t a n d a r d  e n t r o p y  of TiBr ,  (g) ,  S~ = 95.02 e. u., 
corrected by  --0.2 e.u. for non idea l i ty ,  ' to give for 
TiBr~(s) at  298.2~ 

S% .... = 57.6 e. u. 

The  a g r e e m e n t  wi th  Ke l l ey ' s  (18) va lue  of 57.2 
_+ 0.9 e .u . ,  ob ta ined  f rom low t e m p e r a t u r e  h e a t -  
capac i ty  m e a s u r e m e n t s ,  is w i t h i n  the  ascr ibed  u n -  
ce r ta in ty .  
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Vapor Pressure of Titanium Tetrafluoride 
Elton H. Hall, John M. BIocher, Jr., and Ivor E. Campbell 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Measurements  were made of the vapor pressure of TiF, (s ) .  The following 
results were obtained: 

TiF,(s)  = TiF4(g) 
log Patm : --5331.51/T --  2.567 log T + 16.631 

P = 1 atm at 556.3~ 
AH~s.2 -~ 22.87 • 0.28 kcal 
AH~6.8 = 21.55 • 0.28 kcal 
AS~s.2 = 41.92 • 0.40 e. u. 
AS~., = 38.74 • 0.40 e. u. 

Combinat ion of the above data and thermal  data with the calculated entropy 
of TiFf(g) ,  S% . . . .  73.2 e. u., gave the s tandard entropy:  

TiF4 (s), S~ = 31.3 • 0.40 e. u. 

Ruff and  P la to  (1) ob ta ined  284~ as the n o r m a l  
s u b l i m a t i o n  po in t  of TiF~ by  m e a s u r i n g  the  t e m p e r -  
a tu re  of the vapor  s u b l i m i n g  at  a tmospher ic  p ressure  
in  a p l a t i n u m  flask, bu t  no other  e x p e r i m e n t a l  da ta  
r e l a t i ve  to the vapor  p ressure  of TiF~ are ava i l ab l e  
in  the  l i t e ra tu re .  

To prov ide  these da ta  and  to de r ive  re la ted  t h e r -  
m o d y n a m i c  quant i t i es ,  the  vapor  p ressure  has been  
m e a s u r e d  over  the  t e m p e r a t u r e  r a n g e  430 ~ to 560~ 

Materials 
The TiFf, ob ta ined  f rom Gene ra l  Chemica l  Div i -  

sion, Al l ied  Chemica l  and  Dye Corpora t ion ,  was  
purif ied by  high v a c u u m  (p = 0.01/~) s u b l i m a t i o n  

f rom a P y r e x  boi ler  to a P y r e x  rece iver  fitted wi th  
a b r e a k  seal. The  t r ap  to the  v a c u u m  sys tem was 
cooled in  l iqu id  n i t rogen .  1 

Ana lys i s  of a sample  of c o m m e r c i a l  TiF~ s u b l i m e d  
in  this m a n n e r  gave a F / T i  ra t io  of 3.93. The  1.7% 
dev ia t ion  f rom the  theore t ica l  va lue  is w i t h i n  the  
u n c e r t a i n t y  of the  f luor ine  ana lys i s  a nd  in  the  d i rec-  
t ion  of the expected  error .  Spec t rographic  ana lys i s  
showed less t h a n  0.005% Si a nd  less t h a n  0.015% 
tota l  meta l l i c  impur i t y .  

The  absence  of reac t ion  b e t w e e n  d ry  TiF,  and  
P y r e x  glass in  the  t e m p e r a t u r e  r a nge  employed  is 

1 I t  s h o u l d  be  n o t e d  t h a t  coo l ing  the  t r a p  w i t h  d ry  i c e - a c e t o n e  is 
a n  insuf f i c ien t  p r e c a u t i o n  a g a i n s t  h y d r o l y s i s  a n d  s u b s e q u e n t  dis -  
c o l o r a t i o n  of  t he  TiF4 on  hea t i ng .  
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ind ica ted  by  (a)  absence  of v is ib le  etching,  (b)  low 
(0.005%) Si con ten t  of the TiFf, (c) r ep roduc ib le  
p ressure  data,  (d) absence  of n o n c o n d e n s a b l e  gases 
on condensa t ion  of the T i F ,  and  (e) a g r e e m e n t  of 
the  p re s su re  da ta  ob ta ined  in  glass and  in  copper  
systems.  

T r a n s f e r  of the  TiF,  to the  m e a s u r i n g  cell was 
made  by  s u b l i m a t i o n  u n d e r  v a c u u m  or d i rec t ly  u n -  
der  an  i n e r t  gas b lanke t .  

Vapor Pressure Measurements 

F o u r  methods  were  employed  in  the  m e a s u r e m e n t  
of the vapor  pressure ;  spoon (Bourdon)  gauge 
method,  the  Ruf f -F i scher  m e t h o d  s u m m a r i z e d  by  
K u b a s c h e w s k i  and  Evans  (2) ,  the  t r ansp i r a t ion ,  or 
g a s - s a t u r a t i o n  method,  and  the  me thod  of Rodebush  
and  Dixon  (3) .  The  first is a stat ic me thod  whi le  
the others  a re  d y n a m i c  methods.  

The  P y r e x  spoon gauge was  used as a n u l l  i n s t r u -  
ment ,  the vapor  p ressure  of TiF,  on the ins ide  of the 
gauge be ing  ba l anced  by  a m e a s u r e d  p ressure  of 
a rgon  on the  outside.  The  gauge  was immersed  in  
a salt  ba th  t he rmos t a t  ( • 1 7 6  the t e m p e r a t u r e  of 
which  was  m e a s u r e d  wi th  a ca l ib ra ted  ch romel -  
a l u m e l  thermocouple .  

I n  spite of an  in i t i a l  bakeou t  in  vacuum,  some 
outgass ing  somet imes  occur red  d u r i n g  the  first stages 
of a run .  The  res idua l  gases we re  p u m p e d  out  
t h rough  a Wi l l a rd  va lve  (4) p rov ided  for the p u r -  
pose. Data  were  no t  r e t a ined  unless  zero res idua l  
p re s su re  was observed  on cooling the  cell. 

The da ta  ob ta ined  for  two di f ferent  samples  ( Runs  
A and  B) are  g iven  in  Tab le  I and  Fig. 1. 

The second method  employed  was first used by  
Ruff (5) and  la ter  improved  by  F ischer  (6) .  The  
d e t e r m i n a t i o n  is made  by  v a r y i n g  the pressure  over  
a sample  held  at cons tan t  t empera tu re .  A sharp  
change  in  the  observed  ra te  of evapora t ion  de te r -  
mines  the  po in t  at  which  the m e a s u r e d  opposing 
p re s su re  equals  the  vapor  pressure .  

~00 

% 

Log otto = "~" ' �9 

2.567 log T 4-16.631 
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Table I. Vapor pressure of TiF~ 

O Run A 
o Run B 
=, Run C 
~' Run D 
�9 Run E 
�9 Run F 

\ 

% 
\ 

\ 
\ 

1.8 1.9 2 0  2.1 2 2  2 . 3  

"--TT, K 

Fig. 1. Vapor pressure of TiF~ 

PTiF4,* 

Sample  M e t h o d  T e m p ,  ~  m m  H g  log  Pobs - -  l og  Pcalc? 

A Spoon gauge 492.4 63.6 +0.031 
A Spoon gauge 520.8 203.7 +0.008 
A Spoon gauge 520.4 201.0 +0.009 
A Spoon gauge 537.4 382.7 +0.001 
A Spoon gauge 551.7 653.6 +0.005 
A Spoon gauge 543.7 479.9 --0.003 
A Spoon gauge 532.0 308.1 --0.004 
A Spoon gauge 513.7 149.8 +0.001 
A Spoon gauge 504.3 101.4 +0.005 
A Spoon gauge 483.7 42.4 +0.029 
A Spoon gauge 476.7 28.4 +0.002 
A Spoon gauge 470.2 21.6 +0.021 
A Spoon gauge 441.4 4.3 --0.013 
B Spoon gauge 480.4 33.7 --0.002 
B Spoon gauge 516.1 163.9 --0.003 
B Spoon gauge 496.9 69.7 --0.017 
B Spoon gauge 505.8 105.7 --0.006 
B Spoon gauge 523.0 213.0 --0.011 
B Spoon gauge 535.2 343.0 --0.010 
B Spoon gauge 493.2 62.9 +0.010 
B Spoon gauge 502.4 92.4 0.000 
B Spoon gauge 522.2 212.5 +0.002 
B Spoon gauge 531.8 303.6 --0.007 
B Spoon gauge 542.2 459.1 +0.002 
B Spoon gauge 549.9 603.3 --0.001 
B Spoon gauge 552.6 666.5 0.000 
C Ruff-Fischer 474.3 26.0 +0.013 
C Ruff-Fischer 452.4 8.4 +0.017 
C Ruff-Fischer 460.2 11.6 --0.025 
D Ruff-Fischer 435.4 3.1 --0.004 
D Ruff-Fischer 466.9 16.5 --0.023 
D Ruff-Fischer 498.8 74.2 --0.027 
E Transpira t ion  426.2 0.83 --0.333 
E Transpira t ion  468.2 16.1 --0.063 
E Transpira t ion  512.2 109.0 - - 0 . I l l  
F Rodebush 472.9 23.5 --0.015 
F Rodebush 493.5 63.5 +0.008 
F Rodebush 495.7 63.5 --0.035 
F Rodebush 512.0 144.0 +0.014 
F Rodebush 509.5 115.0 --0.038 
F Rodebush 537.4 387.0 +0.005 

* P r e s s u r e s  c o r r e c t e d  f o r  t h e r m a l  e x p a n s i o n  of  m e r c u r y  i n  the  
m a n o m e t e r  a n d  f o r  l a t i t u d e .  
t F r o m  t h e  e q u a t i o n :  lOglO Pa tm = - - 5 3 3 1 . 5 1 / T  - -  2 .567 log  T 
16.631. 

The da ta  ob t a ined  for two di f ferent  samples  (Runs  
C and  D) are g iven  in  Tab le  I a nd  Fig. 1. 

The  th i rd  me thod  employed  an  a l l - m e t a l  t r a n -  
sp i ra t ion  system. The th ree  po in ts  ( R u n  E) ,  g iven  
in Tab le  I and  Fig. 1, we re  d e t e r m i n e d  by  Sense  
of Bat te l le .  Detai ls  of the t echn ique  have  been  re -  
por ted  b y  Sense,  et al. (7) .  

A n  add i t iona l  cor re la t ion  was  sought  in  da ta  t a k e n  
in a me ta l  sys tem by  the  "quas i - s t a t i c "  me thod  of 
Rodebush  and  Dixon  (3, 8). A l l  par t s  of the  Rode-  
bush  cell in  contac t  w i th  TiF4 vapor  were  made  of 
copper.  Waxed  tapered  seals to P y r e x  w e r e  m a d e  at  
the  cooled appendages .  

The  cell was  hea ted  in  an  air  ba th  a nd  the t e m -  
p e r a t u r e  m e a s u r e d  w i th  a ca l ib ra ted  c h r o m e i - a l u m e l  
thermocouple .  P ow e r  to the  f u r n a c e  was  h a n d  con-  
t ro l led  to a t e m p e r a t u r e  v a r i a t i o n  of less t h a n  
-.+- 0 . 8  o C .  

The  TiF ,  vapor i z ing  f rom the  cell was to ta l ly  con-  
densed  in  the copper  t u b e  ou ts ide  the  f u r na ce  and,  
therefore ,  did no t  come in  contact  w i th  the  glass 
por t ion  of the  system. 
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In  the  e x p e r i m e n t s  repor ted,  it  was  no t  found  pos-  
sible to ob ta in  a p e r m a n e n t  dif ference in  the levels  of 
the d i f fe rent ia l  m a n o m e t e r .  I t  was  observed,  however ,  
tha t  the  m a g n i t u d e  of the i ne r t  p ressure  r e l a t ive  to 
the  vapor  p re s su re  caused cons ide rab le  v a r i a t i o n  in  
the  l eng th  of t ime  r equ i r ed  for the  m a n o m e t e r  to 
r e t u r n  to zero d i f ferent ia l  a f ter  a g iven  v o l u m e  of 
i ne r t  gas had  been  r emoved  f rom one side. The  slow 
recovery  is a t t r i b u t e d  to evapora t ive  cooling of the 
sample.  This  is no t  no t iced  w h e n  dea l ing  w i th  l iq -  
uids because  of the  m u c h  more  efficient hea t  t r a n s -  
fer  to the  sample.  

The  fo l lowing  modif ica t ion of the  Rodebush  tech-  
n ique  was  adopted.  W i t h  the  sample  at cons t an t  
t e m p e r a t u r e  and  the  ine r t  p ressure  grea te r  t h a n  the  
expected  vapor  pressure ,  a smal l  cont ro l led  a m o u n t  
of i ne r t  gas was  p u m p e d  out, and  the  t ime  r equ i r ed  
for the m a n o m e t e r  to r e t u r n  to zero ( recovery  t ime)  
was  de t e rmined .  T h e  p rocedure  was  repea ted  th ree  
or four  t imes  and  the  ave rage  recovery  t ime  and  the  
ine r t  p ressure  recorded.  The ine r t  gas p ressure  was  
t h e n  reduced  by  abou t  5 m m  and  the  ave rage  recov-  
ery  t ime  d e t e r m i n e d  at  the  n e w  pressure .  The  proc-  
ess was  repea ted  at successively lower  pressures  
un t i l  the  ine r t  p ressure  was  be low the  vapor  pres -  
sure,  as ind ica ted  by  the  increased  recovery  t ime.  
The  p ressure  was  t h e n  p lo t ted  aga ins t  the  r ecovery  
t ime  and  the  poin ts  j o ined  by  two in t e r sec t ing  l ines.  
The  p ressure  at the po in t  of in t e r sec t ion  was  t a ke n  
as equa l  to the vapor  pressure .  The  data,  R u n  F, 
are  g iven  in  Tab le  I, and  Fig. 1. 

Discussion of Results 
In  Fig. 1, the da ta  f rom all  four  me thods  are 

shown on a log P ..... vs. 1 / T ~  plot, whi le  in  Fig.  2 
the  dev ia t ion  (log P o b ~ - - l o g P ~ r  is p lo t ted  vs. 
t empera tu re .  The Ruf f -F i scher  da ta  are seen to be  
in  good a g r e e m e n t  wi th  the spoon-gauge  data.  I t  is 
to be no ted  tha t  the most  p robab l e  er rors  in  the  
spoon-gauge  method,  n a m e l y  fo rma t ion  of H F ( g )  
or S iF , (g )  by  res idua l  wa t e r  in  the  TiFf, or ou t -  
gass ing of the  sample,  wou ld  t end  to m a k e  the  ob-  
served pressures  too high since it  is a to ta l  p ressure  
method,  whi le  the la rges t  e r ror  in  the  Ruf f -F i sche r  
method,  which  is t hough t  to be the  t e m p e r a t u r e  dif-  
f e ren t i a l  b e t w e e n  the  ba th  and  the e v a p o r a t i o n -  
cooled sample,  wou ld  lead to va lues  which  are  too 
low. The fact  tha t  bo th  sets of da ta  fal l  on the  same 
l ine  s t rong ly  indica tes  tha t  these  sys temat ic  e r rors  
a re  sma l l e r  t h a n  r a n d o m  errors  f rom other  sources. 
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Fig. 2. Vapor pressure of TiF,. Deviation from log P.t= = 
--5331.51/T --  2.567 log T + 16.631. 

The  t r a n s p i r a t i o n  da ta  are i n  genera l  a g r e e m e n t  
wi th  the other,  a l though  all  th ree  va lues  are  low. 
At  the h i g h - p r e s s u r e  point ,  the  condense r  t ended  to 
clog, while ,  at  the  lower  points ,  the loosely ad -  
h e r e n t  condensa te  was  sub jec t  to e n t r a i n m e n t  in  the  
i ne r t - ga s  s t ream.  Both  condi t ions  wou ld  lead to low 
resu l t s  a nd  it  was  conc luded  tha t  the e x p e r i m e n t a l  
e r ror  was  large  enough  to account  for the  dev ia t ions  
observed.  F u r t h e r  r e f inemen t  of the  t echn ique  as 
appl ied  to TiF,  did not  appea r  to be  w a r r a n t e d .  

I t  wi l l  be  no ted  tha t  the  da ta  ob t a ined  by  the  
Rodebush  m e t h o d  a re  in  good a g r e e m e n t  w i th  the  
spoon-gauge  data,  i nd i ca t ing  tha t  e r rors  i n t roduced  
by  c o n t a m i n a t i o n  in  us ing  a glass sys tem are  ins ig-  
nif icant .  Since the Rodebush  me thod  was  employed  
p r i m a r i l y  as a check on the  spoon-gauge  data,  the  
prec is ion  sought  was  not  high. Therefore ,  these da ta  
were  no t  i nc luded  in  the  s ta t i s t ica l  analysis .  

A sample  cor rec t ion  of vapor  p ressure  to fugac i ty  
by an  a p p r o x i m a t e  me thod  suggested by  Brewer  
and  Searcy  (9) was  found  to a l te r  the  ca lcula ted  
hea t  of vapor i za t ion  by  abou t  65 cal. S ince  this  is 
wel l  w i t h i n  the  e x p e r i m e n t a l  u n c e r t a i n t y  in  the  
hea t  of vapor iza t ion ,  the  correc t ion  to fugac i ty  was  
no t  though t  to be  justified. 

In  order  to ex t rapo la te  the  data,  a va lue  for ACp 
m u s t  be obta ined.  To ca lcula te  an  a p p r o x i m a t e  
va l ue  for the  hea t  capaci ty  of the gas, the  v i b r a -  
t iona l  f requenc ies  of T i F , ( g )  we re  es t ima ted  to be, 
19212], ~ 232[3],  70411], and  804[3],  by  compar ing  
those g iven  by  Ke l l ey  (10) for CBr~, CC1, CF4, 
S i B r ,  SiCI,, S i F ,  and  TiCI,, and  by  Delwaul le ,  et al. 
(11) for TiBr,.  F r o m  the  es t ima ted  f requencies ,  the  
hea t  capaci ty  of the  gas at  500~ was  ca lcula ted  
[see, for example ,  Rossini  (12) ]  to be 22.9 c a l / m o l e /  
deg. For  the solid, t he  va r i a t i on  of the  hea t  capaci ty  
as a f unc t i on  of the ratio,  T / T  ....... was  compared  for 
TiBr ,  (13) and  TiCL (14).  The curves  were  rough ly  
coincident ,  and  the  value ,  28.0 c a l / m o l e / d e g ,  for 
T iF , ( s )  at 500~ was  t a k e n  to be 1 c a l / m o l e / d e g  
less t h a n  the  co r respond ing  TIC1, va lue  to a l low for 
the  sma l l e r  mass  of the  fluorine.  The  r e su l t i ng  
AC~ = --5.1 was  t a k e n  as the  ave rage  over  the r ange  
of the  data.  

The  spoon-gauge  a nd  Ruf f -F i scher  data,  r e p r e -  
s en t ing  four  separa te  samples,  were  sub jec ted  to a 
:~-calculat ion y i e ld ing  the  fo l lowing  resu l t s  for 

T iF , ( s )  : T iF , (g ) :~  

'ACp = --  5.1 ( e s t ima ted)  
log P,t=. -- 5331.51/T --  2.567 log T -t- 16.631 

P = 1 a rm at  556.3~ 283.1~ 
AH~.~ = 22.87 • 0.28 kcal  
AH~., = 21.55 • 0.28 kcal  
Z~S~.~ = 41.92 • 0.40 e. u. 
AS .... = 38.74 • 0.40 e. u. 

The  u n c e r t a i n t i e s  a t t ached  to the e x p e r i m e n t a l  
heats  and  en t rop ies  of vapor i za t ion  r e p r e se n t  the  
differences in  the  va lues  r e su l t i ng  f rom i n d i v i d u a l  
t r e a t m e n t  of the  da ta  f rom Runs  A a nd  B. The  
dev ia t ions  of the  e x p e r i m e n t a l  da ta  f rom the e q u a -  
t ion  ob ta ined  above are shown  in  Fig. 2. 

e The  m u l t i p l i c i t i e s  are  g i v e n  in  b racke t s .  

3 VaDor d e n s i t y  d e t e r m i n a t i o n s  b y  Ruf f  and  P l a t o  (15) s h o w  t h a t  
TiF4 v a p o r  is  m o n o m e r i c  a t  444~ 
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The ex t r apo la t ed  t e m p e r a t u r e  at  wh ich  the  vapor  
p re s su re  equa ls  one a tmosphe re  m a y  be compared  
w i th  the  value ,  284~ repor ted  by  Ruff (1) .  

The  s t a n d a r d  en t ropy  of TiF4(s) m a y  be  ob ta ined  
by  c o m b i n i n g  the  above  da ta  w i th  the  s t a n d a r d  e n -  
t r opy  of T iFf (g)  at  298.2~ wh ich  can  be es t ima ted  
w i th  r ea sonab l e  cer ta in ty .  The  ro t a t i ona l  c o n t r i b u -  
t ion  to the  en t ropy  was ca lcu la ted  b y  e s t ima t ing  a 
va lue  of 1.8 • 10 -8 cm for the  T i - F  d i s tance  f rom 
compar i son  of the  t e t raha l ides  of carbon,  silicon, and  
t i t an ium.  The  v i b r a t i o n a l  f requenc ies  for TiF,  es t i -  
ma t ed  above  were  used to ca lcula te  the  v i b r a t i o n a l  
c o n t r i b u t i o n  to the  en t ropy .  

The  ca lcu la t ions  give for T iF4(g) :  

S ~  ~ 73.2 e. u. 

which  m a y  be  combined  wi th  the  above  v a l u e  for the  
en t ropy  of s u b l i m a t i o n  to give for TiFf(s )  : 

S ~  31.3 e . u .  
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Mechanisms of Hydrogen Producing Reactions on Palladium 
V. The Deuterium-Palladium System 

Sigmund Schuldiner and James P. Hoare 1 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Anodic and cathodic polarization curves for the a-Pd-D system were deter- 
mined on a pa l lad ium bielectrode. The equi l ibr ium potent ial  of the ( P d - D ) J D  § 
electrode was observed as -t-0.029 _+ 0.O01 v vs. the Pt/D2, D § reference electrode 
(Stockholm sign convent ion) ,  in good agreement  with the thermodynamic  data 
of Gillespie and Downs (2). The rate constant  di/d~ of the over-all  deuter ium- 
producing reaction on an a-Pd-D electrode surface in the l inear  ~ vs. i region 
was found to be about  one-half that  of the hydrogen-producing reaction on 
~-Pd-H. In  this region, and at constant overvoltage, the rate of t ranspor t  of 
protons through the bielectrode was 1.7 times faster than  that  of deuterons. I t  was 
also found that  at low current  densities 90% of the deuter ium formed on the 
cathode side migrated through the bielectrode and was ionized on the anode side. 

For  a ~-Pd-D cathode-diaphragm, it was shown that  the reaction mecha- 
nisms were the same as for a ~-Pd-H diaphragm. A calculation was made 
which showed that  at a given atomic concentrat ion gradient  the rate  of diffu- 
sion of hydrogen through a ~-Pd diaphragm was 2'/2 times faster than  that  
of deuterium. 

It was also shown that  on a simple ~-Pd-D cathode the rate of deuter ium 
production was about one-fourth the rate of hydrogen production on a ~-Pd-H 
cathode. This agrees wi th  the separation factor of 4 found by Farkas (8). 

A n  ex t ens ive  i nves t i ga t i on  of the  h y d r o g e n - p r o -  
duc ing  reac t ions  on p a l l a d i u m  was car r ied  out  at 
this  l abora tory .  These s tudies  have  led to a de ta i led  
discussion of the  m e c h a n i s m s  and  t h e r m o d y n a m i c  

1 P r e s e n t  a d d r e s s :  F o r d  Sc i en t i f i c  L a b o r a t o r y ,  Ford Motor C o m -  
p a n y ,  D e a r b o r n ,  M i c h i g a n .  

proper t i es  of the  h y d r o g e n - p a l l a d i u m  system.  I t  
was  fel t  t ha t  a s u p p l e m e n t a r y  s t udy  of the  d e u -  
t e r i u m - p a l l a d i u m  sys tem w ou l d  p rov ide  an  i n t e r e s t -  
ing compar i son  a nd  w o u l d  also add to a m o r e  com-  
ple te  u n d e r s t a n d i n g  of the  e lec t rochemica l  p roper t ies  
of such systems.  
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Fig. 1. Gas purification and circulation system: A, deu- 
terium cylinder; B, helium cylinder; C, needle valve; D, mer- 
cury safety trap; E, manometer; F, palladium catalyst; G, 
electric heater; H, liquid nitrogen trap; J, safety trap; K, check 
valve; L, frittered-glass disc; M, "aquarium type" circulating 
pump; N, three-way stopcock; P, flowmeter; Q, polyethylene 
sealed box; R, electrolytic cell. 

Palladium Bielectrode 

Experimental 

The e x p e r i m e n t a l  t e chn ique  was  the  same as tha t  
used for  the  s tudy  of the  b ie lec t rode  in  the  a - P d - H  
sys tem (1) wi th  the  fo l lowing  modif icat ions.  In  
order  to conserve  d e u t e r i u m  gas a closed sys tem was 
used as shown  in  Fig.  i .  The  d e u t e r i u m  gas was  
c i rcu la ted  wi th  a specia l ly  cons t ruc ted  s ta in less -s tee l  
" a q u a r i u m - t y p e "  c i rcu la t ing  pump.  To protec t  the 
cell f rom c o n t a m i n a n t s  and  to p r e v e n t  acid sp ray  
f rom reach ing  the  pump,  f r i t t e r ed  glass discs we re  
inse r t ed  in  the  in le t  and  out le t  sides of the cell. F u r -  
ther  p ro tec t ion  was g iven  by  p lac ing  the  p u m p  abou t  
3 ft above the  cell. 

The  d e u t e r i u m  gas and  d e u t e r i u m  oxide were  
ob ta ined  f rom the  S t u a r t  O x y g e n  C o m p a n y  a nd  
were  be t t e r  t h a n  99.5% pure .  S u l f u r  t r ioxide  was  
p r epa red  in  an  a l l -g lass  appa ra tu s  by  d e h y d r a t i n g  
f u m i n g  su l fu r ic  acid w i t h  phosphorus  pen tox ide  
(bo th  chemicals  were  of r eagen t  qua l i t y ) .  The  su l -  
fu r  t r iox ide  was  dis t i l led  and  condensed  in  deu te -  

016 -- ~ C T R O D E  

o . . . . .  
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Fig. 2. Overvoltage measurements on the anode and cathode 
sides of a palladium bielectrode. 
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r i u m  oxide. In  al l  the  fo l lowing  e x p e r i m e n t s  a 2N 
so lu t ion  of d e u t e r i u m  sul fa te  in  d e u t e r i u m  oxide 
was used.  A 0.002-in. th ick  p a l l a d i u m  foil  was  used 
as the  bielectrode.  Pur i f ied  d e u t e r i u m  gas was c i r -  
cu la ted  t h r ough  the  d e u t e r i u m  sul fa te  solut ion.  

The  fo l lowing  p rocedure  was  used. Before add ing  
the  2N D~SO, to the  r igorous ly  c l eaned  Teflon cell, 
the  cell and  the  en t i r e  sys t em was t h o r o u g h l y  dr ied  
by  c i r cu la t ing  purified,  l iqu id  n i t r o g e n - d r i e d -  
h e l i u m  ~ t h r ough  it  for at  least  24 hr. D e u t e r i u m  
sul fa te  so lu t ion  was  t hen  added  to on ly  one c o m p a r t -  
m e n t  of the cell. The  so lu t ion  was  p re -e l ec t ro lyzed  
ove rn igh t  a n d  the  p a l l a d i u m  foil was  c leaned  b y  
anod iza t ion  u n d e r  an  a tmosphe re  of he l ium.  D e u -  
t e r i u m  gas was  t h e n  passed th rough  the  sys tem u n t i l  
the  h e l i u m  was f lushed out, a f ter  which  the  sys tem 
was  closed a nd  the  c i r cu la t ing  p u m p  t u r n e d  on. 
Sma l l  losses of d e u t e r i u m  gas were  rep laced  by  
m a n u a l l y  m a i n t a i n i n g  a posi t ive  p ressure  of 1 to 2 
m m  of m e r c u r y  above  a tmospher ic  on the  system.  

The  side of the  p a l l a d i u m  foil  in  the  c o m p a r t m e n t  
con t a in ing  the  d e u t e r i u m  sul fa te  so lu t ion  was  made  
a s imple  anode.  The anodic  po la r iza t ion  cu rve  was  
t hen  de t e rmined .  The  ave rage  of th ree  r u n s  are 
shown  in  Fig.  2. 

D e u t e r i u m  sulfa te  so lu t ion  was  t hen  added  to the  
second c o m p a r t m e n t ,  the  so lu t ion  was p r e - e l e c t r o -  
lyzed ove rn igh t  a nd  tha t  side of the  p a l l a d i u m  foil 
was  c leaned  by  anodiza t ion .  Both  c o m p a r t m e n t s  
we re  s t i r red  w i t h  d e u t e r i u m  gas u n t i l  the  open-  
c i rcui t  r eve r s ib l e  po ten t i a l  of the  p a l l a d i u m / d e u t e -  
r i u m  sys tem was reached..  This  va lue  a t  32 ~ • 2~ 
was  +0.029 • 0.001 v. vs. the  Pt/D~, D § re fe rence  
e lect rode in  the  same solu t ion  (S tockho lm sign con-  
v e n t i o n ) .  Overvo l t age  da ta  were  t hen  ob ta ined  
exac t ly  as before  (1) .  A ve r a ge  resul t s  are shown in  
Fig. 2. The e x p e r i m e n t a l  poin ts  we re  r ep roduc ib le  
to w i t h i n  •  mv.  

Discussion 
The anodic  and  cathodic po la r i za t ion  curves  for 

the  a - P d - D  sys tem were  v e r y  s imi la r  to those for  
the  a - P d - H  system.  This ind ica ted  t ha t  the  e lect rode 
m e c h a n i s m s  were  the  same as before  (1) .  Gil lespie  
and  Downs  (2) d e t e r m i n e d  the  p r e s s u r e - c o n c e n t r a -  
t ion  i so therms  of the  d e u t e r i u m - p a l l a d i u m  system,  
a nd  gave the  t e m p e r a t u r e  dependence  of the  pa r t i a l  
p ressure  P of d e u t e r i u m  ( in  a tmospheres )  at the  
p l a t e a u  ( t w o - p h a s e  reg ion)  as log P~tm = 4 .633- -  
1696.11/T. At  32~ the  p l a t e a u  p ressure  of d e u t e -  
r i u m  is 0.117 a tm.  

F r o m  the  t h e r m o d y n a m i c  data,  the e q u i l i b r i u m  
po ten t i a l  for the  sys tem 

1 
D + + e- = - -  D~(0.117 a t m )  

2 

at 32 o C re fe r red  to a Pt/D~ (0.11 a tm)  e lec t rode  in  the  
same so lu t ion  is E = - - ( R T / 2 F )  ln0 .117  = 0.028 v. 
The  e q u i l i b r i u m  i so therm of the  d e u t e r i u m - p a l l a -  
d i u m  sys tems at  32~ (Fig. 3) shows t h a t  the  m a x i -  
m u m  a - pha se  composi t ion  is a t t a i ned  at a pa r t i a l  
p re s su re  of 0.117 atm.  By ana logy  to the  a - P d - H  
sys tem (3) ,  an  e q u i l i b r i u m  is expected  b e t w e e n  deu -  

For the drying procedure, the liquid nitrogen trap in the circu- 
lation loop shown in Fig. 1 was used to dry the cell. During a run, 
this trap was removed from the system with stopcocks N. 
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Fig. 3. (left) Phase diagram for the Pd/D~ system; (right) 
potent ial-composit ion diagram for the Pd/D~ system (r = 
atomic ratio D/Pd). 

t e r i u m  ions in  so lu t ion  and  d e u t e r i u m  d i s so lved  in 
the  p a l l a d i u m ,  i n d e p e n d e n t  of t he  p a r t i a l  p r e s s u r e  
of d e u t e r i u m  gas. He re  D §  e - =  ( P d - D ) =  is t he  
p o t e n t i a l  d e t e r m i n i n g  reac t ion .  The  o b s e r v e d  r e -  
ve r s ib l e  p o t e n t i a l  of +0 .029 v for  t he  P d - D  s y s t e m  
c o m p a r e d  to a Pt/D.~ r e f e r e n c e  e l e c t r o d e  in t he  s a m e  
so lu t ion  s a t u r a t e d  w i t h  gaseous  d e u t e r i u m  a t  one 
a t m o s p h e r e  p r e s s u r e  can  be  cons ide r ed  as t h e  e q u i -  
l i b r i u m  p o t e n t i a l  fo r  th is  r e a c t i o n  for  t he  m a x i m u m  
d e u t e r i u m  c o n c e n t r a t i o n  in  t h e  a - P d - D  sys tem.  
F i g u r e  3 shows  t h e  p o t e n t i a l  vs. D / P d  r e l a t i onsh ip .  

A t  low c u r r e n t  dens i t i e s  t h e r e  is a l i n e a r  r e l a t i o n  
b e t w e e n  c u r r e n t  d e n s i t y  and  anod ic  and  ca thod ic  
o v e r v o l t a g e s  (Fig .  4) .  The  s lope  dv/di for  t he  a - P d -  
D s y s t e m  is t w i c e  as l a r g e  as t h a t  for  the  a - P d - H  
sys tem.  T h e  r ec ip roca l s  of t he se  s lopes  m e a s u r e  t he  
r a t e  cons t an t s  of t he  o v e r - a l l  e l ec t rode  processes  (4 ) .  
F o r  h y d r o g e n  di/dv is 0.143 a m p / c m  2 vo l t  w h i l e  for  
d e u t e r i u m  it  is 0.065 a m p / c m  ' vol t .  This  shows  t h a t  
the  c a t a l y t i c  a c t i v i t y  of a - p a l l a d i u m  for  t he  h y d r o -  
g e n - p r o d u c i n g  r e a c t i o n  is a b o u t  t w i c e  t h a t  for  
d e u t e r i u m - p r o d u c i n g  reac t ions .  The  fac t  t h a t  t h e  
anod ic  a n d  ca thod ic  o v e r v o l t a g e  for  t h e  d e u t e r i u m  
fo rms  a con t inuous  l i n e a r  c u r v e  w h i c h  passes  t h r o u g h  
the  po in t  of zero  c u r r e n t  a t  0.0285 v i nd i ca t e s  tha t ,  
as  in t he  case  of t he  h y d r o g e n  sys tem,  t he  p a l l a -  
d i u m / d e u t e r i u m  e l e c t r o d e  is r eve r s ib l e .  

F r o m  Fig.  2 a c o m p a r i s o n  of t h e  s i m p l e  a n o d e  
c u r v e  w i t h  the  a n o d e  side of t he  p a l l a d i u m  b i e l ec -  
t r o d e  in  t h e  low c u r r e n t  d e n s i t y  r a n g e  can  b e  m a d e .  
F o r  a g iven  o v e r v o l t a g e  a d i f f e rence  in  t h e  c u r r e n t  
d e n s i t y  v a l u e s  r e p r e s e n t s  t he  a m o u n t  of d e p o l a r i z i n g  
c u r r e n t  w h i c h  flows t h r o u g h  the  p a l l a d i u m  b i e l ec -  
t rode .  This  d e p o l a r i z i n g  c u r r e n t  is a d e u t e r o n  c u r -  
r e n t  dens i ty ,  to be  d e s i g n a t e d  b y  j ,  w h i c h  r e p r e s e n t s  
the  a m o u n t  of  d e u t e r o n  c u r r e n t  d e n s i t y  n e c e s s a r y  
to r e d u c e  the  o v e r v o l t a g e  of a s imp le  a n o d e  to t h e  
s ame  v a l u e  as t h a t  f o u n d  on the  anod ic  s ide  of t he  
b i e l ec t rode .  A p lo t  of j vs. i is g iven  in  Fig .  5, w h e r e  
i is t h e  a p p l i e d  c u r r e n t  d e n s i t y  on the  b i e l ec t rode ,  
a n d  obeys  t he  l i n e a r  r e l a t i o n  j~ = 0.9i..  F o r  t he  h y -  
d r o g e n  s y s t e m  (1) ,  t he  s a m e  r e l a t i o n  is jE = 0.7ill. 
The  d i f fe rence  in  the  t r a n s f e r  coefficients of t h e  
h y d r o g e n  a n d  d e u t e r i u m  sys t e ms  is due  to  t he  f ac t  
t ha t  t h e  r a t e  c o n s t a n t  of t he  h y d r o g e n - p r o d u c i n g  
r e a c t i o n  on the  a - p a l l a d i u m  su r f ace  is a b o u t  t w i c e  
t ha t  of the  d e u t e r i u m - p r o d u c i n g  r e a c t i o n  in  t h e  
l i n e a r  i vs. 7/ r ange .  S ince  a t o m s  a r e  r e m o v e d  on a 
p a l l a d i u m  b i e l e c t r o d e  b y  su r f a c e  r e a c t i o n  to f o r m  
gaseous  mo lecu le s  a n d  b y  d i f fus ion  t h r o u g h  the  m e t -  
a l  to t h e  a n o d e  side,  and  s ince  t he  su r f a c e  r e a c t i o n  
is s l ower  for  d e u t e r i u m  t h a n  for  h y d r o g e n ,  t h e n  a t  
a g iven  c u r r e n t  dens i ty ,  m o r e  d e u t e r i u m  diffuses  
t h r o u g h  the  m e t a l  t h a n  does  h y d r o g e n .  This  is shown  
b y  the  i n c r e a s e  in  v a l u e  of  t h e  t r a n s f e r  coefficient  
for  d e u t e r i u m .  These  r e su l t s  i n d i c a t e  t h a t  t he  m a g -  
n i t u d e  of t h e  t r a n s f e r  coefficient  is d e t e r m i n e d  b y  
the  r a t e  of t he  su r f a c e  reac t ion .  

I t  is poss ib le  to find a set  of cond i t ions  for  100% 
t r a n s m i s s i o n  of h y d r o g e n  or  d e u t e r i u m  t h r o u g h  a 
p a l l a d i u m  b ie l ec t rode .  A n  e x p e r i m e n t  to show th is  
was  c a r r i e d  ou t  as fo l lows.  In  2N H,SO, solut ions ,  
b i e l e c t r o d e  m e a s u r e m e n t s  w e r e  m a d e  as be fore ,  e x -  
cep t  t h a t  t he  so lu t ions  w e r e  s t i r r e d  w i t h  h e l i u m  
r a t h e r  t h a n  h y d r o g e n .  A s i m p l e  p a l l a d i u m  a n o d e  
in a h e l i u m - s t i r r e d  so lu t ion  is c o m p l e t e l y  p o l a r -  
izable ,  t h a t  is, t h e r e  is no h y d r o g e n  o x i d a t i o n  r e a c -  
t ion  b e c a u s e  t he  p a r t i a l  p r e s s u r e  of th is  gas  is n i l  
a n d  the  p o t e n t i a l  r i ses  as  t he  d o u b l e  l a y e r  in  t h e  
i d e a l l y  p o l a r i z e d  e l e c t r o d e  becomes  c h a r g e d  to a 
p o i n t  w h e r e  an  o x y g e n  or  o x i d e - p r o d u c i n g  r e a c t i o n  
t a k e s  p lace .  This  can  be  seen  in  Fig.  6. 
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Fig. 4. Comparison of overvoltage vs. current density in the 
anodic and cathodic low current density region for a-Pd/D2 
and ~-Pd/H2 systems in 2N D2SO~ and H.~SO~ solutions. Posi- 
tive currents are anodic, negative, cathodic. 
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in 2N D~SO~ solution. 



Vol. 105, No. 5 H Y D R O G E N  P R O D U C I N G  R E A C T I O N  O N  P d  

* O R v  

SIMPLE ANODE 
O.lO He STIRRED 

H z STIRRED v 
He STIRRED 

0.06 -- "x~/''/" 01 I 

, -  0.02 - oo~ o 

0 H z STIRRED 005 

~_ -o.o2- 6.00 0% 003 }. 
>~ ~o 

-OOE -o,o i . . . . . . .  P~ \ 04 

008 
0.14 - -  v 

I I I I i I I 
- 4 . 5  - 4 , 0  -3.5 -SO -2.5 - 2 . 0  - I .5 - t o  -05  

LOG APPARENT CURRENT DENSITY (A/cm 2) 

Fig. 6. Effect of replocing H~ with He stirring on the over- 
vo l tage on the anode and cathode sides o f  a pa l l ad ium bi- 
electrode. 

S ince  t h e  a n o d e  s ide  of  t he  b i e l e c t r o d e  in  h e l i u m -  
s t i r r e d  so lu t ion  is no t  c o m p l e t e l y  po l a r i z ab l e ,  t he  
o x i d a t i o n  r e a c t i o n  m u s t  consis t  of  t h e  ion iza t ion  of 
h y d r o g e n  a toms.  The  c a t h o d e  a n d  a n o d e  s ides  o f  
t he  b i e l e c t r o d e  be ing  in  se r ies  d e m a n d s  t h a t  a l l  of 
t he  a t o m s  f o r m e d  on the  ca thode  s ide  be t r a n s f e r r e d  
to t h e  a n o d e  side, o t h e r w i s e  t h e r e  w o u l d  be  an  u n -  
b a l a n c e d  r e v e r s i b l e  e l e c t r o d e  s y s t e m  a n d  p a r t  of t h e  
o x i d a t i o n  r e a c t i o n  on t h e  a n o d e  s ide  w o u l d  r e s u l t  in  
t he  f o r m a t i o n  of  o x i d e  or  o x y g e n  w i t h  a r e s u l t i n g  
l a r g e  i nc rea se  in  t h e  po la r i za t ion .  The  fac t  t h a t  a t  
l ow  c u r r e n t  dens i t i e s  t he  anod ic  b r a n c h  is t he  s a m e  
as t ha t  for  h y d r o g e n  f lowing t h r o u g h  the  ce l l  m e a n s  
t h a t  t h e r e  is a n e g l i g i b l e  o x y g e n - p r o d u c i n g  reac t ion .  
Hence  i t  m u s t  b e  c o n c l u d e d  tha t ,  in  t he  case  of h e -  
l i u m  flow t h r o u g h  t h e  c o m p a r t m e n t s ,  j = i. 

In  t he  low c u r r e n t  d e n s i t y  r a n g e  t h e  r e l a t i o n s  
b e t w e e n  the  d e p o l a r i z i n g  p r o t o n  or  d e u t e r o n  c u r r e n t  
dens i t i e s  a n d  the  r a t i o  of t h e i r  r a t e  cons tan t s  w h e n  
~D = ~K can g ive  a m e a s u r e  of t h e  r e l a t i v e  t r a n s p o r t  
r a t e s  of  d e u t e r o n s  and  pro tons .  S ince  jK/jD = 0.7i~/ 
0.9i ,  a n d  diH/di,, = 2.2 fo r  2N H § a n d  D § solut ions ,  
p r o tons  w i l l  m i g r a t e  t h r o u g h  P d  1.7 t i m e s  f a s t e r  
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2ND2SO 4 OR 2NH2SO 4 
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Fig. 7. Comparison of anodic polarization curves of the 
Pd/H2, H+ system with the Pd/D2, D § system. 
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t h a n  d e u t e r o n s  in  these  solu t ions .  U n d e r  t hese  con-  
d i t ions  t h e  p o l a r i z a t i o n  on bo th  t he  a n o d e  a n d  
c a thode  s ides  for  bo th  t h e  D~ a n d  H~ sys t e ms  is s m a l l  
a n d  of c o m p a r a b l e  m a g n i t u d e .  Hence  i t  can  be  con-  
s i d e r e d  t ha t  t he se  r e l a t i v e  m i g r a t i o n  r a t e s  a r e  es -  
s e n t i a l l y  p e r  un i t  of  p o t e n t i a l  g r ad i en t .  

In  a p r e v i o u s  p a p e r  (1) ,  i t  was  p o s t u l a t e d  t h a t  
t he  r a t e  of t r a n s p o r t  of h y d r o g e n  t h r o u g h  t h e  b i -  
e l e c t r o d e  was  c o n t r o l l e d  b y  t h e  r a t e  of e n t r y  ( so lu -  
t ion)  in to  or  ex i t  of h y d r o g e n  a t o m s  f r o m  t h e  i n -  
t e r i o r  of t h e  m e t a l  t h r o u g h  i ts  skin.  I t  w o u l d  t h e n  
fo l low t h a t  in  t hese  2N ac id  so lu t ions  h y d r o g e n  d i s -  
so lves  in P d  a b o u t  1.7 t i m e s  f a s t e r  t h a n  d e u t e r i u m .  
A c o m p a r i s o n  of t he  anod ic  b i e l e c t r o d e  p o l a r i z a t i o n  
cu rves  for  t h e  H a n d  D sys t e ms  on the  s ame  P d  b i -  
e l ec t rode  is s h o w n  in Fig .  7. These  cu rves  show t h a t  
t h e  o v e r v o l t a g e  a t  a g iven  c u r r e n t  d e n s i t y  is a l w a y s  
h i g h e r  for  t h e  D~ sys tem.  This  is so be c a us e  t h e  
a c t i v a t i o n  e n e r g y  for  t he  i on i za t i on  of  m o l e c u l a r  H~ 
is l ower .  

T h e  c a t h o d e  b r a n c h  in  Fig .  6 is of i n t e r e s t  b e c a u s e  
i t  shows  t h a t  t h e  m e c h a n i s m s  a r e  t he  s ame  as for  
t he  case  of h y d r o g e n  flow. In  add i t ion ,  i t  shou ld  be  
no t i ced  tha t ,  in  c o m p a r i s o n  to a c a thode  c u r v e  w i t h  
h y d r o g e n  flow, t he  Tafel ,  b = 0.12, s lope  is r e a c h e d  
at  a c o n s i d e r a b l y  l o w e r  c u r r e n t  dens i ty .  This  m a y  
be  e x p l a i n e d  as fo l lows :  In  t h e  case  of h y d r o g e n  
flow, h y d r o g e n  gas  is ox id i zed  to h y d r o g e n  ions a t  
t h e  P t  anode ,  b u t  w h e n  t h e  so lu t ion  is s t i r r e d  w i t h  
he l ium,  o x y g e n  is f o r m e d  a t  th is  anode .  T h e  o x y g e n  
is r a p i d l y  t r a n s f e r r e d  to t he  c a t h o d e  s ide  of t he  P d  
b i e l e c t r o d e  w h e r e  i t  po isons  t he  h y d r o g e n - p r o d u c i n g  
r e a c t i o n  w i t h  t h e  r e s u l t  t h a t  t he  0.12 s lope  is r e a c h e d  
a t  a r e l a t i v e l y  l ow c u r r e n t  dens i ty .  The  effect of 
o x y g e n  po i son ing  on t h e  c h a n g e  in  s lope  is e x p l a i n e d  
in  r e f e r e n c e  (1 ) .  These  r e su l t s  s u p p o r t  t he  o x y g e n  
po i son ing  m e c h a n i s m  p o s t u l a t e d  the re .  

A few m e a s u r e m e n t s  w e r e  m a d e  in  a h e l i u m -  
s t i r r e d  d e u t e r i u m  su l f a t e  so lu t ion  w h i c h  i n d i c a t e d  
t h a t  th is  s y s t e m  was  ana logous  to t he  su l fu r i c  ac id  
sys t em.  

I t  shou ld  be  m e n t i o n e d  t h a t  t h e  r e v e r s i b l e  h y d r o -  
gen  o r  d e u t e r i u m  r e f e r e n c e  e l e c t r o d e  used  in t h e  
a b o v e  h e l i u m - f l o w  e x p e r i m e n t s  was  one  w h i c h  was  
i n d e p e n d e n t  of h y d r o g e n  or  d e u t e r i u m  p a r t i a l  p r e s -  
sure.  I t  was  shown  in th i s  l a b o r a t o r y  (3)  t h a t  t he  
p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  on a n  s - h y d r o g e n -  
p a l l a d i u m  e l e c t r o d e  is H + -t- e- = (Pd-H)= .  S i m i l a r l y  
i t  was  i n d i c a t e d  a b o v e  t h a t  an  ana logous  p o t e n t i a l -  
d e t e r m i n i n g  r e a c t i o n  ho lds  in d e u t e r i u m  solut ions .  
Hence  a r e f e r e n c e  e l e c t r o d e  can  b e  p r e p a r e d  b y  
p l a c i n g  a p a l l a d i u m  w i r e  in  h y d r o g e n  or  d e u t e r i u m  
so lu t ion  and  p a s s i n g  t h e i r  r e s p e c t i v e  gases  t h r o u g h  
the  so lu t ion  u n t i l  t h e  m a x i m u m  h y d r o g e n  or  d e u t e -  
r i u m  c o n c e n t r a t i o n  in t he  a - p h a s e  is r eached .  I t  has  
been  s h o w n  (5)  t h a t  u n d e r  these  cond i t ions  h y d r o -  
gen  w i l l  be  s p o n t a n e o u s l y  a b s o r b e d  in  t he  p a l l a d i u m  
u n t i l  th i s  m a x i m u m  a - p h a s e  is r eached ,  a t  w h i c h  
t i m e  the  r a t e  of so lu t ion  of h y d r o g e n  in  t h e  m e t a l  
becomes  i m m e a s u r a b l y  slow. T h e s e  r e f e r e n c e  e lec -  
t r odes  w e r e  v e r y  s u i t a b l e  for  t he  h e l i u m - s t i r r e d  so-  
lu t ions  s ince  t h e y  a r e  v e r y  s tab le ,  r e p r o d u c i b l e ,  and  
a r e  i n d e p e n d e n t  of  t he  p a r t i a l  p r e s s u r e  of  e i t h e r  
h y d r o g e n  or  d e u t e r i u m .  In  add i t ion ,  t h e y  r e p r e s e n t  
the  r e v e r s i b l e  e l e c t r o d e  sy s t e ms  for  t h e  a - p a l l a d i u m -  
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h y d r o g e n  or  - d e u t e r i u m  e l ec t rodes  a t  ze ro  c u r r e n t  
dens i ty .  Us ing  these  r e f e r e n c e  e l ec t rodes  to m e a s u r e  
p o l a r i z a t i o n  g ives  t h e  d i s p l a c e m e n t  f r o m  the  r e -  
v e r s i b l e  cond i t i on  d i r e c t l y  and,  hence,  t h e  o v e r v o l t -  
age  of t h e  a - p a l l a d i u m  e lec t rodes .  

Palladium Diaphragm 

E x p e r i m e n t a l  

As b e f o r e  (6 ) ,  t he  p a l l a d i u m  c a t h o d e  was  in  the  
f o r m  of a d i a p h r a g m  s e p a r a t i n g  two  i so l a t ed  bod ies  
of the  s ame  so lu t ion  (2N D~SO,). The  c u r r e n t  
d e n s i t y - o v e r v o l t a g e  r e l a t i ons  of t h e  p o l a r i z a t i o n  a n d  
d i f fus ion  s ides  of t h e  d i a p h r a g m  w e r e  d e t e r m i n e d  
w i t h  d e u t e r i u m  gas  f lowing t h r o u g h  each  c o m p a r t -  
m e n t  of t he  cel l  as d e s c r i b e d  a b o v e  (see  Fig.  1). 

The  e x p e r i m e n t a l  t e c h n i q u e  w a s  t h e  s a m e  as r e -  
p o r t e d  in  r e f e r e n c e  (6)  w i t h  t h e  e x c e p t i o n  t h a t  t h e  
r e f e r e n c e  e l ec t rodes  w e r e  Pt /D~ e l ec t rodes  in  t he  
s ame  solut ion .  T h e  t e m p e r a t u r e  was  34~ The  
th i ckness  of t he  p a l l a d i u m  foi l  was  0.002 in. 

The  a v e r a g e  r e su l t s  of a r u n  in  w h i c h  the  c u r r e n t  
was  a l t e r n a t e l y  d e c r e a s e d  and  t h e n  i n c r e a s e d  for  
t h r e e  cyc les  is g iven  in Fig .  8. T h e  r e p r o d u c i b i l i t y  
of t he  po in t s  was  w i t h i n  •  my.  

Discuss ion  

F i g u r e  8 shows  t h a t  t he  shape  of the  po l a r i za t i on ,  
w, a n d  the  diffusion,  V~, o v e r v o l t a g e  vs. log i cu rves  
was  t h e  s ame  as for  t h e  c o r r e s p o n d i n g  f l - P d - H  sys -  
tem.  H o w e v e r ,  s ince  i t  was  p o s t u l a t e d  (6)  t h a t  a 
d i f fus ion  m e c h a n i s m  con t ro l s  t he  o v e r v o l t a g e  on the  
d i f fus ion  side,  one w o u l d  e x p e c t  t h a t  t h e  r a t e  of 
d i f fus ion  of d e u t e r i u m  t h r o u g h  t h e  d i a p h r a g m  
shou ld  be  (Yz) v~ t i m e s  the  h y d r o g e n  ra te ,  a t  equa l  
a tomic  c o n c e n t r a t i o n  g r ad i en t ,  s ince  t he  m a s s  of  
d e u t e r i u m  is tw ice  t h a t  of  h y d r o g e n .  This  was  v e r i -  
fied as  fo l lows :  t h e  po t en t i a l s  cons ide r ed  a r e  d i f fu-  
s ion o v e r v o l t a g e s  a n d  no c u r r e n t  flows on the  d i f fu-  
s ion s ide  of t he  d i a p h r a g m ;  i t  can  t h e r e f o r e  be  as -  
s u m e d  t h a t  t he  c o n c e n t r a t i o n  of H § in t he  d o u b l e  
l a y e r  is cons t an t  for  t he  p o t e n t i a l - d e t e r m i n i n g  r e -  
ac t ions  on the  d i f fus ion  side.  These  a r e  

H+-k e - =  H 

H+H----H~ 

Both steps are virtually at equilibrium and the 
Nernst potential equation can be used to approxi- 
mate the activity of hydrogen atoms. Since, 

Ep~ = E ~ -k ( R T / F )  In (H  +) / ( H a )  
and  

EF~ = E ~ q- ( R T / F )  In ( H + ) / ( H )  

t hen  b y  def ini t ion,  

(n~) .  = Epd - -  Bet = - - ( R T / F )  In ( H ) / ( H ~  
and  a t  34~ 
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( ~ ) .  = --0.060 log ( H ) / ( H o )  ( I )  

S i m i l a r l y  for  the  d e u t e r i u m - p a l l a d i u m  e l e c t rode :  

( ~ ) ,  = --0.060 log ( D ) / ( D o )  ( I I )  

(Ha) and  (Do) a r e  the  ac t iv i t i e s  of h y d r o g e n  a n d  
d e u t e r i u m  a t o m s  on the  r e s p e c t i v e  p l a t i n u m  r e f e r -  
ence  e l ec t rodes ;  (H)  a n d  (D)  a r e  t he  ac t iv i t i e s  of 
t he se  a t o m s  on the  d i f fus ion  s ide  of t he  f l - p a l l a d i u m  
d i a p h r a g m .  E v e n  t h o u g h  no e l e c t r o l y t i c  c u r r e n t  
f lows on the  d i f fus ion  s ide  t h e r e  is a n  e f fec t ive  a tomic  
d i f fus ion  c u r r e n t  d e n s i t y  t h r o u g h  the  p a l l a d i u m  
w h i c h  causes  a p o l a r i z a t i o n  of th i s  s ide  of  the  p a l l a -  
d i u m  d i a p h r a g m  b e c a u s e  t h e  c o n c e n t r a t i o n  of h y -  
d r o g e n  o r  d e u t e r i u m  a t o m s  is a func t ion  of t h e  c u r -  
r e n t  f low on the  p o l a r i z a t i o n  side.  

A t  a g iven  c u r r e n t  d e n s i t y  t he  ( ~ ) s  a n d  t h e  (~)D 
w e r e  d e t e r m i n e d  f r o m  t h e  cu rves  in  F ig .  8. B y  us ing  
r e l a t i o n s  ( I )  a n d  ( I I ) ,  t h e  r a t i o  ( D ) / ( D o )  : ( H ) / ( H o )  
was  d e t e r m i n e d .  Th is  r a t i o  r e p r e s e n t s  t h e  r e l a t i v e  
r a t e s  of d e u t e r i u m  flow to h y d r o g e n  flow. If  one  
a s sume s  t h a t  t he  s a m e  r e l a t i o n  b e t w e e n  t h e  a tomic  

d i f fus ion  c u r r e n t  dens i ty ,  j ,  a n d  the  p o l a r i z i n g  c u r -  
r e n t  d e n s i t y , / ,  f o u n d  in (6)  ho lds  for  t h e  d e u t e r i u m  
sys tem,  then ,  for  a 0.002-in.  d i a p h r a g m  in 2N D:SO~: 

j .  = kD i ~  ( I I I )  

F r o m  (6)  kH is k n o w n  a n d  t h e r e f o r e  j ,  c an  b e  ca l -  
cu la ted .  The  r a t i o  ( D ) / ( D o )  : ( H ) / ( H o )  m u l t i p l i e d  

b y  j-H g ives  j-D, t h e n  kD can  b e  f o u n d  f r o m  Eq. ( I I I ) .  
D a t a  used  for  two  d e t e r m i n a t i o n s  of  kD a r e  shown  
in T a b l e  I. 

Because  of t he  h igh  c o n c e n t r a t i o n  of H § or  D § in 
t h e i r  2N solut ions ,  t h e  d i f f e rence  in  t he  p o l a r i z a t i o n  
a n d  d i f fus ion  o v e r v o l t a g e s  in t he  Ta fe l  b = 0.04 
r a n g e  e s s e n t i a l l y  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  g r a d i -  
en t  of  h y d r o g e n  o r  d e u t e r i u m  a t o m s  ac ross  t h e  d i a -  
p h r a g m .  F r o m  Fig .  8 t h e  p o l a r i z a t i o n  c u r r e n t  d e n s i -  
t ies,  i .  and  in, can  be  d e t e r m i n e d  for  a n y  g iven  AT = 
~ -  ~ .  F r o m  these  p o l a r i z a t i o n  c u r r e n t  dens i t ies ,  

Table I. Calculation of kD 

log i ~H ~D ( H ) / ( H  o) 

(D) / (D  o) 

(D) / (D  o) ( H ) / ( H  o) g k H kD 

--1.4 --0.019 --0.028 2.073 2.929 1.41 0.0197 0.0278 0.109 0.154 
--1.0 --0.0285 --0.0375 2.986 4.217 1.41 0.0321 0.0452 0.109 0.154 
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Table II. Calculation of jH/jo 
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h~ log  i H log  i D ~H ~D JH/JD 

0.018 --0.90 --1.46 0 . 0 3 6 3  0.0259 1.40 
0.015 --1.04 --1.61 0 . 0 3 0 6  0.0216 1.42 
0.012 --1.2 --1.76 0.0251 0.0180 1.40 
0.010 --1.3 --1.86 0.0223 0.0159 1.40 

the  a tomic  d i f fus ion  c u r r e n t  dens i t ies ,  jH and  jD, can  
be  d e t e r m i n e d .  These  v a l u e s  a n d  t h e i r  r a t i o  a r e  

g i v e n  in  T a b l e  II .  T h e  r a t i o  jH/j, is e q u a l  to 1.4 for  
t h e  cases  w h e r e  t he  c o n c e n t r a t i o n  g r a d i e n t s  of t he se  
r e s p e c t i v e  a t o m s  across  t h e  d i a p h r a g m  a r e  t he  same.  
This  is a p p r o x i m a t e l y  e q u a l  to 2'/% the  v a l u e  p r e -  
d i c t ed  b y  c lass ica l  d i f fus ion  laws .  This  r e s u l t  s u p -  
p o r t s  t h e  p o s t u l a t e  t h a t  t he  o v e r v o l t a g e  m e c h a n i s m  
on the  d i f fus ion  s ide  of t h e  d i a p h r a g m  is c o n t r o l l e d  
b y  the  d i f fus ion  of  e i t h e r  h y d r o g e n  or  d e u t e r i u m  
a toms,  r e spec t i ve ly .  

I t  is i n t e r e s t i n g  to no te  tha t ,  as s h o w n  in T a b l e  I, 
a t  a g i v e n  c u r r e n t  d e n s i t y  in  t h e  Ta fe l  b = 0.04 
r ange ,  t h e  r a t e  of  flow of d e u t e r i u m  across  t he  d i a -  
p h r a g m  is 1.41 t imes  f a s t e r  t h a n  the  r a t e  of flow of 
h y d r o g e n .  This  can  be  e x p l a i n e d  i f  the  d e u t e r i u m  
c o m b i n a t i o n  r e a c t i o n  on t h e  p o l a r i z a t i o n  s ide  is 
s l ower  t h a n  the  h y d r o g e n  c o m b i n a t i o n  reac t ion .  As  
a resu l t ,  for  a g iven  c u r r e n t  d e n s i t y  t h e r e  w i l l  b e  a 
l a r g e r  c o n c e n t r a t i o n  g r a d i e n t  for  d e u t e r i u m  t h a n  for  
h y d r o g e n  a n d  c o n s e q u e n t l y  t he  d e u t e r i u m  wi l l  f low 
t h r o u g h  the  d i a p h r a g m  a t  a f a s t e r  ra te .  F r o m  t h e  
e x p e r i m e n t a l  d a t a  on t h e  b i e l e c t r o d e  i t  is seen  tha t ,  
s ince  t he  c a t h o d i c  o v e r v o l t a g e  for  t h e  d e u t e r i u m -  
p a l l a d i u m  s y s t e m  is cons i s t en t l y  h i g h e r  t h a n  t h a t  
for  the  h y d r o g e n - p a l l a d i u m  s y s t e m  a t  t he  s ame  c u r -  
r e n t  dens i t ies ,  t he  r a t e  of r e m o v a l  of d e u t e r i u m  
a t o m s  is a p p r e c i a b l y  s l ower  t h a n  t h a t  of h y d r o g e n  
a toms.  This  offers s u p p o r t i n g  ev idence  for  r e su l t s  
f o u n d  on  the  d i a p h r a g m .  A d d i t i o n a l  ev idence  is 
g i v e n  be low.  

Simple Palladium Cathode 

Experimental 
In  th i s  ser ies  of e x p e r i m e n t s  t he  s ame  c lean  p a l -  

l a d i u m  b e a d  ( e l e c t r o l y t i c a l l y  c h a r g e d  to the  fl- 
p h a s e )  of a p p a r e n t  a r e a  0.0274 c m  ~ was  ca thod ized  
in  p r e - e l e c t r o l y z e d  2N D~SO~ in D~O, 50% 2N D~SO, 
in  D~O- t -50% 2N H~SO~ in H~O, a n d  2N H=SO, in  
H~O, r e spec t i ve ly .  D u r i n g  a l l  t hese  runs ,  a flow of 
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Fig. 9. Hydrogen, deuterium, and o 50-50 mixture over- 
voltage curve for a simple palladium cathode. 

pur i f i ed  h y d r o g e n  (H~) was  pas sed  t h r o u g h  t h e  cell .  
W i t h i n  our  e x p e r i m e n t a l  t i m e  l im i t s  ( < 2 4  h r )  t h e  
e x c h a n g e  b e t w e e n  H~ a n d  D + is n e g l i g i b l e  be c a use  of 
t h e  r e l a t i v e l y  s m a l l  a r e a  of e x p o s e d  m e t a l  sur face .  
T h e  r e f e r e n c e  e l ec t rode  was  a l w a y s  a p l a t i n u m  
e l ec t rode  in the  s a m e  solut ion .  T h e  t e m p e r a t u r e  was  
30 ~ --+ 2~ The  e x p e r i m e n t a l  d e t a i l s  w e r e  t he  s a m e  
as those  d e s c r i b e d  in  e a r l i e r  w o r k  (7 ) .  The  ca thod ic  
o v e r v o l t a g e  cu rves  o b t a i n e d  a r e  s h o w n  in  Fig .  9. 
F i g u r e  10 shows  the  o v e r v o l t a g e  vs. i r e l a t i o n s h i p  a t  
l ow  c u r r e n t  dens i t i es .  In  a l l  cases  t h e  p a l l a d i u m  
b e a d  was  e l e c t r o l y t i c a l l y  c h a r g e d  w i t h  h y d r o g e n  or  
d e u t e r i u m  to t h e  f l - p h a s e  b e f o r e  o v e r v o l t a g e  m e a s -  
u r e m e n t s  w e r e  t aken .  

Discussion 
The  cu rves  in  Fig.  9 i n d i c a t e  t h a t  t he  m e c h a n i s m s  

for  t he  d e u t e r i u m - p r o d u c i n g  r eac t i ons  a r e  t he  s ame  
as those  d e s c r i b e d  for  h y d r o g e n  (7 ) .  As  h y d r o g e n  
ion  is r e p l a c e d  w i t h  d e u t e r i u m  ion  t h e  e x c h a n g e  c u r -  
ren t ,  io, for  t he  b = 0.04 r ange ,  is d e c r e a s e d  a n d  the  
v a l u e  of t h e  o v e r v o l t a g e  p l a t e a u  increases .  F i g u r e  
10 shows  t ha t  as the  d e u t e r i u m  c o n c e n t r a t i o n  is i n -  
c r e a se d  t h e  r a t e  cons tan t ,  --di/d~h dec rea se s  in  a b o u t  
a l i n e a r  fash ion .  The  r a t i o  of t h e  r a t e  cons tan t s  fo r  
p u r e  H § c o m p a r e d  to p u r e  D § is a b o u t  4 :1  w h i c h  
g ives  a s e p a r a t i o n  f ac to r  cons i s t en t  w i t h  t h a t  f o u n d  
b y  o the r  i n v e s t i g a t o r s  (8 ) .  A l l  of  t he se  r e su l t s  con-  
f i rm the  f indings  a b o v e  t h a t  t he  c a t a l y t i c  a c t i v i t y  of 
p a l l a d i u m  for  h y d r o g e n - p r o d u c i n g  r e a c t i o n s  is  
g r e a t e r  t h a n  for  d e u t e r i u m - p r o d u c i n g  reac t ions .  

These  r e su l t s  c o n t r a d i c t  t h e  conc lus ion  of F a r k a s  
(8)  t h a t  t he  r a t e  of the  r e m o v a l  of d e u t e r i u m  a t o m s  
f r o m  the  p a l l a d i u m  c a t h o d e  is f a s t e r  t h a n  the  r e -  
m o v a l  of h y d r o g e n  a t o m s  to f o r m  molecu les .  His  
conc lus ion  m a y  b e  c o n s i d e r e d  to be  in  e r r o r  for  t h e  
fo l l owing  reasons .  F a r k a s  a s s u m e d  t h a t  t he  r e -  
m o v a l  of a toms  f r o m  the  p a l l a d i u m  su r f ace  was  b y  
combina t ion ,  w h e r e a s  our  w o r k  has  s h o w n  t h a t  r e -  
m o v a l  is n o r m a l l y  b o t h  b y  c o m b i n a t i o n  a n d  e l e c t r o -  
c h e m i c a l  deso rp t ion .  In  s t r o n g  ac id  so lu t ions ,  e l e c t r o -  
c h e m i c a l  d e s o r p t i o n  p r e d o m i n a t e s .  His  e x p e r i m e n t a l  
r e su l t s  a r e  a c t u a l l y  cons i s t en t  w i t h  our  f indings.  I f  
h y d r o g e n  is g e n e r a t e d  fou r  t imes  f a s t e r  t h a n  d e u t e -  
r i u m  on the  c a thode  (as s h o w n  in Fig .  10) and  i f  i t  
d i s so lves  in p a l l a d i u m  1.7 t i m e s  f a s t e r  t h a n  d e u t e -  
r i u m  (as shown  a b o v e ) ,  t h e n  t h e  r a t i o  H / D  d i s -  
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Fig. l O. Comparison of the relative rates of the hydrogen- 
and deuterium-producing reactions ot O fl-palladium cathode. 
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so lved  in  t he  P d  is a b o u t  6.8. This  c o m p a r e s  f a v o r -  
a b l y  w i t h  t he  e x p e r i m e n t a l  v a l u e  of 6.6 f o u n d  b y  
F a r k a s .  

Conclusions 
1. The  e l e c t r o c h e m i c a l  m e c h a n i s m s  of d e u t e r i u m -  

p r o d u c i n g  r eac t i ons  on P d  a re  t he  s a m e  as those  of 
t he  h y d r o g e n - p r o d u c i n g  r eac t i ons  on Pd.  Th is  s t a t e -  
m e n t  ho lds  t r u e  for  t h e  cases  w h e r e  t h e  P d  w a s  i n -  
v e s t i g a t e d  as  a b i e l ec t rode ,  as a c a thode  d i a p h r a g m ,  
or  as a s i m p l e  ca thode .  

2. In  a l l  cases  i t  is f o u n d  t h a t  t h e  c a t a l y t i c  a c t i v -  
i t y  of  P d  is g r e a t e r  for  H~-produc ing  r e a c t i o n s  t h a n  
for  D~-produc ing  reac t ions .  

3. I t  was  f o u n d  t h a t :  ( a )  in  t he  l i n e a r  ~ vs. i 
r a n g e  H~ is p r o d u c e d  a t  an  a - P d  c a t h o d e  a b o u t  t w i c e  
as fas t  as D~; (b)  in  2N ac id  so lu t ions  h y d r o g e n  ions  
a r e  t r a n s f e r r e d  t h r o u g h  a P d  b i e l e c t r o d e  1.7 t i m e s  
f a s t e r  t h a n  d e u t e r i u m  ions  in  t h e  v e r y  low c u r r e n t  
d e n s i t y  r a n g e ;  (c)  in  t he  l i n e a r  ~/ vs. i r a n g e  H~ is 
p r o d u c e d  a t  a f l -Pd  ca thode  a b o u t  4 t imes  f a s t e r  
t h a n  D~; (d )  for  a g i v e n  p o l a r i z i n g  c u r r e n t  dens i ty ,  
H diffuses  ( in  t h e  T a f e l  b ~ 0.04 r e g i o n )  t h r o u g h  a 
P d  d i a p h r a g m  1.41 t imes  s l ower  t h a n  D (because  of 
i t e m  2 a b o v e )  ; (e )  F o r  a given va~ue of ~ = ~ ~ ~ 
( s a m e  a tomic  c o n c e n t r a t i o n  g r a d i e n t  ac ross  d i a -  
p h r a g m )  H diffuses  t h r o u g h  a P d  d i a p h r a g m  2~ 
t imes  f a s t e r  t h a n  D. 

4. A n  a - P d  e l e c t r o d e  is a s t ab le  a n d  a c c e p t a b l e  
r e v e r s i b l e  a tomic  h y d r o g e n  r e f e r e n c e  e l e c t r o d e  fo r  
sys t ems  in w h i c h  H~ or  D~ gas  is no t  a v a i l a b l e  and  
in  w h i c h  ox id i z ing  agen t s  a r e  absen t .  
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ABSTRACT 

I t  is shown tha t  in eva lua t ing  the  ra tes  of anodic dissolut ion processes i t  is 
necessary  to consider  the  influence of the  posi t ive and negat ive  difference 
effects; o therwise  ions going into solut ion wi th  uncommon va lency  m a y  be 
found. Scale  f ragments  de tached  f rom an a luminum anode by  the cu r ren t  pass-  
ing th rough  it  could be  seen. The hypothesis  of valence change of ions whi le  
a cu r ren t  is pass ing th rough  the  anode does not  expla in  al l  observed  facts,  
but  they  can be wel l  exp la ined  by  the theory  developed for  the  posi t ive  and 
nega t ive  difference effects. 

I t  has  been  f o u n d  no t  on ly  in  t h e  p a s t  b u t  also 
r e c e n t l y  t h a t  in c e r t a i n  anod ic  p rocesses  ions  w i t h  
an  u n c o m m o n  v a l e n c y  w e n t  in to  solu t ion .  F o r  i n -  
s tance ,  t he  f o r m a t i o n  of m o n o v a l e n t  Mg ions, w h i c h  
s u b s e q u e n t l y  r e a c t e d  w i t h  w a t e r  u n d e r  h y d r o g e n  
evo lu t ion ,  has  been  d i scussed  ( 1 - 3 ) .  O c c a s i o n a l l y  
an  i nc rea se  of t he  c h a r g e  of ions  go ing  a n o d i c a l l y  
in to  so lu t ion  could  also b e  ca l cu l a t ed .  

To s t u d y  the  anod ic  d i s so lu t ion  p h e n o m e n a  a n d  
the  v a l e n c y  of ions  f o r m e d  anod ica l ly ,  a v e r y  s i m -  
p l e  dev ice  can  be  u sed  (F ig .  1).  The  d r i v i n g  fo rce  
of the  cel l  is p r o v i d e d  b y  the  anod ic  m e t a l  i tself .  In  
t he  case  of a Mg or  A1 a n o d e  one ea s i l y  can  o b s e r v e  
tha t ,  on c los ing  the  sw i t ch  of t he  c i rcui t ,  h y d r o g e n  
evo lu t i on  s t a r t s  no t  on ly  at  t h e  P t  ca thode ,  b u t  
a lso  at  the  a n o d e  (o r  t he  r a t e  of evo lu t i on  inc reases  
a t  the  a n o d e ) .  I f  t he  c u r r e n t  is t h e n  t u r n e d  off, H~ 

e v o l u t i o n  ceases,  or  dec rea se s  s t rong ly ,  a t  bo th  
e lec t rodes .  H o w e v e r ,  q u a n t i t a t i v e  m e a s u r e m e n t s  
show t h a t  t he  t o t a l  a m o u n t  of H~ d e v e l o p e d  and  the  
w e i g h t  loss  of t he  a n o d e  is l a r g e r  t h a n  t h a t  ca l -  
c u l a t e d  f rom the  c u r r e n t  b y  F a r a d a y ' s  l aw.  I t  was  
conc luded  f r o m  th is  t h a t  t he  anod ic  m e t a l  w e n t  in to  
so lu t ion  w i t h  l o w e r  v a l e n c y  (1 -4 ) .  

Two e x p l a n a t i o n s  h a v e  b e e n  p r o p o s e d  for  th is  
effect :  (a )  t h e  l o w e r  or  c h a n g e d  v a l e n c y  hypo thes i s ,  
w h i c h  e x p l a i n s  t he  s i m u l t a n e o u s  H~ d e v e l o p m e n t  
on t h e  c a thode  a n d  anode ,  for  i n s t a n c e  in  case  of 
Mg:  

A n o d e :  M g ~ M g  §  
Mg § -/- H~--> Mg ~§ + 1/2H~ 

C a t h o d e :  e + H § 1/2H~ 

b u t  does  no t  e x p l a i n  t h e  l a r g e r  t o t a l  a m o u n t  of H~ 
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Fig. 1. Device to observe the negative and positive ~ effects 

developed;  (b) the difference (A) effect theory  ex-  
plains a l l  the  phenomena  observed (5-8) and be-  
sides the deve lopment  of hydrogen  in addi t ion to 
tha t  produced by the cur ren t  flowing through the 
cell, Fig. 1. Unfor tunate ly ,  the A-effect was not t aken  
into considerat ion by  the previous  inves t igators  
(1-4) and format ion  of lower  va lency  ions was as-  
sumed. 

According to the  theory  of the  negat ive  A-effect 
(8) the ve ry  active meta ls  (Mg, A1, Ti) react  wi th  
the  e lect rolyte  (se l f -dissolut ion)  in places where  
the protec t ive  scale is broken off f rom the i r  surface. 
The scale can be spal led off the metal ,  more or less 
comple te ly  by  passing an anodic current  th rough  
the surface of the metal .  If this cur rent  is in te r -  
rup ted  the  scale regenera tes  more or less s lowly and 
ra te  of se l f -d issolut ion reduces or even ceases. Al l  
the phenomena  observed are  exp la ined  by this mech-  
anism including the reducing power  of the anolyte  
(9) dur ing  passage of the current .  In case of Mg re-  
action in a KC1 solution, the  ex te rna l  cur ren t  p ro-  
duces the soluble and the sel f -dissolut ion react ion 
(on the s t r ipped  areas  of the  meta l )  the insoluble 
react ion products .  As the extension of these areas  is 
roughly  propor t iona l  to the anodic current  (9),  the 
ra t io  of the insoluble and of the soluble products  is 
near ly  constant.  Occasionally,  depending on the 
pu r i ty  of the Mg, this  ra t io  may  approach 1: 1, a 
poss ibi l i ty  over looked by  Tomashov (10). 

However ,  the  s t r ipping  of the  scale by  the pass-  
ing anodic current  needs some addi t ional  evidence. 
The appearance  of scale f ragments  can easi ly be ob-  
served by  a device shown in Fig. 1, if, as anodic 
metal ,  an A1 wire  and, as an electrolyte ,  KC1 (about  
100 g / l )  dissolved in an about  0.1N HC1 solution are  
used. Observing the wire  th rough  a magni fy ing  
glass, nea r ly  no deve lopment  of hydrogen  (wi th  the 
switch open) can be seen (Fig.  2). Upon closing the 
switch the ra te  of se l f -dissolut ion of the wire  
c lear ly  increases and f ragments  of the  scale are 
torn off by  the anions going into solution and car -  
r ied up by  the hydrogen  bubbles  (Fig. 2B). The 
f ragments  at  tha t  stage are  not observable  direct ly.  

- - -  o - ,  

o '  

_ o 

o 

A [  

- A  

Fig. 2A. A luminum wire as an anode in a KCI-HCI solu- 
t ion with the switch (Fig. 1) open. Fig. 213. The self-dissolu- 
t ion of the AI wire increases with the switch closed. Fig, 2C. 
Af ter  interrupt ion of the current, H2 evolut ion decreases and 
a cloud of white dust, sinking down, appears. 

However,  they can be noticed as soon as the current  
is in t e r rup ted  and the intense hydrogen  evolut ion 
decreases. The par t ic les  now sink down in the form of 
a cloud of whi t ish  dust  (Fig. 2C). The s inking clou.d 
can be observed best  when the  wire  is t i l ted.  Very  
smal l  hydrogen  evolving meta l l ic  par t ic les  can also 
be seen floating in the electrolyte ,  which ev iden t ly  
were  separa ted  f rom the wire  together  wi th  the 
scale. The whi te  par t ic les  cannot be AI(OH)3 
formed la ter  (AI~++ 3 OH') ,  because the solution 
was s t rongly  acidic the ent i re  time. Thus, the p a r -  
ticles could or ig inate  only f rom the scale which is 
difficultly soluble in d i lu ted  HC1. No such dust  
clouds could be observed in a solution of HF, evi-  
den t ly  because the scale is easy soluble in this acid. 

If these a rguments  are not r ega rded  as being 
s t rong enough to disprove the lower  va lency  theory,  
then there  is also a reverse  phenomenon,  the  posi-  
t ive A-effect (8-11) .  Using HF (~0.1N) instead of 
the  KCI-HCI mix tu re  one wil l  observe a sudden de-  
crease in the ra te  of dissolution (A-effect) of the 
A1 wi re  as soon as the circui t  (Fig.  1) is closed. 
However,  af ter  in te r rup t ion  of the current ,  the  p re -  
vious ra te  wil l  be restored.  Having  subt rac ted  this 
se l f -dissolut ion ra te  f rom the total  ra te  obta ined 
wi th  the current  on, one never theless  wi l l  find tha t  
less A1 went  into solution as calculated f rom the 
current .  This effect of sudden decrease in ra te  can 
never  be expla ined  by  the presence of oxygen in 
and above the acid. So, d i s regard ing  the posi t ive 
A-effect, one has to pos tu la te  the  format ion of A1 
ions wi th  a va lency higher  than  3. Whi le  Mg or A1 
ions wi th  a va lency lower  than  the normal  are  stil l  
possible, the format ion  of ions of higher  va lency 
in aqueous solutions is theore t ica l ly  unreasonable  
(12). Besides, why, dur ing  the passage of an 
anodic current ,  should A1 + or A1 ~+ be formed in HC1 
solutions and AF § in HF solutions? Ions of uncom- 
mon valency [somet imes even lower  than  one (9 ) ]  
wi l l  a lways  be found in anodic dissolution processes, 
if the A effects influencing the se l f -d issolut ion rates  
are disregarded.  Besides, the  fact  tha t  the effects are 
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func t ions  of c u r r e n t  d e n s i t y  has  a l w a y s  to be  con-  
s idered .  If, a f t e r  a l l  t he  co r r ec t ions  for  t he  r a t e s  a r e  
made ,  some pos i t i ve  or  n e g a t i v e  r a t e  be ing  ou t s ide  
t he  l im i t s  of e r r o r  s t i l l  r ema ins ,  th is  m a y  be  a t -  
t r i b u t e d  to t he  a p p e a r a n c e  of ions of u n c o m m o n  
va lency .  

Manuscr ip t  rece ived  A p r i l  8, 1957. This paper  was  
p repa red  for  de l ive ry  before  the  Washington  Meeting,  
May 12-16, 1957. 

A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Sect ion to be  publ i shed  in the December  1958 
J O U R N A L .  
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s i lve r  e l e c t rodes  a l l o w e d  to r e m a i n  id l e  for  v a r i o u s  
pe r i ods  of  t i m e  in N AgNO~ so lu t ions  b e f o r e  a n d  
a f t e r  " o x i d a t i o n "  as s u g g e s t e d  b y  V a h r a m i a n .  W h i l e  
an  id le  p e r i o d  of 1 or  2 m i n  r e s u l t e d  in  se r ious  
p a s s i v a t i o n  in  t he  so lu t ion  be fo re  ox ida t ion ,  i t  was  
poss ib le  to l e a v e  e l ec t rodes  id le  for  pe r i ods  of a t  
l eas t  30 m i n  in t he  so lu t ion  a f t e r  o x i d a t i o n  w i t h o u t  
no t i c eab l e  c o n t a m i n a t i o n .  E v e n  the  e l ec t rode  le f t  
o v e r n i g h t  was  no t  as b a d l y  c o n t a m i n a t e d  as the  one 
le f t  20 m i n  in t he  so lu t ion  as p r e p a r e d .  The  m e t h o d  
thus  w o r k s  v e r y  w e l l  indeed .  

This  w r i t e r  has  also f o u n d  t h a t  v e r y  s t r o n g  ox i -  
d iz ing  t r e a t m e n t s ,  such  as bo i l ing  the  so lu t ion  a f t e r  
a d d i n g  K M n O ,  or  K2S~O~, e l i m i n a t e d  pas s iva t ion .  
These  o t h e r  t r e a t m e n t s  h a d  u n d e s i r a b l e  r e su l t s  such 
as the  f o r m a t i o n  of a p r e c i p i t a t e  or  t he  f o r m a t i o n  of 
d i v a l e n t  s i lver ,  and  i n t r o d u c e d  u n w a n t e d  ions in to  
the  ba th .  F o r  th is  r ea son  the  s i m p l e  o x i d a t i o n  w i t h  
o x y g e n  is p r e f e r a b l e .  A c t i v a t e d  a l u m i n a  and  ac t i -  

v a t e d  c h a r c o a l  w e r e  also t r i ed ,  bo th  w i t h  a n d  w i t h -  
out  o x y g e n a t i o n ,  b u t  these  t r e a t m e n t s  d id  no t  e l i m -  
ina te  pas s iva t ion .  Also,  w h e n  o x y g e n  f ree  n i t r o g e n  
or  h e l i u m  ( i n s t e a d  of o x y g e n )  w a s  used  as t he  a t -  
m o s p h e r e  in  the  cel l  w h i l e  t he  so lu t ion  was  h e a t e d  
in con tac t  w i t h  p l a t i n i z e d  p l a t i n u m  p a s s i v a t i o n  was  
not  e l i m i n a t e d .  I t  t hus  a p p e a r s  t h a t  e i t he r  o x y g e n  
p lus  a c a t a l y t i c  su r f ace  or  a v e r y  s t r o n g l y  ox id iz ing  
cond i t ion  is r e q u i r e d  to e l i m i n a t e  pas s iva t ion .  I t  
seems  l i k e l y  t h a t  t he  e x p l a n a t i o n  g iven  b y  V a h r a -  
m i a n - - t h a t  p a s s i v a t i o n  is e l i m i n a t e d  in  " ox id i zed"  
so lu t ions  because  of the  o x i d a t i o n  of  o r g a n i c  i m -  
p u r i t i e s - i s  cor rec t .  

Manuscr ip t  rece ived  Dec. 23, 1957. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be  publ i shed  in the December  1958 
JOURNAL. 
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Silver, Cobalt, and Positive-Grid Corrosion 
in the Lead-Acid Battery 

J. J. Lander 

The Electric Auto-Lite Company, Toledo, Ohio 

ABSTRACT 

Posi t ive-grid corrosion rates measured at several temperatures  over a range 
of potentials corresponding to overcharge conditions show that voltage depres- 
sion at the positive plate of but  a few hundredths  of a volt can result  in corro- 
sion rates decreasing by factors of one- th i rd  to one-half  or more. Silver and 
cobalt when  added directly to the electrolyte of batteries on SAE Overcharge 
Life Test depolarize the positive plate overcharge voltage, resul t ing in increased 
overcharge life. An  identical series of reactions is proposed to explain the de- 
polarizing effects of silver and cobalt. Overcharge corrosion does not play a 
major  role in governing the service life of passenger car batteries. The SAE 
Overcharge Life Test cannot be expected to evaluate the effects of silver and 
cobalt on service life. 

In  the pas t  yea r  or so there  has been  an  in t ense  
r e a w a k e n i n g  of in te res t  in  the  effects of s i lver  and  
cobal t  on pos i t ive -g r id  corrosion in  the  l ead -ac id  
ba t te ry ,  especia l ly  in  au tomot ive  types.  Cons ide r -  
able  ev idence  exists  to show tha t  the add i t ion  of 
cobal t  to the  b a t t e r y  e lec t ro ly te  is qu i te  effective 
in  r educ ing  gr id corrosion u n d e r  ce r t a in  overcharge  
condi t ions  (1 -3) .  More evidence  is p r e sen t ed  in  this 
paper .  A p a t e n t  cover ing  this  p ro tec t ive  aspect  of 
Co was  issued in  1931 (4) .  The  use of Ag in  gr id  
al loys for the  purpose  of decreas ing  overcharge  cor-  
rosion, first s tud ied  by  F i n k  and  D o r n b l a t t  (5) ,  
was suggested by  ea r l i e r  work  in  which  A g - P b  
al loy anodes  were  used in  va r ious  e lect rolyt ic  proc-  
esses (6) .  Severa l  pa t en t s  have  been  issued for the  
use of Ag in  gr id  m e t a l  (7) .  Older  and  less wel l  
k n o w n ,  perhaps ,  is the  c la im tha t  Ag, even  as Co, 
is effective as an  add i t i ve  to the  e lec t ro ly te  in  ex-  
t e n d i n g  life (8) .  U n d e r  c u r r e n t - r e g u l a t e d  over -  
charge  condi t ions  only,  this  c la im is suppor ted  
here in .  A n  in t e re s t ing  f ea tu re  of the  use of Ag is 
tha t  i t  does no t  seem to be effective except  u n d e r  
overcharge  condi t ions  (5, 9, 10). There  is some ev i -  
dence  t ha t  this  is t r u e  of Co (2) .  

Along  wi th  the  s imi lar i t ies  b e t w e e n  Co and  Ag 
a l r eady  noted,  ano the r  effect has b e e n  observed,  
i.e., add i t ion  of Co to the  e lec t ro ly te  resul t s  in  a 
l ower ing  of the  oxygen  overvo l t age  at  the  posi t ive  
p la te  (2, 3, 11). S i lve r  does so as wi l l  be shown.  

These para l le l s  b e t w e e n  the act ion of Co and  Ag, 
in  c o n j u n c t i o n  w i th  t h e r m o d y n a m i c  da ta  and  me a s -  
u red  corrosion ra tes  of Sb alloys, lead to a simple,  
cons is ten t  e x p l a n a t i o n  for the i r  p ro tec t ive  effect. 
Mechan i sms  of p ro tec t ion  are iden t ica l  for each ele-  
m e n t ;  they  can  be expected  to be pro tec t ive  on ly  
u n d e r  overcharge  condi t ions ;  and,  more  specifically, 
they  are especia l ly  pro tec t ive  u n d e r  condi t ions  i m -  
posed by  the  SAE Overcha rge  Test. 

A t e n t a t i v e  e x p l a n a t i o n  for the  effect of Ag has 
been  offered (9) wh ich  t r ied  to re la te  decreased 

corrosion to the  ca ta ly t ic  ac t iv i ty  of Ag in  decom-  
pos ing  pe r su l f a t e  ion. No suppor t i ng  ev idence  was  
offered. Other  w o r k  (2, 3) a t t e m p t e d  to t r ea t  the  
theory  of the effect of Co, bu t  led to proposals  of 
conflict ing a nd  i l l -def ined  m e c h a n i s m s  because  the  
prol~er corrosion da ta  were  l ack ing  and  because  pa r t  
of the  t h e r m o d y n a m i c  da ta  was  neglected.  

Tab le  I gives the  s t a n d a r d  electrode po ten t ia l s  
(12) for the reac t ions  concerned.  

In  this  way,  Co ++ a nd  Ag + wou ld  be r e t u r n e d  to 
so lu t ion  and  the  concen t r a t i on  of Co +++ and  Ag ++ 
would  no t  be a l lowed to bu i ld  up  to shut  off the r e -  
action. Co +++ does in  fact  oxidize w a t e r  at  app re -  
c iable  ra tes  (13).  W h e n  a b a t t e r y  is on overcharge,  
s u b s t a n t i a l l y  all  the  c u r r e n t  tha t  passes t h r ough  the  
posi t ive  p la te  goes to evo lu t ion  of oxygen.  The  
h igher  the  cu r ren t ,  the  h igher  is the  overcharge  

Table I 

PbSO, z r 2 H ~ O - ~ P b O ~ + S O J + 4 H  §  +1.685 (I) 

Co ++-- Co +++ + e +1.82 (II) 

Ag + = Ag ++ + e +1.98 (III)  

Reaction (I) takes place at the positive plate of the 
lead-acid cell. On charge, as this reaction nears com- 
pletion, the evolution of oxygen commences and, at the 
same time, positive plate potentials become more posi- 
tive to extents sufficient for reactions (II) or (III)  to 
go when  Co ++ or Ag + is present  in the electrolyte. If 
these reactions occur, Co *++ and Ag ++ can oxidize water  
to H~O~ as in  reactions (IV) and (V) 

2H~O + 2Co +++ ---- H.02 + 2Co ++ + 2H +, 

F ~ ---- - -1.5kcal  (IV) 

2H~O + 2Ag +* ---= H~O2 + 2Ag + + 2H +, 

F ~ = --9.5 kcal (V) 

H20~ decomposes in acid solution to give oxygen: 

2H202 = O~ + 2H~O, F ~ : --50.4 kcal (VI) 

289 
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potent ia l  at  the posi t ive plate,  according to often 
observed empir ica l  relat ionships.  The effect of Ag 
and Co is to supply  an a l t e rna te  pa th  for the  evolu-  
t ion of oxygen;  therefore,  the i r  presence should re -  
sult  in a decreased oxygen overvoltage,  as has been 
mentioned.  I t  wi l l  be shown tha t  smal l  amounts  of 
e i ther  Ag or Co in the e lect rolyte  produce vol tage  
decreases of severa l  hundred ths  of a vol t  at the posi-  
t ive p la te  on overcharge.  I t  wil l  also be shown tha t  
vol tage depressions of this  order  of magni tude  can 
lower  corrosion ra tes  of an t imonia l  al loys by  factors 
of 30-90% in the SAE Overcharge  Life Test range  
of potential .  Cobalt  should be the  more  effective de-  
polar izer  according to the potent ia ls  of react ions 
( I I )  and ( I I I ) .  

The possibi l i ty  of this  depolar iza t ion  mechanism 
for the effect of Co on corrosion has been pointed 
out in substance (3),  but  because the corrosion 
work  was done wi th  Pb r a the r  than ant imonia l  
alloys, it  has been concluded (2) tha t  the vol tage 
lower ing produced by  Co was incapable  of decreas-  
ing corrosion to any apprec iab le  extent .  This led to  
favorable  en te r t a inment  of an adsorpt ion theory.  
In these works  (2, 3) the mechanist ic  iden t i ty  of the 
function of Ag and Co in overcharge  protect ion was 
not considered. 

Exper imenta l  

Corrosion ra tes  of an an t imonia l  a l loy (6.75% 
Sb, 0.4 As, 0.35 Sn, ba lance  Pb)  were  obta ined by  
corroding bare  grids at several  constant  potent ia ls  
in the overcharge  range  in acid of 1.260 sp gr. Three 
t empera tu res  were  used and poten t ia l  was meas-  
ured with  reference to a me rcu ry -mercu rous  sulfate 
electrode in the electrolyte .  Rates  were  obta ined by  
s t r ipping the corrosion product  in a manni to l  solu-  
tion 10 g hydraz ine  dihydrochlor ide ,  20 g mannitol ,  
100 g sodium hydroxide ,  per  l i ter  of solution, and 
obtaining weight  losses as a function of t ime on 
test. Typical  weight  loss curves are  shown in Fig. 1 
for severa l  potent ia ls  at 37.8~ and rates  obta ined 
for al l  potent ia ls  and t empera tu res  are  shown in 
Fig. 2. The potent ia l  scale has been conver ted to the 
cadmium reference electrode in all  charts.  The 
26.6~ da ta  is ex tended  to lower  vol tages by  in-  
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Fig. 2. Positive-grid corrosion rate vs. positive plate voltage 

Fig. 3. Effect of Co and Ag on positive plate overcharge 
voltage. Group 1 Battery at 9 amp. 

cluding da ta  on 6-8% Sb alloys obtained f rom other  
sources (14). 

In another  test, s i lver  sulfate  and cobalt  sulfate  
were  added in va ry ing  amounts  to the e lect rolyte  of 
Group 1 - - 6 - v  ba t te r ies  a t  the t ime they  s ta r ted  on 
SAE Overcharge  Life  Test (15). The effect of these 
e lements  on the posi t ive p la te  overcharge  vol tage  
is shown in Fig. 3. The vol tage  decreases exhib i ted  
pers is ted  throughout  the  life test. The overcharge  
life of these ba t te r ies  is given in Table  II. 

Al l  ba t te r ies  fai led by  posi t ive grid corrosion. 

Table II. Effect of silver and cobalt on SAE Overcharge Life 

SAE O v e r c h a r g e  Life  
Ag2SO, added/cel l  (Avg of 2 batteries} 

g weeks  

Fig. 1. Grid-corrosion at several overcharge voltages, 100~ 

None 10 
0.5 11.5 
1.0 12.0 
2.0 15.0 

CoSO4.7H20 added/cel l  
None 9.5 
0.17 10.0 
0.46 12.5 
1.14 17.0 
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Table III. Estimated vs. actual increase in SAE Overcharge Life 
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Voltage % Life % Life 
Ag2SOa added/cel l  depression increase i n c r e a s e  

g v (Est'd.) (Expt'l.) 

0 0 0 0 
0.5 0.01 14 15 
1.0 0.02 29 20 
2.0 0.03 45 50 

CoSO4- 7H20 added/cel l  
0 0 0 0 
0.17 0.01 14 5 
0.46 0.03 45 32 
1.14 0.05 85 79 

Discussion 

SAE Overcharge Life Test 

The  pos i t i ve  c a d m i u m  v o l t a g e s  of  v a r i o u s  b a t t e r y  
t y p e s  on the  S A E  O v e r c h a r g e  L i f e  Tes t  f a l l  in  t he  
r a n g e  m a r k e d  on Fig.  2. I n t e r n a l  t e m p e r a t u r e s  of 
b a t t e r i e s  on th i s  t e s t  r a n g e  a r o u n d  43~176 T h e  
s lopes  of t h e  cu rves  of F ig .  2 show t h a t  v o l t a g e  d e -  
p res s ions  of b u t  a f ew  h u n d r e d t h s  of a vo l t  a r e  qu i t e  
sufficient  to d e c r e a s e  t he  co r ros ion  r a t e  b y  30-90%.  
F r o m  the  m e a s u r e d  dec reases  in  v o l t a g e  r e s u l t i n g  
f r o m  the  use  of A g  a n d  Co s h o w n  in Fig .  3 t h e  l i fe  
i nc rea se  can  be  e s t i m a t e d ;  for  e x a m p l e ,  a v o l t a g e  
dep re s s ion  of 0.06 v a t  49~ (2.43 to 2.37) cuts  t he  
co r ros ion  r a t e  in  ha l f  w h i c h  shou ld  doub le  t he  S A E  
O v e r c h a r g e  l ife.  E s t i m a t e d  i n c r e a s e s  for  A g  a n d  Co 
add i t i ons  a r e  c o m p a r e d  w i t h  those  a c t u a l l y  o b t a i n e d  
in T a b l e  III .  

The  c a l c u l a t e d  and  e x p e r i m e n t a l  l i fe  i nc reases  a r e  
in as  good a g r e e m e n t  as  can  b e  e x p e c t e d  c o n s i d e r -  
ing  t h a t  t he  u s u a l  v a r i a t i o n  in o v e r c h a r g e  l i fe  r uns  
a b o u t  •  w e e k  w h e n  h a n d - p a s t e d  se lec ted  gr ids  
a r e  used  for  pos i t ives .  T h e r e  is no d o u b t  t h a t  v o l t -  
age  d e p r e s s i o n s  of t h e  v a l u e s  m e a s u r e d  a r e  qu i t e  
c a p a b l e  of e x t e n d i n g  SAE O v e r c h a r g e  L i fe  b y  the  
va lue s  found.  

W h e t h e r  or  no t  t h e  r eac t i ons  go as  e x p l a i n e d  in 
the  t h e o r y  needs  d e m o n s t r a t i o n  of one s tep,  i.e., 
t h a t  Co +++ a n d  A g  ++ a re  f o r m e d  e l e c t r o c h e m i c a l l y  at  
r a t e s  suff icient  to b y - p a s s  a p p r e c i a b l e  a m o u n t s  of 
c u r r e n t  f r o m  the  u s u a l  o x y g e n - p r o d u c i n g  reac t ion .  
The  v o l t a g e  d e p r e s s i o n  is an  i n d i r e c t  i n d i c a t i o n  t h a t  
t h e y  a r e  f o r m e d  a t  sufficient  ra tes .  In  t he  absence  
of  d i r ec t  k n o w l e d g e ,  h o w e v e r ,  i t  is no t  imposs ib l e  
t ha t  a n o t h e r  m e c h a n i s m  could  be  ope ra t i ng .  R e -  
ga rd l e s s  of t he  m e c h a n i s m  of v o l t a g e  depress ion ,  
t he  r e l a t i o n  b e t w e e n  v o l t a g e  dep re s s ion  and  in -  
c r ea sed  o v e r c h a r g e  l i fe  has  been  d e m o n s t r a t e d  
q u a n t i t a t i v e l y  w i t h i n  e x p e r i m e n t a l  e r ro r ,  i.e., if 
o t h e r  fac to rs  w e r e  o p e r a t i n g  in a p p r e c i a b l e  m e a s u r e  
to  d e c r e a s e  cor ros ion  and  inc rea se  life,  th is  q u a n -  
t i t a t i v e  a g r e e m e n t  w o u l d  not  h a v e  been  p r o d u c e d .  
This  is f u r t h e r  i l l u s t r a t e d  b y  Fig.  4 w h i c h  shows  l i fe  
i n c r e a s e  as a func t ion  of v o l t a g e  dep re s s ion  for  bo th  
A g  and  Co; i t  s eems  to be  i m m a t e r i a l  w h i c h  e l e -  
m e n t  does  t he  job.  The re fo re ,  i t  m a y  be  conc luded  
t h a t  A g  a n d  Co act  to i n c r e a s e  o v e r c h a r g e  l i fe  b y  
d e p r e s s i n g  the  p o s i t i v e  p l a t e  o v e r c h a r g e  v o l t a g e  a t  
c o n s t a n t  cu r r en t ,  t hus  r e d u c i n g  the  g r id  co r ros ion  
r a t e  u n d e r  cons t an t  c u r r e n t  condi t ions .  

Fig. 4. SAE Overcharge Life vs. positive-plate voltage de- 
pression. Calculated vs. experimental. 

Automobile Battery Service 
A t  one  t i m e  i t  was  m o r e  or  less  g e n e r a l l y  ac -  

c e p t e d  in t h e  a u t o m o b i l e  b a t t e r y  i n d u s t r y  t h a t  i n -  
s e rv i ce  f a i l u r e  of pos i t i ve  gr ids  was  due  to o v e r -  
c h a r g e  corros ion .  I t  has  been  p o i n t e d  out  (16) tha t ,  
b ecause  of t he  l a r g e  f r ac t i on  of t i m e  spen t  in id le  
per iods ,  pos i t i ve  g r id s  of a u t o m o b i l e  b a t t e r i e s  
shou ld  a p p r o a c h  the  l i fe  of t he  s ame  b a t t e r i e s  on 
float, t h e i r  l i fe  b e i n g  g o v e r n e d  l a r g e l y  b y  g r id  cor -  
ros ion  r a t e s  on s tand .  T h e r e  is s t i l l  d i s a g r e e m e n t ,  
h o w e v e r ,  as to w h i c h  a r e a  o r  a r eas  of  s e rv i ce  o p e r -  
a t ion  affect  g r i d  cor ros ion  mos t  i m p o r t a n t l y  (17) .  
This  ques t ion  can  be  r e s o l v e d  us ing  t h e  d a t a  of 
Fig .  2. I n a s m u c h  as t h e  o r d i n a t e  of th i s  g r a p h  is a 
ra te ,  t he  cu rves  of  t h e  g r a p h  show t h e  i m p o r t a n t  
v a r i a b l e s  a f fec t ing  g r id  co r ros ion  to be :  t i m e ,  p o -  
t en t ia l ,  and  t e m p e r a t u r e .  I f  i t  w e r e  k n o w n  w h a t  
f r ac t i ons  of t i m e  a r e  spen t  b y  the  pos i t i ve  p l a t e  in 
t h e  v a r i o u s  v o l t a g e  r anges ,  t he  r e l a t i v e  effects  of t h e  
v a r i o u s  o p e r a t i n g  cond i t ions  cou ld  be  d e t e r m i n e d .  

F o r  p u r p o s e s  of ca lcu la t ion ,  t he  t i m e  d i s t r i b u t i o n  
for  p a s s e n g e r  ca r  s e rv i ce  can  be  f ixed  if  i t  is s u p -  
posed  t h a t  t he  o r d i n a r y  ca r  t r a v e l s  to  and  f rom 
w o r k  once a d a y  for  t w o  hours ,  s ix  d a y s  a week .  F o r  
c i ty  d r iv ing ,  p e r h a p s  20% of th is  t i m e  w i l l  be  s p e n t  
in o v e r c h a r g i n g  the  b a t t e r y .  A l so  l e t  t he  ca r  be  
d r i v e n  for  two  hour s  in  t he  c o u n t r y  once a w e e k ,  
d u r i n g  w h i c h  the  b a t t e r y  is on ove rcha rge ,  say,  75 % 
of t he  t ime .  The  r e m a i n d e r  of t i m e  the  ca r  is p a r k e d  
and  the  b a t t e r y  is idle.  I f  t he  d r i v i n g  t i m e  not  s p e n t  
on o v e r c h a r g e  is a r b i t r a r i l y  d i v i d e d  in to  10% d i s -  
c h a r g e  t i m e  and  90% c h a r g e  t ime ,  t he  a b o v e  b r e a k -  
d o w n  p e r  w e e k  r e su l t s  in  t he  t i m e  d i s t r i b u t i o n  
s h o w n  in t h e  f irst  c o l u m n  of T a b l e  IV. 

I f  t he se  p e r c e n t a g e s  of t i m e  a r e  m u l t i p l i e d  b y  t h e i r  
c o r r e s p o n d i n g  co r ros ion  r a t e s  as d e t e r m i n e d  f r o m  
Fig.  2, an  i n d e x  of co r ros ion  for  each  cond i t ion  is 
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Table IV. Voltage-time corrosion of positive grids in service 

Voltage Corrosion % C o r r o -  
c o n d i t i o n  % of t ime rate  Index  sion 

Discharge 0.6 35 21 2.1 
Charge  5.4 6 32 3.1 
Overcharge  2.3 25 58 5.6 
S tand  91.7 10 917 89.2 

ob ta ined .  These  r e su l t s  a r e  shown  in T a b l e  IV for  
26.6~ 

On the  bas i s  of th is  ana lys i s  on ly  6% of t h e  t o t a l  
g r id  co r ros ion  occurs  d u r i n g  o v e r c h a r g e ;  89% oc-  
curs  w h i l e  t he  b a t t e r y  is idle .  Ce r t a in ly ,  t he  t ime  
schedu le  on w h i c h  th is  ana lys i s  is b a s e d  can  be  
v a r i e d  w i t h i n  l im i t s  for  p a s s e n g e r  ca r  service ,  b u t  
i t  is c l ea r  t h a t  the  b u l k  of the  g r id  co r ros ion  w i l l  
occur  w h i l e  t h e  b a t t e r y  is s t a n d i n g  idle,  be c a use  
the  s t a n d  t i m e  f a r  o u t w e i g h s  t h e  d r i v i n g  t ime.  

I t  can  be s h o w n  in a n o t h e r  w a y  t h a t  o v e r c h a r g e  
co r ros ion  is of m i n o r  inf luence  on pos i t i ve  g r id  life. 
T w e l v e - v o l t ,  50 A.H. b a t t e r i e s  con t a in ing  60 mi l  
pos i t i ve  p l a t e s  e x h i b i t e d  an  a v e r a g e  of 16 w e e k s  on 
the  S A E  O v e r c h a r g e  L i fe  Test .  On th is  test ,  a b o u t  
f ive days  a w e e k  a re  spen t  on o v e r c h a r g e ;  t he re fo re ,  
t he  o v e r c h a r g e  l i fe  of t he se  b a t t e r i e s  is a b o u t  1920 
hr.  In  t he  p r e v i o u s  t ime  ana lys i s ,  o v e r c h a r g e  t i m e  
was  e s t i m a t e d  to be  a b o u t  4 h r / w e e k .  I f  i t  is t r ue  
t h a t  b a t t e r i e s  f a i l  in se rv ice  by  o v e r c h a r g e  cor ros ion ,  
t he  se rv ice  l i fe  of th i s  b a t t e r y  shou ld  be  1920 --  4 = 
480 w e e k s  or  9.2 yea rs .  This  is a m i n i m u m  v a l u e  
because  o v e r c h a r g e  cond i t ions  of p o t e n t i a l  a n d  t e m -  
p e r a t u r e  a r e  no t  n e a r l y  so s e v e r e  in  se rv ice  as t h e y  
a r e  on t h e  o v e r c h a r g e  test .  The  w a r r a n t y  on th is  
b a t t e r y  is t h r e e  yea rs .  

The  fo r ego ing  ana lys i s  shows  t h a t  e l e m e n t s  w h i c h  
ac t  as d e p o l a r i z e r s  a t  t he  pos i t i ve  p l a t e  can  h a v e  
l i t t l e  o r  no f a v o r a b l e  effect  on g r id  co r ros ion  in  s e r -  
v ice  l i fe  in  p a s s e n g e r  cars ;  i ndeed ,  t h e r e  is some 
r e a s o n  to b e l i e v e  t h a t  bo th  A g  (9)  a n d  Co (10) m a y  
h a s t e n  g r id  co r ros ion  at  t he  s t a n d  p o t e n t i a l  a n d  thus  
s h o r t e n  g r id  life. The  s i m p l e  a d d i t i o n  of Co m a y  be  
e x p e c t e d  to  i nc rea se  s e l f - d i s c h a r g e  a t  the  pos i t i ve  
p l a t e  (18)  a n d  i t  de f in i t e ly  does  d e c r e a s e  c h a r g i n g  
efficiency a t  t he  pos i t i ve  p l a t e  (19) .  

W h i l e  i t  has  been  conc luded  t h a t  se rv ice  l i fe  of 
pos i t i ve  g r ids  can  be  af fec ted  b u t  s l i gh t ly  b y  o v e r -  
c h a r g e  cond i t ions  in p a s s e n g e r  ca r  serv ice ,  i t  m a y  be 
w o r t h w h i l e  t o  cons ide r  t he  i m p l i c a t i o n s  a r i s ing  f rom 
the  v o l t a g e  r e g u l a t o r  sys tem.  D e p o l a r i z a t i o n  a t  
e i t h e r  p l a t e  wi l l  r e su l t  in l o g a r i t h m i c  inc reases  in  
o v e r c h a r g e  c u r r e n t  and ,  s ince  w a t e r - l o s s  a n d  t e m -  
p e r a t u r e  i n c r e a s e  a r e  l i n e a r l y  r e l a t e d  to  o v e r c h a r g e  
cu r ren t ,  t hese  wi l l  i n c r e a s e  l o g a r i t h m i c a l l y  also. I f  
bo th  A g  a n d  Co w e r e  to depo l a r i z e  t he  n e g a t i v e  as 
w e l l  as  the  pos i t i ve  and  if the  effect  w e r e  e q u a l  a t  
t he  nega t i ve ,  no  d e c r e a s e  in  pos i t i ve  p l a t e  v o l t a g e  
cou ld  occur  a n d  h e n c e  no  i m p r o v e m e n t  in  o v e r -  
cha rge  co r ros ion  could  accrue ,  because  c u r r e n t  
w o u l d  h a v e  to  i nc rea se  enough  to m a k e  up  the  v o l t -  

age  loss. I f  A g  a n d  Co w e r e  to s t ay  at  t he  pos i t ive  
p la te ,  a dec rea se  in o v e r c h a r g e  co r ros ion  w o u l d  r e -  
su l t  w h i c h  m i g h t  c o n t r i b u t e  as m u c h  as  2 -3% in -  
c rease  in l ife,  b a s e d  on  T a b l e  IV, un less  h e a t i n g  
caused  b y  the  e x t r a  c u r r e n t  d u e  to d e p o l a r i z a t i o n  
shou ld  i nc rea se  co r ros ion  enough  to o v e r b a l a n c e  the  
benef ic ia l  effect  of de po l a r i z a t i on .  

On the  bas is  of t he  conc lus ion  t h a t  o v e r c h a r g e  
cor ros ion  is i n c a p a b l e  of a l a r g e  inf luence  on se rv ice  
l i fe  a n d  the  cons ide ra t i ons  a r i s i ng  f rom t h e  v o l t a g e -  
r e g u l a t e d  sys tem,  t he  S A E  O v e r c h a r g e  Tes t  canno t  
be  e x p e c t e d  to  e v a l u a t e  t he  effect  of A g  a n d  Co on 
se rv ice  life.  
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ABSTRACT 

The use of cereal paste is shown to contribute, to a considerable degree, to the 
deterioration observed in experimental  dry cells made with synthetic MnO~ depo- 
larizers. The mechanism involves the hydrolysis of the cereal to form a reducing 
compound which then reacts chemically with the MnO~ to consume a part  of 
the available oxygen content of the depolarizer. A group of chemically inert 
hydrophilic colloids, including methyl cellulose, was selected for evaluation as 
separators. The application of methyl cellulose in a two-film lining for a dry 
cell is described. The anode film, to be placed next to the anode, is formulated 
from methyl cellulose and a mercury salt. The barr ier  film used to separate the 
anode from the depolarizer mix is formulated from methyl cellulose insolu- 
bilized to a limited degree with citric acid. Experimental  cells incorporating 
the composite film lining show keeping qualities far surpassing those of paste- 
type cells. 

Since the in t roduct ion of the commercia l  d ry  cell  
in the middle  1880% the cell l iner  has shown a 
g radua l  evolut ion th rough  cloth, papers  and pas ted  
papers  to the cereal  paste  used in many  p r e s e n t - d a y  
ceils. The t rend  has cont inual ly  been toward  th in-  
ner  l iners  as a means  both of reducing the in te rna l  
resis tance of the cell and of increasing the quan t i ty  
of act ive depolar izer .  

Dur ing  recent  years ,  the use of act ive e lect rolyt ic  
manganese  dioxide has become widespread  (1).  
However ,  cer ta in  ea r ly  types of exper imenta l  cells 
p repa red  with  this ma te r i a l  have shown unexpec ted  
cell de te r iora t ion  dur ing  storage. Table  I shows the 
service levels of exper imen ta l  cells assembled wi th  
an e lectrolyt ic  MnO2 depolar izer  and cereal  paste  
separators .  I t  is c lear  tha t  a serious drop in ba t t e r y  
capaci ty  (22-31%) occurs in the re la t ive ly  short  
s torage per iod  of about  two months at  70~ The 
cells made  wi th  both flour and starch showed such 
a significant decrease in service tha t  it caused 
serious concern. 

The inves t igat ion of the cause of cell de te r io ra -  
t ion es tabl ished tha t  the  hydrolys is  of the separa to r  
was responsible  for the  reduced ba t t e ry  capacity.  To 
correct  this condition, a separa tor  med ium was 

Table I. Service of experimental "D"-size cells made with 
electrolytic Mn02 and paste* 

S e p a r a t o r s  
M i n u t e s  s e r v i c e  to  0.9 v 

on 4 - o h m  H I F  tes t  a t  70~ 
Ce l l  age~ 3 Weeks  3 M o n t h s  6 M o n t h s  

Separator Cereal 
Flour 928 635 640 
Cornstarch 1108 866 792 

* T h e  ce l l s  d e s c r i b e d  a b o v e  w e r e  e x p e r i m e n t a l  u n i t s  d e s i g n e d  
on ly  fo r  t he  s t u d y  of t he  r e a c t i o n  b e t w e e n  t he  d e p o l a r i z e r  a n d  t h e  
ce rea l  c o n t e n t  of the  pas te .  

t These  cel ls  w e r e  s to red  a t  70~ 

needed which would  not  hydro lyze  and react  wi th  
the  active MnO~ depolar izer .  

Experimental 
Exper imen ta l  a t tent ion  was, therefore,  d i rec ted  to 

other  hydrophi l ic  mate r ia l s  which could be con- 
s idered for d ry -ce l l  separators .  A considerable  n u m -  
ber  of mate r ia l s  were  selected which, in general ,  
were  synthe t ica l ly  p r epa red  and free of many  of the 
var ia t ions  tha t  develop in na tu r a l l y  occurr ing ma te -  
rials.  The a lky l  cellulose ethers,  the h y d r o x y  a lky l  
cellulose ethers,  the salts of cellulose glycolic acid, 
and a n u m b e r  of v inyl  compounds, e.g., po lyv iny l  
alcohol, were  the most a t t rac t ive  of the  groups 
studied. I t  was found tha t  no react ion occurs be-  
tween  the above mate r ia l s  and electrolyt ic  MnO~ 
under  s imula ted  d ry -ce l l  conditions. 

The f i lm-forming proper t ies  of me thy l  cellulose 
pe rmi t t ed  the easy p repa ra t ion  of sheets. A hor i -  
zontal  glass p la te  was coated wi th  an aqueous solu-  
t ion of this ma te r i a l  and al lowed to dry.  Such sheets 
or films were  wel l  suited to the manufac tu re  of ex-  
pe r imen ta l  d ry  cells. 1 A comparison of the  pe r -  
formance of cells made  wi th  me thy l  cellulose and 
cereal  paste  separa tors  showed that,  unt i l  the cells 
were  about  six weeks old, s imi lar  resul ts  were  ob-  
tained.  A sudden vol tage drop in the me thy l  cel lu-  
lose cells, beginning at  this point,  was found to re -  
sult  f rom the  slow solution of the methy l  cellulose 
film in the  e lec t ro ly te  fol lowed by  its absorpt ion 
into the  cathode mix. This lef t  the anode unpro-  
tec ted  and resul ted  in serious corrosion. 

One method of a t ta in ing  the desired film p e r m a -  
nence appeared  to be a t r ea tmen t  which could be 
appl ied  to only one surface of the me thy l  cellulose 
film. Such a protec t ive  layer  should be insoluble 
in electrolyte,  ye t  st i l l  pe rmi t  rap id  diffusion of 

1 M e t h y l  ce l lu lose  a lso  a p p e a r e d  a p p l i c a b l e  as a n  i m p r o v e m e n t  
o v e r  t he  cerea l  coa t ings  f r e q u e n t l y  a p p l i e d  to  ce l lu los ic  or p a p e r  
layers .  
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Table II. Effect of the tannic acid content of methyl cellulose films 
on the performance of "D" size cells 

A m o u n t  of t a n n i c  7 0 ~  4 - O h m  H I F t  
a c i d  i n  f i lm  l i ne r*  s e r v i c e  to  0.9 v 

g % of c o n t r o l  

Control 0 100 
0.10 104 
0.20 98 
0.40 98 
0.60 100 
0.80 91 

* T h e  a m o u n t  of  t a n n i c  a c i d  c o m b i n e d  w i t h  14.0 g m e t h y l  c e l l u -  
lose  is g i v e n  a b o v e .  

t T h e  a b b r e v i a t i o n  H I F  is  u s e d  to i n d i c a t e  t h e  S t a n d a r d  H e a v y  
I n d u s t r i a l  F l a s h l i g h t  test, accepted throughout the industry. 

zinc chloride f rom anolyte  to catholyte.  At  the same 
time, i t  should p reven t  the migra t ion  of the  dis-  
solved me thy l  cellulose from the anode surface. A 
large  group of substances (2),  including tannic,  t r i -  
chloroacetic,  and phosphotungst ic  acids, wil l  react  
wi th  me thy l  cellulose to reduce its solubil i ty.  Tannic 
acid was chosen for study. Expe r imen ta l  films were  
su r face - t anned  by  exposing one surface to a tannic  
acid solution for a definite t ime and at  a given t em-  
pera ture .  However ,  the precise control  of condit ions 
necessary to a t ta in  the desired resul t  f rom this 
process appeared  difficult and a l te rna t ive  methods 
were  invest igated.  

An improvement  on the above process was the 
incorporat ion of the tannic  acid into the me thy l  
cellulose solution used for the p repara t ion  of the 
film lining. A series of films were  p repa red  in which 
amounts  of tannic acid ranging f rom 0.10 g to 0.80 g 
were  combined with  14.0 g of me thy l  cellulose in 
solution. The d ry  films were  used in the p repara t ion  
of exper imen ta l  cells which were  placed on test  
wi th  the  in i t ia l  resul ts  shown in Table  II. These 
da ta  i l lus t ra te  tha t  the  presence of tannic acid in the 
film l ining does not ma te r i a l ly  reduce the ini t ia l  
service capaci ty  of the cell on the 4-ohm HIF  test  at  
70~ Cells made  wi th  the  above films have  given 
sa t is factory  shelf  and service main tenance  for pe r i -  
ods up to severa l  months.  However ,  these films 
lacked the desired permanence,  since the insolubi l -  
izing agent  dissolved slowly, and other  mate r ia l s  
were  invest igated.  

A considerable  number  of reagents,  in addi t ion 
to those ment ioned previously,  have  been descr ibed 
for insolubil izing a lky l  cellulose ethers  and re la ted  
compounds. These include organic polybasic  acids 
(3) such as citric, t r icarba l ly l ic ,  ta r tar ic ,  malic, 
phthalic,  and s imi lar  compounds.  Another  group of 
reagents  is tha t  including aldehydes,  such as g lyoxal  
(4) and formaldehyde ,  a ldehyde  resins such as 
phenol  fo rmaldehyde  (5),  condensat ion products  
such as u rea  or me lamine  wi th  fo rmaldehyde  (6) 
and isocyanates  (7).  Citric acid was chosen as r ep -  
resenta t ive  of the first group for an exper imen ta l  
study. 

I t  was found expedient  to incorpora te  the citric 
acid into the aqueous solution of the  me thy l  ce l lu-  
lose used for film prepara t ion .  The d ry  film, formed 
by  the evapora t ion  of the water ,  was exposed to 
heat  to react  the acid wi th  the me thy l  cellulose. I t  

was desired to employ the min imum amount  of acid 
and to react  it  as complete ly  as prac t ica l  to p reven t  
res idual  amounts  of acid in the film from react ing 
wi th  the MnO.~. It was soon found that,  when mer -  
curic chlor ide was incorpora ted  with  citric acid and 
me thy l  cellulose, heat  t r e a tmen t  gave a char red  
useless mater ia l .  A p p a r e n t l y  the mercury  salt  ca ta-  
lyzed the the rmal  decomposi t ion of me thy l  cel lu-  
lose in some manner .  This observat ion  suggested the 
deve lopment  of two separa te  films for a composite 
lining. That  por t ion of the film to be placed next  to 
the  anode, fo rmula ted  f rom methy l  cellulose and a 
m e r c u r y  salt, was t e rmed  the "anode film." The 
other  por t ion of the  separator ,  visual ized as a pa r -  
t ia l ly  insolubil ized methy l  cellulose layer ,  was 
t e rmed  the "ba r r i e r  film." Whereas,  the  ear l ie r  films 
had  been about  0.0076 cm thick, each layer  of the 
improved  film was made 0.0038 cm thick. This d iv i -  
sion of the separa to r  into two par ts  wi th  separa te  
functions pe rmi t t ed  a direct  approach to the  fo rmu-  
la t ion of each pa r t  of the separator .  

The requi rements  of a sui table  ba r r i e r  film now 
could be defined. A film was needed which would be 
h ighly  pe rmeab le  to e lec t ro ly te  salts and ions, and 
yet  which would  p reven t  the migra t ion  of the 
me thy l  cellulose f rom the anode layer  under  a wide 
va r i e ty  of d ry  cell discharge conditions. This film 
should be h ighly  bibulous and ye t  re ta in  an elastic 
gel s t ruc ture  which would not  i tself  be dispersed in 
electrolyte .  A great  deal  of exper imen ta l  work  was 
requi red  to es tabl ish the condit ions under  which the 
above desired proper t ies  would be obtained.  The 
composit ion chosen consists of a combinat ion  of 
0.0025 equivalent ,  (1.52 g) of citric acid per  C~ unit  
(182.5 g) of me thy l  cellulose. An aqueous solution 
of these ingredients  is cast on a glass p la te  to give 
a d ry  film 0.0038 cm thick. Heat  t r ea tmen t  for 8-10 
min at  205~ (401~ produces the des i red  ba r r i e r  
film characteris t ics .  Cells made  with  this ba r r i e r  
film and an anode film compris ing me thy l  cellulose 
wi th  an appropr ia t e  amount  of mercu ry  salt  give 
excel lent  in i t ia l  and de layed  service as shown in 
Table III. For  comparison wi th  the da ta  on the film- 
l ined cells, service levels of pas te  cells of compara -  
ble  composit ion are  also given. I t  may  read i ly  be 
seen tha t  the main tenance  of service, voltage,  and 
amperage  of the f i lm-l ined type  is fa r  super ior  to 
tha t  of the pas t e - sepa ra to r  cells. 

Discussion 

The double film lining, descr ibed herewi th ,  fea-  
tures  two film layers  which together  contr ibute  
g rea t ly  to the main tenance  of high service levels of 
the d ry  cell descr ibed in this paper .  The anode film, 
a l though dry  when  used in the cell assembly  proc-  
ess, absorbs e lect rolyte  to become a viscous, h ighly  
adhesive layer .  The zinc anode is thoroughly  wet ted  
by this adhesive  and an efficient me ta l - e l ec t ro ly t e  
contact  is obtained.  Determinat ions  of was tefu l  cor-  
rosion in exper imen ta l  cells made  wi th  film l inings 
show lower  values  than  those found in comparab le  
cells made  wi th  cereal  pas te  construction.  The con- 
cen t ra ted  corrosive a t tack  at  the  a i r - sepa ra to r -z inc  
interface,  so character is t ic  of cells made  wi th  cereal  
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Table III. A comparison of the service and keeping quality of "D'-size citric acid insolubilized barrier film-lined cells with paste-lined 
cells containing electrolytic MnO~ 

70~ She l f  R e a d i n g s  
S e p a r a t o r  t y p e  I n i t i a l  3 M o n t h s  6 M o n t h s  1 2 M o n t h s  1 8 M o n t h s  2 4 M o n t h s  3 0 M o n t h s  

Cereal  pas te  Volts 1.74 1.58 1.53 1.48 1.45 - -  
Ampere s  7.4 5.7 4.9 3.3 1.6 - -  

F i l m  l in ing Volts 1.80 1.66 1.63 1.61 1.63 1.60 1.60 
Amperes  6.7 6.5 6.1 5.8 5.5 5.2 4.9 

M i n u t e s  on 4 - O h m  HIF*  to  0.9 v M i n u t e s  on  4 - O h m  LIF*  to 0.9 v 
S e p a r a t o r  I n i t i a l  3 M o n t h s  6 M o n t h s  12 M o n t h s  I n i t i a l  3 M o n t h s  6 M o n t h s  12 M o n t h s  

Fi lm  l ining 922 719 750 591 623 616 - -  433 
Cereal  pas te  1072 - -  1122 1084 1372 - -  1179 896 

* T he  a b b r e v i a t i o n s  H I F  a n d  L I F  a re  u sed  to  i n d i c a t e  t he  S t a n d a r d  H e a v y  I n d u s t r i a l  F l a s h l i g h t  and  L i g h t  I n d u s t r i a l  F l a s h l i g h t  tes ts ,  
r e spec t i ve ly .  

paste ,  is g r e a t l y  l e s sened  b y  the  use  of t he  f i lm l i n -  
ing. Zinc  can  p e r f o r a t i o n  is also r e d u c e d  as  a r e s u l t  
of the  l e s sened  w a s t e f u l  a t t a c k  on t h e  anode .  

The  success  of t he  f i lm l in ing  in  p r o v i d i n g  a h i g h -  
c a p a c i t y  cel l  of good k e e p i n g  q u a l i t y  seems  due  in  
p a r t  to t h e  u n i q u e  p r o p e r t i e s  of t he  b a r r i e r  film. 
The  r e a c t i o n  b e t w e e n  m e t h y l  ce l lu lose  a n d  a n  in -  
so lub i l i z ing  r eagen t ,  such  as c i t r i c  acid,  a p p e a r s  to  
be  t h e  f o r m a t i o n  of a c o m p l e x  i n v o l v i n g  bo th  m a t e -  
r ia ls .  The  r e s u l t i n g  i n so lub i l i z ed  f i lm is an  elast ic ,  
ge l a t i nous  l a y e r  w h e n  s a t u r a t e d  w i t h  e l e c t r o l y t e  
a n d  shows  some  e v i d e n c e  of c r o s s - l i n k a g e .  Be c a use  
of t he  r e d u c t i o n  in  so lub i l i t y ,  i t  can  be  c o n c l u d e d  
t h a t  a c o n s i d e r a b l e  i nc rea se  in m o l e c u l a r  size is 
o b t a i n e d  b y  the  reac t ion .  The  b e h a v i o r  of t h e  cel ls  
con t a in ing  the  doub le  f i lm l in ing  is con s ide r e d  
s t rong  e v i d e n c e  for  t he  r e a d y  d i f fus ion  of e l e c t r o -  
l y t e  sa l t  so lu t ions  a n d  ions t h r o u g h  the  f i lm d u r i n g  
d i s c h a r g e  and  r e s t  pe r iods .  

The  e a r l y  i nd i ca t ions  of s t a b i l i t y  of m e t h y l  c e l l u -  
lose f i lms in con tac t  w i t h  MnO.~ h a v e  been  con-  
f i rmed  by  the  e x c e l l e n t  k e e p i n g  q u a l i t y  of e x p e r i -  
m e n t a l  f i l m - l i n e d  ce l l s  s t o r ed  a t  35~ (95~  and  
45~ ( l 1 3 ~  The  m a i n t e n a n c e  of se rv ice  l eve l s  
u n d e r  such s eve re  cond i t ions  p r o b a b l y  ind i ca t e s  a 
t r e n d  t o w a r d  the  use  of such  l in ings  in cel ls  d e s t i n e d  
for  t r o p i c a l  and  s i m i l a r  app l i ca t ions .  I t  is p r o b a b l e  
t h a t  t h e  success  of m e t h y l  ce l lu lose  f i lm l in ings  in  
th is  a p p l i c a t i o n  is, in  pa r t ,  r e l a t e d  to  t h e  r e d u c e d  
s o l u b i l i t y  of  th is  m a t e r i a l  a t  the  e l e v a t e d  t e m p e r a -  
tures .  In  c o n t r a s t  to ce r ea l  p a s t e  w h i c h  becomes  less 
v i scous  at  e l e v a t e d  t e m p e r a t u r e s ,  m e t h y l  ce l lu lose  
coagu l a t e s  w h e n  the  t e m p e r a t u r e  exceeds  t he  "ge l  
po in t . "  E v e n  w h e n  so coagu la t ed ,  t h e  s e p a r a t o r  

m a i n t a i n s  an  e x c e l l e n t  a d h e s i v e  con tac t  w i t h  t h e  
a n o d e  and  e f fec t ive ly  p r e v e n t s  a i r  access  to t h e  
a n o d e  sur face .  

The  t echn iques  d e v e l o p e d  in  th is  w o r k  h a v e  p r o -  
v i d e d  an  eas ie r  m e t h o d  of c o m m e r c i a l  m a n u f a c t u r e  
(8, 9) of c e r t a i n  s m a l l  sizes of cel ls  t h a n  those  
c u s t o m a r i l y  used  w i t h  c o n v e n t i o n a l  p a s t e  s e p a -  
ra to r s .  Thus,  in  t h e  p r e s e n t  t r e n d  t o w a r d  s m a l l  cel l  
sizes, the  f i l m - t y p e  l i n ing  a p p e a r s  d e s t i n e d  to p l a y  
an  i m p o r t a n t  role .  
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ABSTRACT 

The reactions at the cathode of the Leclanch~-type dry cell are considered 
in terms of three heterogeneous chemical reactions for which there is advanced 
a plausible mechanism, leading to a unified theory of the cathode process. 
When reviewed in terms of this theory, the numerous observations of others 
that formerly have appeared to be incongruous are correlated and rationalized 
in terms of the over-all cathode reaction. 

The identif icat ion of the react ion products  formed 
in the dry  cell cathode dur ing cell discharge has 
been the subject  of considerable  work. An examina -  
tion of the l i t e ra tu re  indicates tha t  perhaps  more  
effort has been spent  on the identif icat ion of the 
products  of the e lec t ro ly te  react ion than on those 
involving manganese  compounds. Unti l  recently,  
the over -a l l  react ion in the Leclanch6 cell was 
wr i t t en  thus:  

Zn+2MnO2+2NH,CI~  ZnCI~.2NH~+Mn.~O~+H20 (I)  

Al though the above react ion indicates  the re -  
duced product  is t r iva len t  manganese  oxide, the 
represen ta t ion  of it as bixbyi te ,  Mn~Os, is now con- 
s idered incorrect .  Both mangani te  (1), MnOOH, and 
he taero l i te  (2), ZnO.Mn~O~, have been identif ied by 
x - r a y  diffraction techniques as the solid react ion 
products  formed in cathodic reaction. In addi t ion 
to these solid products,  soluble manganese  has been 
found in the e lec t ro ly te  of a d ischarged cathode (3). 
I t  is the purpose of this paper  to ex tend  the co-ord i -  
nat ion of pa r t  of these findings a l ready  presented  (4) 
to include al l  the above react ion products  and to 
offer a ra t ional  theory  of the cathodic react ion 
process. 

Experimental 
The analysis  of the cathode mix  of d ischarged dry  

cells for mangani te ,  hetaerol i te ,  and dissolved m a n -  
ganese was under taken .  Briefly, the analy t ica l  p ro -  
cedure involves the suspension of a weighed al iquot  
port ion "~ (e.g., 25 g of the to ta l  cathode mix )  in a 
500 ml volume of a 25% aqueous solution of am-  
monium chloride buffered at a pH of 5.2-5.4, fol-  
lowed by  s t i r r ing of the suspension at  about  40~ 
for 2 hr. This step insures the solution of the sol-  
uble manganese  together  wi th  the d iammino zinc 
chloride a n d / o r  zinc oxychlor ide  usual ly  present .  

I t  has been repor ted  (5) tha t  the zinc content  of 
hetaerol i te ,  ZnO-Mn~O~, is not  soluble in ammonium 
chloride solution under  these conditions. The 
authors '  findings confirm this observation.  Thus, 
leaching the cathode mix  wi th  the ammonium 

1 P r e s e n t  A d d r e s s :  R i e g e l  T e x t i l e  C o r p o r a t i o n ,  W a r e  Shoa l s ,  S o u t h  
Ca ro l ina .  

T h e  cel l  b e i n g  s t u d i e d  is  r e m o v e d  f r o m  t e s t  w h e n  i t  r e a c h e s  i t s  
cu to f f  v o l t a g e  a n d  is  i m m e d i a t e l y  s u b j e c t e d  to  a n a l y s i s ,  
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chloride solution removes the soluble zinc com- 
pounds wi thout  a t tacking  the hetaerol i te  and pe r -  
mits  thei r  separa te  determinat ions .  

The pH of the s lu r ry  is in i t ia l ly  ad jus ted  to be-  
tween 5.2 and 5.4 by  the addi t ion of a 40-45% aque-  
ous zinc chlor ide  solution in quan t i ty  sufficient to 
p reven t  the soluble manganese  f rom react ing wi th  
any res idual  MnO2 (1) dur ing  the course of the 
analysis.  At  the end of the leaching step the s lur ry  
is then fi l tered and the filter cake welt  washed,  first 
wi th  ammonium chloride solution and finally wi th  
water .  The combined f i l t rate  and washings are di-  
lu ted with  wa te r  or ammonium chloride solution 
to an appropr ia t e  s tandard  volume, e.g., 1 l i ter.  
Al iquot  samples of this solution are quan t i t a t ive ly  
analyzed  for manganese.  

F rom the manganese  content  of the  al iquot  sam-  
ple, the di lut ion involved,  and the sample weights,  
the amount  of d iva len t  manganese  in the discharged 
bobbin  can be calculated.  F rom the reaction,  

MnO~ + 4H § + 2e--> Mn §247 + 2H~O (II)  

it can be calcula ted that  1 a m p - h r  of electr ical  
energy involves the  consumption of 1.62 g of MnO~ 
and the format ion  of 1.02 g of d iva lent  manganese.  
The l a t t e r  value  enables the  conversion of the di-  
va lent  manganese  content  of the cathode to equiva-  
lent  ampere  hours of energy  represen ted  by  the 
format ion  of this product  and  is des ignated  as i tem 
(a) .  F rom the above ra t io  the d iva lent  manganese  
content  of the  cathode can also be  calcula ted as an 
equiva lent  loss of MnO2 in grams per  cell, shown 
as i tem (b) .  

The filter cake is dr ied at  l l 0 ~  and its weight  
and composit ion determined.  S t anda rd  methods  of 
quan t i t a t ive  analysis  (6) for manganese,  zinc, and 
ava i lab le  oxygen are  employed.  F rom the content 
of manganese  and ava i lab le  oxygen in the  filter cake, 
the weights  of the ingredients  involved and the 
in i t ia l  weight  and composit ion of the manganese  
dioxide  used in the  cell, the loss in avai lab le  oxygen 
which occurred in the  cathode of the cell  dur ing  the 
pa r t i cu la r  d ischarge can be calculated.  This can be 
expressed convenient ly  as the loss of an equiva lent  
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weight  of MnO~ and des ignated  i tem (c) .  F rom the 
reaction,  

2MnO.~ -k 2H § -t- 2e-~ 2MnOOH ( I I I )  

it can be calcula ted that  3.24 g of MnO~ are  requi red  
to produce 1 a m p - h r  of energy. F rom the zinc con- 
tent  of the filter cake and the al iquot  weights,  the 
to ta l  zinc content  of the discharged cathode can be 
calculated.  On the basis of the react ion (2),  

2MnO, ~- Zn §247 ~- 2e-~ ZnO. Mn~O, (IV) 

and the fact  tha t  the MnO~ is reduced to a t r iva len t  
oxide, 3.24 g of MnO~ are conver ted  to 4.46 g 
he taero l i te  in which 1.22 g of zinc are combined for 
each ampere  hour of electr ical  energy obtained.  The 
zinc content  of the discharged cathode can thus be 
conver ted  r ead i ly  to equivalent  ampere  hours  out -  
put,  and  des ignated  i tem (f) .  

The resul ts  of the cathode analysis  are expressed 
in the fol lowing manner :  (a) ampere  hour  output  
equiva lent  of Mn H found in the cathode;  (b)  weight  
of MnO~ consumed equiva lent  to Mn ~ found in the  
cathode; (c) weight  of MnO3 consumed dur ing  the 
discharge of the  cell; (d)  weight  of MnO~ conver ted  
to t r iva len t  oxides, (d)  = (c) - -  (b ) ;  (e) ampere  
hour output  in form of t r iva len t  manganese  oxides, 
(d)  -- 3.24; (f) ampere  hour equiva lent  of he tae ro-  
li te; (g) ampere  hour  equiva lent  of mangani te ,  (g) 
= (e) - -  ( f ) .  

Total  chemical ly  de te rmined  output  of cell, (h)  = 
(a)  ~- (f) ~- (g) .  

Typical  ana ly t ica l  da ta  for a group of r ep resen ta -  
t ive cells appear  in Table I. I t em (k ) ,  the e lectr ical  
output  of the cell, is ma themat i ca l ly  calcula ted from 
the  discharge curve, and is expressed in ampere  
hours. 

Discussion 
It has been suggested (4) tha t  two types  of reac-  

tions occur at  the cathode in a Leclanch~ d ry  cell. 
The first is the e lectrochemical  react ion by  which 
electr ical  energy is produced;  it  is given as ( I I )  
above. This react ion operates  only dur ing  the actual  
de l ivery  of cur ren t  by  the  cell. The d iva len t  m a n g a -  
nese formed in this reaction,  present  as a soluble 
manganous  salt  in the  electrolyte,  then reacts  wi th  
res idual  manganese  dioxide thus, 

MnO~ § Mn ~§ -P 2OH--~ 2MnOOH (V) 

to form the product  mangani te .  
A pa ra l l e l  reaction,  

MnO~-Mn+§ 4OH- ~ Zn§247 ZnO �9 Mn~O.~ 2H20 (VI) 

forming he taero l i te  appears  a dist inct  possibil i ty.  
Both react ions (V) and (VI) are  chemical  react ions 
and may  occur dur ing  both cell d ischarge  and rest  
periods.  

If  the above reasoning is correct,  the  total  energy 
output  ca lcula ted f rom the amounts  of chemical  
products  found in a d ischarged cell  wi l l  agree wi th  
the energy output  measured  electr ical ly.  The da ta  
presented  in Table I show tha t  a reasonable  cor re la -  
tion exists be tween these two values given by  i tems 
(h) and (k) ,  respect ively ,  for  cells wi th  two differ-  
ent oxides d ischarged on three  types  of tests. F u r -  
ther  a rgument  for this v iewpoint  is added by  the fact  
that  it has been found previous ly  tha t  the energy 
which would be der ived  s imply  from the reduct ion 
of MnO~ to the t r iva len t  stage does not account for 
all  the energy ac tua l ly  produced.  The possibi l i ty  of 
air  depolar iza t ion  to expla in  this d iscrepancy has 
been suggested (8).  However,  in the present  case, 
it  is bel ieved tha t  air  depolar iza t ion  was not a factor  
since the difference is r ead i ly  accounted for by the 
d iva lent  manganese  tha t  is produced dur ing  react ion 
(II)  and not reac ted  to form t r iva len t  oxides of man-  
ganese, shown in Table I as i tem (b) .  

The fact  tha t  this  corre la t ion  exists be tween out-  
puts  as de te rmined  by  both chemical  and electr ical  
means s t rongly  suggests that  reactions (V) and (VI) 
m a y  occur s imultaneously.  The final product  usual ly  
found is a m i x t u r e  of the two oxides r a the r  than  
ei ther  component  alone. The re la t ive  quant i t ies  of 
the two types  of t r iva len t  oxide appear  to be the 
resul t  of several  factors. 

The Manganite-Hetaerolite Ratio 

Examples  of typica l  cell analyses  are shown in 
Table I. A "D" size cell made  wi th  a cathode mix  
containing Afr ican  ore and discharged on a 4 ohm 
continuous test  forms a solid product  tha t  is subs tan-  
t ia l ly  all  mangani te .  On l ighter  drains,  represen ted  
by  the HIF  and L I F  (7) tests, the quan t i ty  of he t -  
aerol i te  formed amounts  to one - th i r t een th  and one- 
sixth, respect ively,  of the amount  of magani te  
developed.  Al though the amounts  of he taero l i te  
p resen t  are st i l l  small,  the fact tha t  the quan t i ty  
increases wi th  a reduct ion in the  sever i ty  of the test  
appears  significant. 

Tests have  shown that ,  if zinc salts  a re  present  in 
solution in the cathode mix, hetaerol i te ,  ZnO. Mn~O3, 
may  be formed (1).  If this is not the condition, then 
MnOOH wil l  be the final reduct ion product .  The 
amount  of dissolved zinc salts in the  cathode mix  is 
de te rmined  by  such factors as or iginal  cell compost-  

Table I. A comparison of the chemlcally determined and electrical outputs of "D" size experimental cells 

E l e c t r i c a l  
C h e m i c a l l y  d e t e r m i n e d  o u t p u t  v a l u e s  o u t p u t  

So lub le  
m a n g a n e s e  H e t a e r o l i t e  M a n g a n i t e  

4 O h m  (Mn++) (ZnO-Mn2Os)  ( M n O O H )  T o t a l  
O x i d e  t y p e  t e s t  (7) I t e m  (a) I t e m  (f) I t e m  {g) I t e m  (h) I t e m  (k) 

African Continuous 0.06 0.001 1.27 1.33 1.33 
African HIF* 0.43 0.13 1.74 2.30 2.15 
African LIF* 1.15 0.61 3.16 4.92 4.91 
Electrolytic HIF 2.02 4.41 1.65 8.08 8.19 

D a t a  a b o v e  e x p r e s s e d  in  a m p e r e  hour s ,  
* T h e  a b b r e v i a t i o n s  H I F  a n d  L I F  a r e  u s e d  to i n d i c a t e  t h e  s t a n d a r d  H e a v y  I n d u s t r i a l  F l a s h l i g h t  a n d  L i g h t  I n d u s t r i a l  F l a s h l i g h t  t es t s ,  

respectively. 
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t ion, d i f fus ion  f r o m  the  anode,  and  so lu t ion  p H  (9) .  
Also,  t h e  t y p e  of MnO~ d e t e r m i n e s ,  to a c e r t a i n  e x -  
tent ,  t he  p H  of t h e  o p e r a t i n g  ca thode .  I t  has  b e e n  
p o i n t e d  ou t  t h a t  the  p r i m a r y  r e a c t i o n  c o n s u m e d  
h y d r o g e n  ions. This  t ends  to i n c r e a s e  t he  pH. The  
s e c o n d a r y  r eac t i ons  consume  h y d r o x y l  ions  a n d  t hus  
i nc rea se  t h e  ac id i t y  in t h e  e l e c t r o l y t e  at  t he  ca thode .  
This  r e s t o r a t i o n  of t he  p H  wi l l  be  f a s t e r  w i t h  t h e  
m o r e  eff icient  t y p e s  of MnO~, such  as e l e c t r o l y t i c  
oxide .  

The  equa t i ons  p r e s e n t e d  h e r e w i t h  seem to a p p l y  
to a l l  t y p e s  of m a n g a n e s e  d iox ide :  n a t u r a l  oxides ,  
bene f i c i a t ed  ores,  and  t h e  v a r i o u s  t y p e s  of s y n t h e t i c  
depo la r i ze r s .  A l t h o u g h  the  f o r m a t i o n  of h e t a e r o l i t e  
is g e n e r a l l y  a s soc ia t ed  w i t h  h i g h l y  r e a c t i v e  ox ides  
(2 ) ,  t h e  o x i d e  t y p e  w i l l  n o t  n e c e s s a r i l y  d e t e r m i n e  
the  n a t u r e  of t h e  f inal  p roduc t .  The  A f r i c a n  Ore  
cel ls  in  T a b l e  I show h o w  t h e  h e t a e r o l i t e  to m a n -  
gan i t e  r a t i o  is a l t e r e d  w h e n  the  t y p e  of t es t  is 
changed .  

Stoichiometry 05 the Electrode 

A t  an  o p e r a t i n g  MnO~-carbon  e lec t rode ,  i t  is o b -  
v ious  t h a t  t he  s y s t e m  is no t  a t  e q u i l i b r i u m .  F u r t h e r -  
more ,  d u r i n g  mos t  of t he  t ime  the  e l e c t r o d e  is no t  
even  u n d e r  cond i t ions  of s t e a d y  s ta te .  Hence ,  a n y  
a p p l i c a t i o n  of t he  N e r n s t  e q u a t i o n  and  s i m i l a r  t h e r -  
m o d y n a m i c  r e l a t i o n s h i p s  a r e  t o t a l l y  inva l id .  The  
one r u l e  t h a t  is a p p l i c a b l e  is F a r a d a y ' s  law.  This  can  
be  c o r r e c t l y  a p p l i e d  to t he  p r i m a r y  r e a c t i o n  ( I I ) .  
A l t h o u g h  t h e  f inal  so l id  p roduc t s ,  m a n g a n i t e  a n d  h e t -  
ae ro l i t e ,  a r e  r e p r e s e n t e d  as M n O O H  a n d  ZnO.  Mn~O~, 
t h e y  r a r e l y  a p p e a r  in  t he  t r ue  s t o i ch iome t r i c  p r o p o r -  
t ion  (2 ) .  F o r  e x a m p l e ,  i t  is poss ib le  for  t h e  m a n g a -  
n e s e - o x y g e n  r a t i o  in m a n g a n i t e  to r a n g e  f r o m  1.4 to 
1.6 and  t h e  sol id  can  s t i l l  b e  c o n s i d e r e d  to  b e  m a n -  
gan i t e  (10) .  Recen t  w o r k  in t he  f ield of s o l i d - s t a t e  
phys ics  shows  t h a t  t he se  n o n s t o i c h i o m e t r i c  sol ids  
a r e  r ea l  en t i t i e s  a n d  such  s tud ies  m a y  t h r o w  f u r t h e r  
l i gh t  on the  m e c h a n i s m  of t h e i r  fo rma t ion .  

I t  shou ld  b e  n o t e d  t h a t  t h e  t h r e e  equa t i ons  used  
to de sc r ibe  t he  ca thode  p rocess  i nvo lve  sol ids  and  

ions in  solu t ion .  D u e  r e c o g n i t i o n  is t hus  g iven  to 
t h e  fac t  t h a t  t h e  r eac t i ons  occur  in  a h e t e r o g e n e o u s  
sys tem.  A l t h o u g h  Mn § a n d  Zn  ~* a r e  d i scussed  as  
ions, t h e y  a r e  no d o u b t  a c t u a l l y  p r e s e n t  as h y d r a t e d  
c o m p l e x  a m m i n e s  of v a r y i n g  compos i t ion .  H o w e v e r ,  
the  m e c h a n i s m  of t he  r eac t i ons  is t he  s a m e  in bo th  
cases,  so t h a t  s impl i f i ca t ion  of t h e  ions  does  not  i n -  
v a l i d a t e  t he  p r e s e n t a t i o n .  
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Investigation of the Electrochemical Properties of Organic 
Compounds 

I. Aromatic Nitro Compounds 
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ABSTRACT 

A study of the electrochemical characteristics of aromatic nitro compounds 
shows that the cathode potential of these compounds during current flow is 
dependent on the type and position of substituent groups on the aromatic ring, 
as well as the composition and pH of the electrolyte. 

The high theoretical ampere-minute capacity of the aromatic dinitro com- 
pounds, along with their practical operating potentials, high electrode effi- 
ciencies, and favorable physical and chemical properties, show these materials 
to have considerable promise for use as cathode materials in pr imary cells, 
when coupled with a magnesium anode. 

Previous  work  by  the authors  (1) disclosed a class 
of organic compounds, the N-halogens,  which had 
many  of the  des i rable  e lect rochemical  character is t ics  
of a cathode mate r i a l  for p r i m a r y  cells. A fu r the r  
considerat ion of organic oxidizing agents suggested 
the use of aromat ic  n i t ro  compounds as cathode m a -  
ter ials  in p r i m a r y  cells because of thei r  high theore t -  
ical e lectrode potent ia ls  and coulombic capacities.  

For  example,  f rom the free energy values  of 
ani l ine and ni t robenzene (2),  La t imer  (3) calculates 
the poten t ia l  of the CoH~NO~-C~H~NH, § couple to be:  

C~H~NO~+7H++6e-~C~H~NH~+2H~O, E~ +0.87 (I)  

This po ten t ia l  compares  favorab ly  wi th  those of 
inorganic oxidizing agents. In addit ion,  it  has been 
shown tha t  the  aromat ic  ni t ro compounds can be 
reduced  to the  amino stage by  both chemical  and 
electrolyt ic  methods  in both acid and neu t ra l  elec-  
t rolyte .  This indicates  the possibi l i ty  of a t ta in ing  
high coulombic capacit ies f rom these compounds 
through the high resu l tan t  electron change per  mole-  
cule of n i t ro  compound undergoing  reduction.  

In this paper  a systematic  s tudy of the  e lect ro-  
chemical  character is t ics  of aromat ic  ni t ro compounds 
is presented,  wi th  a view toward  employing  these 
compounds as cathodes in p r i m a r y  cells. 

Experimental Data and Discussion of Results 
Apparatus and techn ique .~Because  of the i r r e -  

vers ib le  na tu re  of the e lectrode react ion and po la r -  
izat ion effects encountered dur ing  cur ren t  flow, the 
e lect rochemical  character is t ics  of many  inorganic  
and organic  compounds cannot  be predic ted  by  
the rmodynamic  calculat ions and a knowledge  of 
thei r  physical  and chemical  propert ies .  A technique,  
previous ly  descr ibed by  the authors  (4),  has been 
used to measure  the opera t ing  potent ia l  dur ing  cur-  
rent  flow and the coulombic capaci ty  of var ious  
aromat ic  ni t ro compounds. This technique consists 
in d ischarging at a constant  current ,  in a large  vol-  
ume of electrolyte,  a 0.5-g sample  of the  aromat ic  

ni t ro cathode ma te r i a l  mixed  wi th  0.05 g of Shaw-  
inigan acetylene  black.  The change in cathode po-  
tent ia l  wi th  t ime was measured  wi th  a L&N Type K 
poten t iometer  using a sa tu ra ted  calomel  reference 
electrode. The measured  potent ia ls  were  corrected 
for the IR drop associated wi th  the appara tus  and 
e lect rolyte  by  means of an osci l lographic technique 
(5).  

Al l  ha l f -ce l l  potent ia l  da ta  repor ted  in this  paper  
are  re fe r red  to the normal  hydrogen  scale and in-  
clude a l iquid junct ion  potent ia l ,  which in most  cases 
is smal l  and can be neglected.  The var ia t ion  of the 
sa tu ra ted  calomel  e lectrode potent ia l  wi th  t e m p e r a -  
ture  over the course of the measurements  was less 
than 0.01 v, usua l ly  lower  than  0.005 v, and no cor-  
rect ion was made  for this  factor,  i.e., al l  measured  
resul ts  were  ca lcula ted  using a value  of 0.246 v for 
the  potent ia l  of this reference electrode.  

For  most of the  measurements  an aqueous mag-  
nes ium bromide  e lec t ro ly te  and a magnes ium anode 
were  used, while,  in s tudying  the effect of pH on 
potent ial ,  a zinc anode was employed  wi th  the acidic 
NH,C1-ZnCI~-H~O and basic NaOH-H20 electrolytes.  

Half-Cell  Studies of Nitrobenzene and Its 
Reduction Products 

Comprehensive  studies have  been made of the 
process of e lectrolyt ic  reduct ion  of n i t robenzene by  
Haber  and Schmidt  (6);  they  proposed a scheme, 
which, wi th  subsequent  modification (3),  became 
the following: 

C , H , N O ,  

( g "  = + 0 . 8 )  

( E  ~ = + 0 . 6 )  C,H~TO = N C , H ,  
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The results reported indicate that, in acid solu- 
tion, the sequence of pr imary reduction is through 
the nitrosobenzene and phenylhydroxylamine  stage 
to aniline. In strongly basic solution, nitrosobenzene 
can react  with both phenylhydroxylamine and ani- 
line to form azoxybenzene and azobenzene, respec- 
tively, so that  a number  of side products are possible. 
Products such as azobenzene and hydrazobenzene 
are also made possible by the reduction of azoxyben- 
zene itself, as indicated by the vertical lines in the 
above scheme. Aniline is formed on prolonged re- 
duction only, hydrazobenzene being the main prod-  
uct obtained when nitrobenzene is reduced in an 
alkaline solution? 

Half-cell discharge studies made on nitrobenzene 
and some of its reduction products, in various elec- 
trolytes, are shown in Fig. 1. These compounds 
were discharged as cathode materials in three elec- 
trolytes of different pH at a rate of 0.030 amp/g  of 
material. = The data show that only nitrobenzene and 
nitrosobenzene operate at sufficiently high potentials 
to enable these materials to be coupled with a com- 
patible anode, to yield a galvanic cell which operates 
at practical voltages2 In addition, these two com- 
pounds exhibit a desirable flat voltage discharge 
curve and have high theoretical coulombic capacities. 

Among the lower oxidation state compounds, only 
azoxybenzene gives some capacity in the MgBr4 and 
NH~C1-ZnCI~ electrolytes, while its reduction prod- 
ucts, azobenzene, hydrazobenzene, and aniline, have 
discharge potentials of --0.75 v or lower in the 
NH,C1-ZnCI~ electrolyte, and --0.95 v or lower in the 
MgBr= electrolyte. The- -0 .75  and --0.95 v values 
are the potentials characteristic of the discharge of 

1 An ex tens ive  r ev i ew  has  been  g i v e n  by S w a n n  (7) for  the  whole  
field of electrolytic organic  oxidat ion and  reduc t ion  react ions,  wh ich  
includes the  reduct ion  of a romat ic  ni t ro compounds  in va r ious  
media .  

= Liquid  compounds ,  such as ni t robenzene,  w e r e  tes ted by m i x -  
ing  0.5 ml  of the  compound wi th  S h a w i n i g a n  ace ty lene  black,  and  
d i scharg ing  the  resu l tan t  m i x  at  a ra te  of 0.030 a m p / m l  of mater ia l ,  
and  m a k i n g  hal t-cel l  potent ia l  m e a s u r e m e n t s  in the  usual  manner .  

:~ M a g n e s i u m  in a MgBr= electrolyte  opera tes  at  a potent ia l  of ap-  
p rox ima te ly  1.3 v, whi le  zinc opera tes  at  potent ia ls  of app rox ima te ly  
0.7 and 1.3 v in NI-I4C1 and  N a O H  electrolytes,  respect ively .  
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Fig.  1. Cathode potentials of nitrobenzene and its deriva- 
tives discharged in various electrolytes at 0.030 amp/g. 

hydrogen ions on the carbon electrode in these 
electrolytes at a current  drain of 0.030 amp/g  of 
cathode material. In the NaOH electrolyte, capacity 
is obtained from both azobenzene and azoxybenzene, 
the azobenzene operating at a lower potential than 
the azoxybenzene. Despite the low potentials of the 
azoxybenzene in these three electrolytes, it exhibits 
a desirable flat voltage discharge curve, and might 
be useful if coupled with an anode of higher poten- 
tial than magnesium. 

Of most interest, however, are nitrobenzene and 
nitrosobenzene. Since each of these compounds rep- 
resents only one of a large class of materials, exten- 
sive studies were made of the electrochemical prop-  
erties of both classes. This paper deals with the 
work on the aromatic nitro compounds, while a sub- 
sequent paper  will treat the data obtained on the 
aromatic nitroso compounds. 

Effect of Subst i tu ted Groups on the Electrode 
Potential of Aromatic  Nitro Compounds 

The effect of para substituted groups on the elec- 
trode potential of aromatic nitro compounds was 
studied at a current  drain of 0.030 amp/g  of cathode 
material  in an aqueous magnesium bromide elec- 
trolyte. From the data presented in Fig. 2 and 3, 
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Fig. 2. Effect of para substituted groups on the cathode 
potential of nitrobenzene discharged in 250 g/ I  MgBr2"6H20 
electrolyte at 0.030 arnp/g. 
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Fig. 3. Effect of para substituted groups on the cathode 
potential of nitrobenzene discharged in 250 g/ I  MgBr2-6H20 
electrolyte at 0.030 amp/g. 



Vol. 105, No. 6 P R O P E R T I E S  O F  O R G A N I C  C O M P O U N D S  301 

-0+I0 

>o 

o -~EC 

~-~-~ 

2.q OINI'tROBI[NZ~:N[SULFONIC ACIO-POTASSIUM SALT 

- ~  / ~o,/-~:,~o ............ ,.zE., 

+ . _  , ; 0 . ,  . . . . . .  . . . ,  

E,4 DINITR-JL-oI.UENEuI �9 

\ - 
El4 $ O A N I L  I NE 

#m s 
( ~ H 0 2  

leO2 

I l L L i I I 
4O go 1~0 l~O ~00 ~40 ~BO 

DISCHARGE TIME (MINUTES) 

Fig. 4. Effect of substituted groups 
tial of m-dinitrobenzene discharged in 
electrolyte at 0.030 amp/g.  

on the cathode paten- 
250 g/ I  MgBr~-6H=O 

it  is seen tha t  those compounds having  e lec t ron-  
a t t rac t ing  groups, such as -NO~, -CN, -CHO, and 
-CONH, subst i tu ted  in the pa ra  position, in i t ia l ly  
opera te  at  potent ia ls  0.05-0.20 v h igher  than  tha t  of 
ni t robenzene.  Conversely,  e lec t ron- repe l l ing  groups, 
such as -NH~, -N(C,H~)~, -CH~, and -ONa subst i -  
tu ted  in the pa ra  position, resul t  in compounds hav -  
ing 0.10-0.20 v lower  opera t ing  potent ia ls  than  the 
pa ren t  ni t robenzene.  In addit ion,  it  is seen that  a 
s t rongly  e lec t ron-a t t r ac t ing  group, such as -NO~, 
raises the opera t ing  potent ia l  to a grea ter  ex tent  
than the more  weak ly  e l ec t ron-a t t r ac t ing  groups 
such as -CN, -CHO, and -CONH~, whi le  the s t rongly  
e lec t ron- repe l l ing  -NH.~ and -ONa groups lower  the 
opera t ing  potent ia l  to a g rea te r  extent  than the 
weak ly  e lec t ron- repe l l ing  -CH~ group. 

The same type  of behavior  is noted for subs t i tu ted  
d in i t robenzene compounds,  as evidenced by the dis-  
charge curves presented  in Fig. 4. However,  it is 
significant to note tha t  the potent ia l  lower ing effect 
of the -CH~ and -NH~ groups on meta  d in i t robenzene 
is less than  tha t  found for thei r  addi t ion to n i t ro -  
benzene. 

The addi t ion of more  than  one e lec t ron-a t t r ac t ing  
or e lec t ron- repe l l ing  group to n i t robenzene  affects 
the poten t ia l  stil l  fur ther ,  as seen by  the  da ta  in 
Fig. 5. The effect is especial ly  not iceable  in the case 
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Fig. 5. Effect of the substitution of successive electron at- 
tracting and repelling groups on the cathode potential of nitro- 
benzene discharged in 250 g/ I  MgBre'6H~O at 0.030 omp/g. 
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Fig. 6. Effect of on added nitro group on the cathode poten- 
tial of aromatic nitro and dinitro compounds discharged in 250 
g/ I  MgBr~.6H,~O at 0.030 amp/g. 

of n i t romesi ty lene ,  which opera tes  at  a po ten t ia l  0.3 
v lower  than ni t robenzene and 0.2 v lower  than p -  
ni t rotoluene.  Conversely,  the addi t ion of successive 
-COOH groups to ni t robenzene,  to form m - n i t r o b e n -  
zoic acid and n i t ro te reph tha l i c  acid, respect ively,  
resul ts  in compounds wi th  successively h igher  
opera t ing  potent ials .  

In Fig. 6, it  is seen tha t  the effect of an added 
ni t ro  group on the potent ia l  of p -n i t ro to luene  and 
m-ni t robenzoic  acid is to raise  the  potent ia l  a p p r o x -  
imate ly  0.15 v. The fu r the r  addi t ion of a ni t ro group 
to a dini t ro  compound raises the potent ia l  st i l l  more, 
as evidenced by  the discharge curves for mono, di, 
and t r in i t roani l ine .  

The addi t ion of another  ni t ro group to an aromat ic  
n i t ro  compound has a fu r the r  advan tage  in tha t  the 
theore t ica l  a m pe r e - m i nu t e  capaci ty  is increased 
through the addi t ion of another  reducible  group. For  
example ,  assuming a s ix -e lec t ron  change per  n i t ro  
group, n i t robenzene has a theore t ica l  capaci ty  of 
78.4 a m p - m i n / g ,  as compared  to 114.9 for d in i t ro-  
benzene and 136 for t r in i t robenzene.  Thus it would 
appear  that ,  on the basis of thei r  high electrode 
potent ia l  and coulombic capacity,  the aromat ic  t r i -  
ni t ro  compounds show the most promise  for use as 
cathode mater ia l s  in p r i m a r y  cells. However,  despi te  
the i r  a t t rac t ive  e lec t rochemical  proper t ies ,  t r in i t ro  
compounds in genera l  are  difficult to handle,  and for 
tha t  reason thei r  use in p r i m a r y  cells would be 
l imited.  

Theoretical interpretation of data.---In order  to 
expla in  the  effect of subs t i tu ted  groups on electrode 
potent ia l  i t  is necessary  to use some of the  cur ren t  
theories of electronics, resonance,  and molecular  
s t ruc ture  (8-10) per ta in ing  to organic reactions.  
These theories show tha t  the act ivat ion of an organic  
molecule is l a rge ly  through act ive or incipient  elec-  
t ron displacements  leading to the deve lopment  of a 
center  of high or low electron density.  

In a benzene molecule  the six carbon atoms are 
equal  to each other  wi th  respect  to electron d i s t r ibu-  
tion. However,  the  addi t ion of cer ta in  groups to the 
benzene r ing resul ts  in an increase or decrease  of 
e lectron densi ty  in the  ring, depending on the sub-  
s t i tu ted  group. This change in electron densi ty  
affects the var ious  r ing posit ions unequal ly .  I t  has 
been verified by  quan tum-mechan ica l  calculat ions 
tha t  the ortho and pa ra  carbons are about  equal ly  
affected, the  meta  carbon atoms being affected to a 
much smal ler  extent .  This d i s t r ibu t ion  of electron 
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density can be explained by theories involving the 
inductive and resonance effects. 

Since the cathodic reaction of an electrochemical 
cell involves the ability of the material  to accept 
electrons, it would be expected that the distribution 
of electron density in an aromatic nitro compound 
would have a distinguishable effect on its discharge 
potential. For example, in substituted nitrobenzenes 
the introduction of electron-attracting groups should 
decrease the electron density in the vicinity of the 
nitro group, thus increasing its affinity for electrons 
and facilitating its reduction. On the other hand, 
electron-repelling groups would increase the elec- 
tron density around the nitro group, thus resulting 
in compounds which are reduced with more difficulty. 

It is recognized that the reduction of aromatic 
nitro compounds involves the acceptance of hydro-  
gen ions as well as electrons, and either or both 
might be involved in the ra te-determining step. 
However, the data presented in Fig. 2-7 can be 
explained readily on the basis of a ra te-determin-  
ing electron transfer step. 

This effect was first pointed out by Shikata and 
Tachi (11), who studied the polarographic reduction 
of ketones and nitro compounds and found that  the 
ease of reduction of these compounds depends on 
the electronegativity of the groups combined with 
the reducible groups. It has been verified subse- 
quently by other polarographic studies (12, 13). A 
similar effect was observed by Fieser (14) in the 
oxidation-reduction potentials of quinone type com- 
pounds. 

Efyect of Position of Subst i tu ted  Groups on the 
Electrode Potential of Aromatic  Nitro Compounds 

According to theory, electron-attracting groups 
such as -CHO, -CN, and -NO2 lower the electron 
density in the ring, but they affect the various posi- 
tions unequally, the density in the ortho and para 
positions being decreased to the greatest extent. 
Therefore, one would expect compounds having a 
nitro group ortho or para  to an electron-at tract ing 
group to be reduced more easily than those having 
a nitro group in the meta position, and they should 
thus have a higher cathodic electrode potential. The 
half-cell  discharge data for the para and meta 
isomers of nitrobenzaldehyde, nitrobenzonitrile, and 
dinitrobenzene presented in Fig. 7 confirm the above 
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reasoning. In each case the para substituted com- 
pound has a higher potential than the corresponding 
meta isomer. 

Conversely, electron-repelling groups such as 
-NH2, -OH, and -CH3 increase the electron density in 
the ortho and para position to a greater extent than 
in the meta position. In this case, one would expect 
a nitro group in the meta position to be reduced 
more readily than one in an ortho or para position, 
and, therefore, the meta isomer should have a higher 
cathodic electrode potential. Half-cell discharge data 
for the meta and para isomers of nitroaniline, ni tro-  
phenol, and nitrotoluene are presented in Fig. 8 and, 
as expected, the meta isomers have higher potentials 
than their corresponding para compounds. 

This effect is fur ther  illustrated by the discharge 
curves of 2,5 and 3,5 dinitrobenzoic acid and 2,5 and 
2,4 dinitrophenol shown in Fig. 9. It  is seen that in 
both cases the para dinitro compounds have higher 
potentials than their corresponding meta dinitro 
isomers. 

From these data, it is seen that the position of a 
substituent group can alter the cathode potential of 
an aromatic nitro compound by 0.05-0.15 v, the effect 
being greatest with the more strongly electron- 
attracting and repelling groups, such as -NO2 and 
-NH2. 
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Effect of Electrolyte pH on the Electrode Potential 
of Aromatic Nitro Compounds 

Since hydrogen  ions pa r t i c ipa te  in the reduct ion of 
aromat ic  ni t ro compounds, it would  be expected tha t  
the e lect rode potent ia ls  of these compounds are  pH 
dependent .  In Fig. 10 are presented  discharge curves 
of 2,4 d in i t roani l ine  and 2,4 d in i t ro to luene  in three  
different  d ry  cell e lectrolytes  of va ry ing  pH. It  is 
seen tha t  the  cathode potent ia ls  of the ni t ro com- 
pounds increase  as the pH of the e lec t ro ly te  is de-  
creased, a resul t  in agreement  wi th  theory.  This 
type  of behavior  is typical  of the aromat ic  ni t ro com- 
pounds in general ;  however,  the t rue  effect of pH on 
the potent ia l  is, in some cases, masked  by  chemical  
react ions be tween the cathode ma te r i a l  and the elec-  
t ro ly te  or the discharge products.  

For  example,  the  pH of the medium often in-  
fluences the in tens i ty  and direct ion of the induct ive  
and resonance effects opera t ing  in a molecule by  
changing the na tu re  of the  molecule  which is r e -  
duced. A case in point  is the amino group, which is 
electron a t t r ac t ing  in acid media  because i t  acquires 
a proton and becomes posi t ively  charged, -NH~ § 
whi le  in an a lka l ine  medium it is a s t rongly  e lec t ron-  
repel l ing  group. 

Another  example  of how the effect of pH on poten-  
t ia l  of a ni t ro compound is a l te red  by the react ion be-  
tween the  e lec t ro ly te  and the compound is shown in 
Fig. 11, where  it is seen that  the discharge potent ia ls  
of p -n i t ropheno l  and p - n i t r o p h e n o l - N a  salt  are ap-  
p rox ima te ly  the same in the acidic NH,C1-ZnCI~ and 
basic NaOH electrolytes.  I t  is reasoned tha t  in a 
s t rongly  basic solution p -n i t ropheno l  reacts  wi th  the 
e lec t ro ly te  to give the Na salt, whereas  in acid solu- 
t ion the  p - n i t r o p h e n o l - N a  sal t  hydrolyzes  to give 
p-n i t rophenol .  The difference be tween the behavior  
of the two compounds in a magnes ium bromide  
e lec t ro ly te  is bel ieved due to a neut ra l iza t ion  reac-  
t ion which occurs wi th  t ime be tween p -n i t ropheno l  
and the magnes ium bromide  electrolyte ,  which has 
become sa tu ra ted  with  Mg(OH)~ as a consequence 
of the  cathodic reduct ion  reaction. The neu t ra l i za -  
t ion of the aromat ic  hyd roxy l  group could lower  the  
potent ia l  in two ways:  first, th rough the removal  of 
the acidic hydrogen ion and corresponding rise of 
pH at the e lectrode surface; second, the  format ion 
of the ve ry  s t rongly  e lec t ron- repe l l ing  phenoxide  
ion would lower the discharge potent ia l  of the  p a r -  
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Fig. 1 I.  Cathode potential of p-nitrophenol and its sodium 
salt discharged in various electrolytes at 0.030 amp/g .  

ent n i t ro  compound by  replac ing  the more  weak ly  
e lec t ron- repe l l ing  h y d r o x y l  group (15). 

The acidi ty  of the cathode ma te r i a l  i tself  can also 
influence the opera t ing  potent ia l  as evidenced by  
the discharge curves for p-n i t robenzenesul fonic  and 
p-n i t robenzoic  acids shown in Fig. 12. I t  is seen 
tha t  these acidic compounds opera te  in i t ia l ly  at 
h igher  potent ia ls  than  comparab le  ni t ro compounds 
containing a more  s t rongly  e l ec t ron-a t t r ac t ing  group 
on the ring. These anomalous resul ts  are a t t r i b -  
u ted to an increased hydrogen  ion concentra t ion at  
the electrode surface, caused by  the  ionizat ion of 
these acidic compounds. As a resul t  of the decreased 
pH at the e lect rode surface, the  electrode potent ia l  
is in i t ia l ly  high. However,  the  potent ia l  of these 
compounds falls  off wi th  t ime and soon reaches a 
s teady  value, which corresponds more  closely to 
wha t  one would  expect  from these groups on the 
basis of their  e l ec t ron-a t t r ac t ing  and repel l ing  
strengths.  I t  is reasoned tha t  the  drop of potent ia l  
wi th  t ime as these compounds are discharged is due 
to the  neut ra l iza t ion  of the  acidic groups by the 
hydrox ide  ion, formed as a consequence of the 
cathodic reduct ion reaction.  

The high potent ia l  of p -n i t robenzenesu l fonyl  chlo- 
r ide  may  be expla ined  by  a combinat ion of effects. 
The first is the inheren t ly  s trong e lec t ron-a t t r ac t ing  
p rope r ty  of the -SO,C1 group, while  the second is 
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Fig. 12. Effect of acidic groups on the cathode potential of 
aromatic nitro compounds discharged in 250 g/l MgBr~'6H..O 
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Table I .  Theoretical capacities and physical properties of various cathode materials 

J u n e  1958 

C a t h o d e  
m a t e r i a l  

P h y s i c a l  M e l t i n g *  B o i l i n g *  
p r o p e r t i e s  po in t ,  ~ po in t ,  ~ D e n s i t y *  

T h e o r e t i c a l  c a p a c i t y  
a m p - m i n / g  a m p - m i n / c m  8 

Conventional dry cell cathode 
materials 

Manganese dioxide Solid --0, 230 
Mercuric oxide Solid d. 100 
Aromatic nitro compounds 
Nitrobenzene Liquid 5.7 
m-Dini t robenzene Solid 89.8 
1,3,5 Tr ini t robenzene Solid 121 
2,4 Dini t robenzaldehyde Solid 69-70 
2,4 Dini t rotoluene Solid 70 
2,4 Dini t roani l ine  Solid 187-8 
2,4 Dinitroanisole Solid 94-5 

210.9 
300-2 

Decomposes 
190-210 
sl.d.300 

5.03 18.5 93.1 
11.14 14.9 166 

1.2 78.4 94.1 
1.58 114.9 181.5 
1.69 136 229.8 

- -  98.6 - -  
1.32 105.8 139.6 
1.62 105.8 171.4 
1.341 97.4 129.5 

* L a n g e ' s  H a n d b o o k  of C h e m i s t r y ,  8 th  e d i t i o n .  

the decreased pH at the electrode surface, caused by 
the hydrolysis of the sulfonyl chloride compound, 

with the formation of p-nitrobenzenesulfonic acid 
and HCI. 

In addition to the above considerations, the for- 
mulation of a pH-potential relationship for aromatic 
nitro compounds is dependent on a knowledge of the 
electrode reaction as well as the activities of the 
reactants and products. Since these reduction reac- 
tions are irreversible, the nature of the reduction 
product is often unknown and identification of the 
resultant products along with kinetic studies are 
needed in interpreting the electrode reaction. 

Thus it is seen that the effect of the medium on 
cathode potential is a complex one and has to be con- 
sidered anew for each individual case. 

Coulombic Capacity of Aromatic Nitro Compounds 

T a b u l a t e d  in  Tab le  I are  theore t ica l  capaci ty  and  
phys ica l  p rope r ty  da ta  for a few aromat ic  n i t ro  
compounds  compared  w i th  two of the  cathode m a t e -  
r ials  now used in  commerc ia l  d ry  cells. The theore t i -  
cal capaci t ies  of the n i t ro  compounds  w e r e  com-  
pu ted  by  means  of F a r a d a y ' s  law, wi th  the a s sump-  
t ion  tha t  each n i t ro  group is r educed  to the  amino  
stage w i th  a cor responding  6 -e l ec t ron  change.  

It  is seen tha t  the  l is ted n i t ro  compounds  have  
f rom 4 to 7 t imes grea te r  theore t ica l  a m p e r e - m i n u t e  
capaci ty  per  un i t  of weight  t h a n  m a n g a n e s e  d iox-  
ide, and  5-9 t imes  grea te r  capaci ty  t h a n  mercu r i c  
oxide. Because  of the  low densi t ies  of the n i t ro  com- 
pounds ,  the i r  theore t ica l  capaci t ies  per  u n i t  of vo l -  
ume  r ange  f rom the  same as to twice  tha t  of MnO~, 
whi le  some are even  s l ight ly  super ior  to HgO, de-  
spite the h igh  dens i ty  of the  l a t t e r  compound.  In  
add i t ion  most  of the  a romat ic  d in i t ro  compounds  
are s tab le  solids w i th  sufficiently h igh  m e l t i n g  and  
boi l ing  poin ts  to enab le  t h e m  to be used as cathode 
ma te r i a l s  in  p r i m a r y  cells. 

Coulomet r ic  s tudies  m a d e  on m e t a  and  pa ra  d i -  
n i t r o b e n z e n e  and  me ta  and  pa ra  n i t r o a n i l i n e  in  a 
MgBr.~ e lec t ro ly te  are shown in  Fig. 13. The resul t s  
were  ob ta ined  by  d i scharg ing  0.5-g samples  of these 
compounds  at a cons tan t  c u r r e n t  d r a in  of 0.005 
a m p / g ,  and  m e a s u r i n g  the  change  in  ha l f -ce l l  po t en -  
t ia l  wi th  t ime  by  the  same t echn ique  as descr ibed 
previous ly .  Also inc luded  for purposes  of compar i -  
son are curves  of e lect rolyt ic  m a n g a n e s e  dioxide and  
mercu r i c  oxide, d ischarged  at a s imi la r  ra te  in  aque -  
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Fig. 13. Capacity curves for rneta and pora dinitrobenzene 
and nitroaniline discharged in 250 g/ I  MgBr~-6H20 electrolyte 
at 0.005 amp/g. 

ous MgBr.~ and  NaOH electrolytes ,  respect ively .  
The  reduc t ion  of me ta  and  pa ra  d i n i t r o b e n z e n e  is 

seen to take  place stepwise,  co r respond ing  to two 
stages of reduc t ion ,  the pa ra  d i n i t r o b e n z e n e  h a v i n g  
the  h igher  cathode po ten t i a l  for the first s tage of 
r educ t ion  and  the  me ta  d i n i t r o b e n z e n e  h a v i n g  a 
grea te r  ca thode po ten t i a l  for the second reduc t ion  
step. This is in  a g r e e m e n t  w i th  the p rev ious  f ind-  
ings, r e l a t i ng  the cathode po ten t i a l  of a romat ic  n i t ro  
compounds  wi th  the  t ype  a nd  posi t ion  of g roup  sub -  
s t i tu t ion  on the  a romat ic  r ing.  

A l though  ana lyses  were  no t  made  of the  r educ t ion  
products ,  it is be l i eved  tha t  the r educ t ion  goes to 
the  amino  stage, as ev idenced  by  the  fact tha t  the  
po ten t ia l s  of pa ra  and  me ta  n i t r o a n i l i n e  have  ap-  
p r o x i m a t e l y  the same va l ue  as the  cathode poten t ia l s  
cor responding  to the  second reduc t ion  step of pa ra  
and  m e t a  d in i t robenzene .  In  addi t ion,  the  capacit ies  
of the n i t r o a n i l i n e  compounds  ind ica te  r educ t ion  
takes  place w i th  a 6 -e lec t ron  change  per  n i t ro  
group. 

Calcu la t ions  based  on Fig. 13 show p a r a  a nd  m e t a  
d i n i t r o b e n z e n e  to have  capaci t ies '  of 78 and  88 
a m p - m i n / g ,  co r re spond ing  to efficiencies of 68% and  

C a p a c i t i e s  r e p o r t e d  a r e  to a - - 0 . 40  v e n d  po in t .  
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Fig. 14. Capacity curves for 2,4 dinitrobenzaldehyde dis- 
charged in various electrolytes at 0.002 amp/g. 

77%, respect ively,  whi le  under  s imi lar  condit ions of 
discharge the capacit ies of e lectrolyt ic  MnO~ and 
HgO are 10.3 and 10.4 a m p - m i n / g ,  which correspond 
to efficiencies of 66% ~ and 70%. For  the  n i t roani l ine  
compounds, capacit ies of 61 and 63.5 a m p - m i n / g  
were  obtained for the para  and meta  isomers, respec-  
t ively,  corresponding to efficiencies of 87% and 91%. 
Thus it is seen that,  under  the aforement ioned con- 
dit ions of discharge, pa ra  and meta  d in i t robenzene 
give 7 to 8 t imes grea te r  a m p e r e - m i n u t e  capaci ty  
per  uni t  of weight  than HgO or e lectrolyt ic  MnO~ at 
comparab le  cathode efficiencies. 

Addi t iona l  coulometr ic  studies were  made  on 2,4 
d in i t robenza ldehyde  in e lectrolytes  of different  pH 
in order  to s tudy the effect of pH on capacity.  F rom 
the scheme of Haber  and Schmidt  prev ious ly  de-  
scribed, it would be expected tha t  the use of a 
s t rongly basic e lect rolyte  should resul t  in a loss of 
capaci ty  due to the format ion  of side products  such 
as azoxybenzene and azobenzene, which are  formed 
by the condensat ion of the p r i m a r y  reduct ion p rod-  
ucts in the a lkal i  electrolyte.  The da ta  presented  in 
Fig. 14 for 2,4 d in i t robenza ldehyde  discharged at  a 
0.002 a m p / g  ra te  in var ious  e lectrolytes  suppor t  this 
reasoning, as it  is seen tha t  l i t t le  capaci ty  is obta ined 
from this compound in the s t rongly  a lka l ine  e lec t ro-  
lyte. In the MgBr~ and acidic NH,C1 electrolytes,  
reduct ion appa ren t ly  takes place to the diamino 
stage as evidenced by  the fact tha t  efficiencies of 
80.5% and 88.9% were  obtained.  

I t  is seen f rom Fig. 14 that  the use of a compat ib le  
zinc anode in e i ther  the acidic NH,C1-ZnCI~ or 
s t rongly basic NaOH electrolytes  would resul t  in 
galvanic  couples which opera te  at  vol tages too low 
for prac t ica l  use. Coupling the aromat ic  ni t ro com- 
pound wi th  an anode of higher  potent ial ,  such as 
magnesium, however ,  would  resul t  in a couple which 
operates  at  prac t ica l  vol tage levels. Since magnes ium 
corrodes too read i ly  in an acid solution and polarizes 
in s t rongly  basic solution, the most favorable  
anode-e lec t ro ly te  combinat ion to use wi th  these 
aromat ic  ni t ro compounds appears  to be magnes ium 
wi th  a MgBr~ electrolyte.  In a 2N MgBr~ electrolyte ,  
magnes ium operates  at  a potent ia l  of app rox ima te ly  
1.3 v and when coupled with  a compound such as 
2,4 d in i t robenza ldehyde  would  give galvanic  couples 

Efficiency c a l c u l a t i o n  based  on  a n  85% NfnO2 conten t .  

having  opera t ing  voltages of 1.00-1.10 v dur ing  cur-  
ren t  drain.  

S u m m a r y  

1. A theory  based on the effect of subs t i tuent  
groups on the electron densi ty  in the  v ic in i ty  of a 
reduc ib le  n i t ro  group is presented,  which explains  
the  effect of these groups on the opera t ing  poten t ia l  
of aromat ic  ni t ro compounds.  

2. The cathode poten t ia l  dur ing  cur ren t  flow of 
mononi t robenzene  compounds containing pa ra  sub-  
s t i tu ted  groups such as -NO~, -CN, -CHO, and 
-CONH~, which can cause a d isp lacement  of elec-  
trons toward  the added  group, is 0.05 to 0.20 v 
h igher  than the unsubs t i tu ted  ni trobenzene,  whereas  
mononi t ro  compounds containing pa ra  subs t i tu ted  
groups such as -NH~, -N(CH~)~, -ONa, and -CI-L, 
which resul t  in d isp lacement  of electrons away  f rom 
the  subs t i tu ted  group, opera te  at  potent ia ls  0.10 to 
0.20 v lower than  ni t robenzene.  

3. The cathode potent ia l  is also affected by the 
posi t ion of the subs t i tuent  group, and differences of 
0.05-0.15 v are  found for var ious  me ta  and pa ra  
isomers of the  aromat ic  n i t ro  compounds. For  sub-  
s t i tu ted  e lec t ron-a t t r ac t ing  groups, the pa ra  isomer 
is found to opera te  at  h igher  potent ia ls  than  the 
meta  isomer, whi le  the converse is found to hold for 
subs t i tu ted  e lec t ron- repe l l ing  groups. 

4. In general ,  the cathode potent ia ls  of the aro-  
mat ic  ni t ro compounds increase as the pH of the  
e lec t ro ly te  is decreased.  However,  the effect of the 
medium on the cathode potent ia l  is often a complex 
one and has to be considered for each ind iv idua l  case. 

5. Coulometr ic  reduct ion studies of var ious  mono 
and d in i t roaromat ic  compounds indicate  tha t  reduc-  
t ion of these compounds takes  place to the  amino 
stage, wi th  a resu l tan t  6-e lect ron change per-NO2 
group, at  e lectrode efficiencies of 70-90%. 

6. On the basis of the da ta  presented  in this 
paper ,  the aromat ic  ni t ro and d in i t ro  compounds 
show considerable  promise  for use as ca thode  m a t e -  
r ials  in p r i m a r y  cells, the most  outs tanding  fea tu re  
of these compounds being thei r  high theoret ica l  
a m pe r e - m i nu t e  capacities,  both on a weight  and 
volume basis. 

Manuscript received Oct. 2, 1957. This paper was 
prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1958 
J O U R N A L .  
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Dry Cells Containing Various Aromatic Nitro Compounds 
as Cathode Materials 
C. K. Morehouse and R. Glicksman 

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

ABSTRACT 

The class of a romat ic  n i t ro  compounds has been found to have  proper t ies  
sui table  for  the  design of improved  d ry  cells when  coupled wi th  a magnes ium 
anode. The pe r fo rmance  character is t ics  of these cells are  dependent  on the  
type  o3 aromat ic  n i t ro  compound used as a cathode mater ia l .  

The AA-size  magnes ium-me ta  d in i t robenzene  d ry  cell  has been fu l ly  charac-  
ter ized and shown to give super ior  per formance  to the commercia l  Leclanch6 
cell  on a number  of d ischarge  tests. 

The  use  of o rgan ic  n i t r o  c o m p o u n d s  in p r i m a r y  
b a t t e r i e s  was  f irst  m e n t i o n e d  in  t he  p a t e n t  l i t e r a -  
t u r e  b y  B a u e r  (1) .  H e  desc r ibes  a w e t - t y p e  b a t t e r y ,  
s i m i l a r  to  t h e  L a l a n d e  cell ,  c o m p o s e d  of a zinc 
anode,  an  a l k a l i n e  e l e c t r o l y t e ,  a n d  a ca thode  con-  
s i s t ing  of a m e t a l  ox ide  such as coppe r  oxide ,  and  
a n i t ro  compound .  More  r e c e n t l y  A r s e m  (2) and  
S a r g e n t  (3)  m a k e  r e f e r e n c e  to t he  use  of n i t ro  c o m -  
p o u n d s  as  o rgan i c  ox id i z ing  agen t s  in d r y  cells .  
A r s e m  desc r ibes  a ce l l  cons i s t ing  of a zinc anode ,  an  
e l e c t r o l y t e  of  an  aqueous  so lu t ion  of bor i c  ac id  and  
s o d i u m  chlor ide ,  and  a n i t ro  c o m p o u n d  as a ca thode .  
S a r g e n t ,  on  the  o t h e r  hand ,  e m p l o y s  an  o rgan ic  
n i t ro  c o m p o u n d  as c a t h o d e  w i t h  an  a l u m i n u m  
anode,  a n d  an  e l e c t r o l y t e  c o m p o s e d  of an  a que ous  
so lu t ion  of an  a l k a l i  m e t a l  h y d r o x i d e  and  an  a l k a l i  
m e t a l  z inca te .  

Desp i t e  t he  r e f e r ences  to t he  use  of o rgan ic  n i t ro  
c o m p o u n d s  in  the  p a t e n t  l i t e r a t u r e ,  no p r a c t i c a l  
d r y  cel l  c o n t a i n i n g  these  c o m p o u n d s  has  been  r e -  
po r t ed .  F r o m  p r e v i o u s  d a t a  g a t h e r e d  b y  the  a u -  
t ho r s  (4) ,  one  can  a t t r i b u t e  th is  to s e v e r a l  f ac to r s :  
F i r s t ,  an  a r o m a t i c  n i t r o  c o m p o u n d  coup led  w i t h  a 
zinc or  an  a l u m i n u m  a n o d e  w o u l d  r e su l t  in a d r y  
cel l  w h i c h  w o u l d  o p e r a t e  a t  too low a v o l t a g e  to be  
c o m p e t i t i v e  w i t h  ex i s t i ng  c o m m e r c i a l  cells.  Second,  
i t  has  been  f o u n d  t ha t  e l e c t r o l y t e s  such as s t r o n g l y  
a l k a l i n e  so lu t ions  do  no t  e n a b l e  t h e  a r o m a t i c  n i t r o  
c o m p o u n d  to be used  a t  o p t i m u m  efficiency. In  
add i t ion ,  h a l f - c e l l  d i s c h a r g e  s tud ies  have  s h o w n  
tha t  c e r t a i n  t y p e s  of a r o m a t i c  n i t ro  c o m p o u n d s  h a v e  
b e t t e r  cel l  o p e r a t i n g  c h a r a c t e r i s t i c s  t h a n  others .  
F i n a l l y ,  i t  has  been  f o u n d  t h a t  t he  ca thode  m i x  
f o r m u l a t i o n  dif fers  f r o m  t h e  u s u a l  p r a c t i c e  for  con-  
v e n t i o n a l  d r y  cel ls  in  t h a t  g r e a t e r  a m o u n t s  of con-  
d u c t i v e  c a r b o n  and  e l e c t r o l y t e  p e r  q u a n t i t y  of c a t h -  
ode m a t e r i a l  a r e  r e q u i r e d .  

In  th is  p a p e r ,  t he  p e r f o r m a n c e  c h a r a c t e r i s t i c s  of 
cel ls  con t a in ing  a m a g n e s i u m  a n o d e  coup led  w i t h  

va r i ous  a r o m a t i c  n i t r o  a n d  d i n i t r o  c o m p o u n d s  as 
ca thodes  a r e  p r e se n t e d .  

Experimental 
E x p e r i m e n t a l  d r y  cel ls  c on t a in ing  v a r i o u s  a r o -  

m a t i c  n i t ro  a n d  d in i t r o  ca thodes  w e r e  a s s e m b l e d  u s -  
ing  an  i m p a c t  e x t r u d e d  m a g n e s i u m  A A - s i z e  ( h e i g h t  
1.82 in., O.D. 0.521 in., I.D. 0.441 in.)  can,  c o m p o s e d  
of an  A Z 1 0 A  D o w  C h e m i c a l  C o m p a n y  a l loy .  The  
m a g n e s i u m  cans  w e r e  l i ned  w i t h  a p iece  of N ib roc  
s a l t - f r e e  p a p e r  (21/4 in. x 21/4 in. x 0.002 in. t h i c k ) ,  
a f t e r  w h i c h  an  e x t r u d e d  s lug  of c a thode  m i x  ( w e i g h -  
ing  a p p r o x i m a t e l y  5 g) was  i n s e r t e d  a n d  consol i -  
d a t e d  in t h e  l i ned  can.  A c a r b o n  rod  (h t  1.787 in., 
d iam.  0.159 in.)  c o n t a i n i n g  a b ra s s  cap  was  t hen  in -  
s e r t e d  in t h e  cen t e r  of t he  c a thode  mix ,  and  the  
cel ls  s ea l ed  in t he  c o n v e n t i o n a l  m a n n e r  w i t h  a ros in  
ba se  w a x  seal .  Two c a thode  m i x  f o r m u l a t i o n s  l i s t ed  
b e l o w  w e r e  used  in th is  s tudy ,  t he  f irst  d e s c r i b i n g  
the  f o r m u l a t i o n  of t he  cel ls  d i scussed  in t he  f irst  
sec t ion  of th is  p a p e r ,  and  the  second  d e s c r i b i n g  t h a t  
of t he  m a g n e s i u m - m - d i n i t r o b e n z e n e  cel ls  d i scussed  
in t h e  second  sect ion.  

Cathode Mix Formulation No. 1 
% b y  w e i g h t  

A r o m a t i c  n i t ro  or  d in i t r o  c o m p o u n d  26.5 
S h a w i n i g a n  a c e t y l e n e  b l a c k  13.3 
B a r i u m  c h r o m a t e  1.2 
E l e c t r o l y t e  ( a q u e o u s  so lu t ion  of 59.0 

500 g/1 MgBr2- 6H20 and  1.0 g/1 Li.oCrO,- 2H~O) 

Cathode Mix Formulation No. 2 
% b y  w e i g h t  

m - D i n i t r o b e n z e n e  14.6 
Darco  c a r b o n  b l a c k  G-60  29.2 
B a r i u m  c h r o m a t e  1.3 
E l e c t r o l y t e  ( aqueous  so lu t ion  of 54.9 

500 g/1 MgBr~. 6H20 a n d  1.0 g/1 Li~CrO,- 2H~O) 
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The vo l tage-d i scharge  and capaci ty  da ta  shown in 
the fol lowing sections were  obtained by discharging 
the cells through fixed resistances,  and measur ing  
the closed circuit  vol tage af ter  var ious  t ime in te r -  
vals of discharge.  Al l  capaci ty  da ta  were  ga thered  
at 70 ~ ---- 2~ 50 • 5% re la t ive  humid i ty  (R.H.).  

Vol tage-Discharge  Character ist ics of Dry Cells 
Conta in ing Various Aromat ic  M o n a -  and Dinitro 

Compounds as Cathodes 

A previous  paper  (4) deal t  wi th  the  effect of 
various funct ional  groups and the i r  posit ions on the 
opera t ing  potent ia l  of the  aromat ic  ni tro and d i -  
ni tro compounds. I t  was shown tha t  when e lec t ron-  
a t t rac t ing  groups such as -NO~, -CO,H, -CONH~, -CN, 
etc., a re  subs t i tu ted  in an aromat ic  ni t ro or dini t ro  
molecule, the cathode potent ia l  of the  pa ren t  com- 
pound dur ing  cur ren t  flow is raised, the  effect being 
more pronounced when the subst i tut ion is in the 
ortho or pa ra  position. Conversely,  the subst i tut ion 
of e lec t ron- repe l l ing  groups such as -CH~, -NH~, etc., 
lowers the cathode potent ia l  dur ing  cur ren t  flow. 

The 150-ohm cont inuous-d ischarge  da ta  obtained 
on AA-s ize  d ry  cells containing a magnes ium anode 
and var ious  subs t i tu ted  dini t robenzene compounds 
as cathodes are shown in Fig. 1. These da ta  i l lus-  
t ra te  the effects of subs t i tu ted  groups on the cell 
discharge potential .  For  example,  cells containing 
m-d in i t robenzene  wi th  e lec t ron-a t t r ac t ing  -C1, and 
-SO~K groups subs t i tu ted  in the posit ion which is 
both ortho and para  to the ni t ro grouPs opera te  at 
voltages 0.03 and 0.06 v h igher  than  comparab le  cells 
containing the unsubs t i tu ted  m-d in i t robenzene  as 
the  cathode reactant .  The addi t ion of an e lect ron-  
repel l ing  -CH~ group lowers the cell potent ia l  0.05 
v below tha t  of the m-d in i t robenzene  cell, while  the 
subst i tu t ion of an -NH.~ group lowers the cell po-  
tent ia l  app rox ima te ly  0.14 v. This difference in 
magni tude  of effect is expected,  since the -NH_~ 
group is more  s t rongly  electron repel l ing  than  the 
-CH~ group. 

The effect of group subst i tut ion is fu r the r  i l lus-  
t ra ted  in Fig. 2 by the discharge da ta  for cells con- 
ta in ing m-d in i t robenzene  compounds wi th  e lec t ron-  
a t t rac t ing  -COOC~H~ and -CONH~ groups in a posi-  
tion meta  to the ni t ro  groups. The pronounced two-  
step vo l t age- t ime  discharge curve for these cells 
indicates tha t  the reduct ion of the  dini t ro  compound 

"t .aT.. . . . . . . . .  ~%, /2,4- OINITROBENZENESULFONIC ACiD ~ .  ~ ~ ~o, 
o I - CHLORO - E 4 - O INI'ER O BENZENE �9 13 . ' Cl 

i L O ~ O >  m- DINITRO BEN ZE N E ~ : : 2  

,o, , E60 
0 4~ gO lEO 

DISCHARGE TIMF: (HNIJR ~ 

Fig. 1. AA-size dry cells containing a magnesium anode 
and various substituted dinitrobenzene cathodes discharged 
continuously through 1 S0-ohm resistances. 
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1.4 

o 
~ 1.2 ~ ' m  o DINITROSENZENE ~NoEN02 

i ETHYL S,S- DINITROBENZOATE I- ~ E ' r l  COOCzHs 

o ~ ~'~-- 3,5-DINITRO EIE N ZAM IO E 
uJ CONH e 

8 

4; Bb ,~o ' ,~ ' a6o 
DISCHARGE TIME {HOURS) 

Fig. 2. AA-size dry cells containing a magnesium anode 
and substituted dinitrobenzene compounds as cathodes dis- 
charged continuously through 150-ohm resistances. 

h ~ o -  DINITROSENZ ENE: 

m- DINITROOENZENE 

_~ - t 0  p DINITROBE a 

o 

i., 
~, Bb 12b ,sb 

DISCHARGE TIME {HOURS) 

Fig. 3. AA-size dry cells containing a magnesium anode 
and various isomers of dinitrobenzene as cathodes discharged 
continuously through 1SO-ohm resistances. 

takes  place one ni t ro  at a time. The lower  opera t ing  
potent ia l  of the second step is a t t r ibu ted  to the  
format ion  of a s t rongly  e lec t ron- repe l l ing  -NH2 
group as a resul t  of the reduct ion of the first ni t ro  
group. 

The effect of group posit ion on the discharge po-  
tent ia l  of a romat ic  ni tro compounds is shown in 
Fig. 3 by  the discharge da ta  obtained on cells con- 
ta in ing the three  isomers of dini t robenzene.  It is 
evident  f rom the da ta  tha t  the  cells have a two-s tep  
discharge curve, giving addi t ional  evidence that  the 
ni t ro groups in the molecule  are reduced one at a 
time. In accordance wi th  theory,  cells containing 
the ortho and pa ra  isomers have comparable  dis-  
charge curves and opera te  at h igher  potent ia ls  than  
those wi th  the meta  isomer dur ing  the first pa r t  of 
the discharge.  I f  one assumes that  the first n i t ro  
group is reduced to the amino stage, the lower 
potent ia l  level  of the second step can be explained.  
I t  has been shown (4) tha t  a cathode of meta  n i t ro-  
ani l ine  operates  at a h igher  potent ia l  dur ing current  
flow than  pa ra  ni t roani l ine.  

The effect of both posit ion and type  of subs t i tu-  
t ion on opera t ing  poten t ia l  is fu r the r  i l lus t ra ted  by  
the discharge da ta  in Fig. 4 for d ry  cells containing 
mono ni t robenzene der ivat ives .  The vol tage  levels 
of the n i t roani l ine  isomers are  seen to correspond to 
those of the second discharge step of the i r  corre-  
sponding din i t robenzene isomers, giving evidence 
tha t  the  ini t ia l  cathode react ion involves the reduc-  
t ion of one ni t ro  group to the amino stage, wi th  
subsequent  reduct ion of the second ni t ro group. Also 
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Fig. 4, A/k-size dry cells containing o magnesium anode 
and various substituted nitrobenzene compounds as cathodes 
discharged continuously through ] SO-ohm resistances. 

Cathode reaction: 

O, 

+ 4H,O + 6e-~ 

O, 

+ 4H~O + 6e-~ 

Anode reaction: 

~ i  H" + 6 O H -  

O, 

~ i  H" + 6OH-- 

H, 

(I) 

(i i)  

Mg--> Mg *§ + 2e- ( I I I )  

s h o w n  in Fig .  4 a r e  t he  d i f f e ren t  v o l t a g e  l eve l s  o b -  
t a i n e d  w h e n  the  e l e c t r o n  a t t r a c t i n g  - C N  a n d  
-CONH.~ g roups  and  an  e l e c t r o n - r e p e l l i n g  -NH.., 
g roup  a re  s u b s t i t u t e d  in the  p a r a  pos i t i on  of n i t r o -  
benzene .  A c u r v e  for  a c o m p a r a b l e  cel l  con t a in ing  
n i t r o b e n z e n e  is no t  inc luded ,  s ince  n i t r o b e n z e n e  is 
a l iquid ,  w h i c h  p r o p e r t y  p r e s e n t s  some diff icul t ies  
in cel l  a s sembly .  H o w e v e r ,  f r om h a l f - c e l l  d i s c h a r g e  
d a t a  (4)  i t  w o u l d  be  e x p e c t e d  t h a t  a m a g n e s i u m -  
n i t r o b e n z e n e  cel l  w o u l d  o p e r a t e  a t  a p p r o x i m a t e l y  
1.05 v. 

Performance Characteristics of 
Magnesium-m-Dinitrobenzene Dry Cells 

T h e r e  a r e  a l a r g e  n u m b e r  of a r o m a t i c  n i t ro  c o m -  
pounds  w h i c h  a r e  s t ab l e  sol ids  a n d  h a v e  t h e o r e t i c a l  
a m p e r e - m i n u t e  capac i t i e s  p e r  un i t  of w e i g h t  s e v e r a l  
t imes  g r e a t e r  t han  the  m a n g a n e s e  d i o x i d e  and  m e r -  
cur ic  ox ide  ca thode  m a t e r i a l s  u sed  at  p r e s e n t  in 
c o m m e r c i a l  d r y  cel ls  (4) .  In  add i t ion ,  w h e n  these  
n i t r o  c o m p o u n d s  a r e  coup led  w i t h  a m a g n e s i u m  
anode ,  d r y  cel ls  can  be  m a d e  w h i c h  h a v e  a f lat  d i s -  
cha rge  c u r v e  a n d  o p e r a t e  ove r  a w ide  r a n g e  of c u r -  
r en t  d r a i n s  w i t h i n  t h e  v o l t a g e  l imi t s  of c o n v e n t i o n a l  
d r y  cells .  

I t  is b e y o n d  the  scope of th is  p a p e r  to c h a r a c t e r i z e  
fu l ly  a l l  t y p e s  of m a g n e s i u m - a r o m a t i c  n i t ro  d r y  
cel ls  because  of t he  v a s t  n u m b e r  of such  e l e c t r o -  
c h e m i c a l  sys tems .  Ins tead ,  t h e  m a g n e s i u m - m - d i -  
n i t r o b e n z e n e  couple  was  se lec ted  for  a m o r e  t h o r -  
ough  s t u d y  to d e t e r m i n e  some of t he  fac to rs  w h i c h  
affect  cel l  p e r f o r m a n c e ,  as w e l l  as to c o m p a r e  i ts  
cel l  c h a r a c t e r i s t i c s  w i t h  those  of k n o w n  d r y  cells.  

Cell reactions.--m-Dinitrobenzene, w h i c h  is p r o -  
d u c e d  a t  p r e s e n t  a t  low cost  in  t o n n a g e  quan t i t i e s ,  
t h e o r e t i c a l l y  has  m o r e  t h a n  6 t imes  the  a m p e r e -  
m i n u t e  c a p a c i t y  p e r  un i t  of w e i g h t  of m a n g a n e s e  
d iox ide ,  and  7 t imes  t h a t  of m e r c u r i c  oxide .  In  
add i t ion ,  i t  has  been  found  f r o m  h a l f - c e l l  cou lo -  
m e t r i c  s tudies ,  t h a t  m - d i n i t r o b e n z e n e  ca thodes  
o p e r a t e  a t  efficiencies in  excess  of 75%. On th is  
basis ,  t o g e t h e r  w i t h  t he  d i s c h a r g e  d a t a  of t he  m e t a  
and  p a r a  d i n i t r o b e n z e n e  d r y  cel ls  p r e s e n t e d  in  the  
p r e v i o u s  sect ion,  t h e  e l ec t rode  r eac t ions  w h i c h  a r e  
b e l i e v e d  to occur  d u r i n g  the  d i s c h a r g e  of a m a g -  
n e s i u m - m - d i n i t r o b e n z e n e  d r y  cel l  a r e  shown  be low.  

A l t h o u g h  the  d e t a i l e d  m e c h a n i s m  has  no t  been  
w o r k e d  ou t  for  the  ca thod ic  reac t ion ,  t he  a b o v e  

Over-all energy producing reaction: 

O~ 

+8HsO + 6Mg-~ ~ H~ 

+ 6 M g ( O H ) ~  (IV} 

H~ 

equa t i ons  offer an  e x p l a n a t i o n  for  t h e  t w o - s t e p  
v o l t a g e - d i s c h a r g e  c u r v e  o b t a i n e d  f r o m  these  d r y  
cells,  s how ing  t h a t  r e d u c t i o n  t a k e s  p l ace  one  n i t ro  
g roup  a t  a t ime .  In  add i t ion ,  t he  o v e r - a l l  r e d u c t i o n  
of an  a r o m a t i c  n i t ro  c o m p o u n d  invo lves  a s ix  e lec -  
t r on  t r a n s f e r  p e r  n i t ro  g roup  w h i c h  accounts  for  t he  
h igh  t h e o r e t i c a l  a m p e r e - m i n u t e  c a p a c i t y  p e r  un i t  of 
w e i g h t  of these  compounds .  

Cell discharge data.--Experimental m a g n e s i u m -  
m - d i n i t r o b e n z e n e  A A - s i z e  d r y  cel ls  w e r e  a s s e m b l e d  
us ing  an i m p a c t - e x t r u d e d  A Z l 0 A  m a g n e s i u m  a l loy  
can.  I t  was  f o u n d  f r o m  a c a t h o d e  m i x  f o r m u l a t i o n  
s t u d y  t ha t  t he  t y p e  of  c a r b o n  m i x e d  w i t h  t h e  m - d i -  
n i t r o b e n z e n e  affects  cel l  p e r f o r m a n c e ,  as w e l l  as t h e  
r a t i o  b y  w e i g h t  of c a r b o n  and  e l e c t r o l y t e  to m - d i -  
n i t robenzene .  A f o r m u l a t i o n ,  p r e v i o u s l y  desc r ibed ,  
c on t a in ing  a 1 to 2 r a t i o  b y  w e i g h t  of m - d i n i t r o b e n -  
zene  to Darco  G-60  c a r b o n  b l a c k  has  been  f o u n d  to 
g ive  f a v o r a b l e  resu l t s .  The  p e r f o r m a n c e  c h a r a c -  
t e r i s t i c s  of cel ls  of th is  f o r m u l a t i o n  a r e  d i scussed  
be low.  

I n i t i a l  c a p a c i t y  d a t a  o b t a i n e d  on these  cel ls  d i s -  
c h a r g e d  c o n t i n u o u s l y  t h r o u g h  4-  and  150-ohm r e -  

~ 
m 

d 

Zn IKOH IHQO 

CIAL RM- 502 

tO 

Zn/NH4Ci . -ZnCI I /MnO z 
COMMERCIAL L[CLANCH ~" 

- -  I 4o ,~ ,2'o -- ,~o z~o 
DISCHARGE TIME {MINUTES) 

Fig. 5. AA-size dry cells dischar0ed continuously through 
4-ohm resistances. 
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o I 6 Mg/MoBrz/MnO~ 
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[ MO/Mg ~r2/P~ =DIN ITROBEN ZENE 
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8 /  Zn/NH4CI_Zn Ci2/MnO~ 
6~ . . . . . . . . . . . . . . . .  CHE 

0 50 I 0 0  1so 200 
DISCHARGE TIME (HOURS) 

Fig. 6. AA-size dry cells discharged continuously through 
150-ohm resistances. 

s is tances  a r e  s h o w n  in Fig.  5 and  6. The  4 - o h m  tes t  
r e p r e s e n t s  a d r a i n  e n c o u n t e r e d  in a f l ash l igh t  a p -  
p l ica t ion ,  w h i l e  t he  150-ohm tes t  s i m u l a t e s  a c u r -  
r e n t  d r a i n  e n c o u n t e r e d  in a "B"  b a t t e r y  or  a t r a n -  
s i s to r  r a d i o  r e c e i v e r  app l i ca t ion .  I n c l u d e d  in  Fig .  5 
a n d  6 a r e  d i s cha rge  d a t a  for  c o m p a r a b l e  size L e -  
clanch6,  z i n c - m e r c u r i c  oxide ,  a n d  m a g n e s i u m - m a n -  
ganese  d iox ide  d r y  cells .  The  l a t t e r  cel ls  con ta ined  
an  i m p a c t  e x t r u d e d  A Z 1 0 A  m a g n e s i u m  a l loy  can  
and  a r e  of the  t y p e  u n d e r  d e v e l o p m e n t  b y  the  D o w  
C h e m i c a l  C o m p a n y  (5) .  

The  4 - o h m  c o n t i n u o u s - d i s c h a r g e  d a t a  show t h a t  
t he  m - d i n i t r o b e n z e n e  d r y  cel ls  h a v e  a f la t te r  d i s -  
cha rge  c u r v e  t h a n  the  two  m a n g a n e s e  d iox ide  d r y  
cells,  b e i n g  c o m p a r a b l e  to t h a t  of  the  m e r c u r i c  
o x i d e  cell .  I t  is a lso seen tha t ,  on th is  t e s t  to a 0.90-v 
end  vol tage ,  t he  m - d i n i t r o b e n z e n e  cel ls  g ive  com-  
p a r a b l e  m i n u t e s  of s e rv i ce  to t he  m e r c u r i c  ox ide  
cell ,  a n d  a p p r o x i m a t e l y  2 and  4 t i m e s  the  s e rv i c e  of 
the  m a g n e s i u m - m a n g a n e s e  d i o x i d e  and  Lec lanch6  
d r y  cells,  r e s p e c t i v e l y .  

The  d a t a  for  t he  150-ohm c o n t i n u o u s - d i s c h a r g e  
tes t s  also i l l u s t r a t e  t h e  flat  d i s c h a r g e  c u r v e  of t he  
m - d i n i t r o b e n z e n e  d r y  cell.  On th is  tes t ,  t he  o rgan ic  
cel l  g ives  a p p r o x i m a t e l y  90% m o r e  hour s  of se rv ice  
to a 0.90-v end  v o l t a g e  t h a n  the  two  m a n g a n e s e  d i -  
o x i d e  d r y  cells,  and  38% less hours  of se rv ice  t h a n  
t h e  m e r c u r i c  ox ide  cell .  

C a p a c i t y  d a t a  for  the  four  cel ls  o b t a i n e d  f r o m  
c o n t i n u o u s - d i s c h a r g e  tes t s  a r e  s u m m a r i z e d  in Fig .  
7 and  8. In  Fig.  7 t he  c a p a c i t y  in  hour s  of se rv ice  to 
a 0 .90-v end v o l t a g e  is p lo t t ed  a g a i n s t  l oad  r e s i s t -  
ance.  I t  is seen  t h a i  t he  m - d i n i t r o b e n z e n e  cel ls  g ive  
c o n s i d e r a b l y  m o r e  hour s  of s e rv i ce  ove r  a w i d e  
r a n g e  of c u r r e n t  d r a i n s  t h a n  the  two  m a n g a n e s e  
d i ox ide  d r y  cells,  b u t  a r e  i n f e r io r  to t he  m e r c u r i c  
ox ide  cell ,  excep t  a t  h igh  c o n t i n u o u s - d i s c h a r g e  ra tes .  

In  o r d e r  to  n o r m a l i z e  t he  v o l t a g e  d i f fe rences  b e -  
t w e e n  the  fou r  cells,  w a t t - m i n u t e  capac i t i e s  p e r  
un i t  of w e i g h t  and  v o l u m e  to a 0 .90-v  end  v o l t a g e  
w e r e  p l o t t e d  vs. a v e r a g e  p o w e r  ou tpu t .  The  d a t a  in  
Fig.  8 show t h a t  u n d e r  t h e s e  cond i t ions  of e v a l u a -  
t ion the  m - d i n i t r o b e n z e n e  cel ls  h a v e  a c o m p a r a b l e  
w a t t - m i n u t e  c a p a c i t y  p e r  un i t  of v o l u m e  to t he  
m a g n e s i u m - m a n g a n e s e  d iox ide  d r y  cell ,  and  25- 
230% h i g h e r  c a p a c i t y  t h a n  the  c o m m e r c i a l  L e -  
c lanch~ cel l  ove r  an  a v e r a g e  p o w e r  o u t p u t  r a n g e  of 
5 to 270 row. A t  low p o w e r  o u t p u t  levels ,  the  o r -  
gan ic  cel l  g ives  a p p r o x i m a t e l y  45% of the  c a p a c i t y  
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continuously through various resistances, (Watt-minute capacity 
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of the  m e r c u r i c  ox ide  cel l  and  c o m p a r a b l e  w a t t -  
m i n u t e  capac i t i e s  a t  a p o w e r  o u t p u t  l eve l  of 270 mw.  

On t h e  w e i g h t  bas is  t he  m - d i n i t r o b e n z e n e  cel ls  
g ive  a p p r o x i m a t e l y  30% m o r e  c a p a c i t y  t h a n  the  
m e r c u r i c  ox ide  and  m a g n e s i u m - m a n g a n e s e  d i o x i d e  
ceils,  and  80-400% g r e a t e r  c a p a c i t y  t h a n  the  L e -  
c lanch6 cel ls  ove r  a w i d e  r a n g e  of p o w e r  o u t p u t  
levels .  

A n  a d d i t i o n a l  ana lys i s  of the  fou r  cel ls  is shown  
in T a b l e  I in w h i c h  a r e  p r e s e n t e d  the  a p p r o x i m a t e  
t h e o r e t i c a l  a m p e r e - m i n u t e  capac i t i e s  and  ca thode  
efficiencies c o m p u t e d  f r o m  the  con t inuous  cel l  d i s -  
c h a r g e  da ta .  These  d a t a  w e r e  c a l c u l a t e d  w i t h  t h e  
a s s u m p t i o n  t ha t  the  ca thode  m a t e r i a l  is t he  l i m i t i n g  
cel l  componen t .  
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Table I. Theoretical capacity and cathode efficiency of various AA-penlight size cells 

T h e o r e t i c a l  capac i ty  A p p r o x .  w t  of  
pe r  g r a m  of  ca thode  ca thode  m a t e r i a l  A p p r o x .  theor .  

m a t e r i a l  in  cel l  cel l  capac i ty  

C a t h o d e  eiYieiency* of  
cel ls  d i s c h a r g e d  

c o n t i n u o u s l y  t h r o u g h  
f o l l o w i n g  re s i s t ances  

(ohms) 

Zn/NH4C1-ZnCI~/MnO2 
Commercial  Leclanch~ 
Z n / K O H / H g O  
Mg/MgBr~/MnO2 
Mg/MgBr~/m-Dini trobenzene 

( a m p - m i n )  (g) ( a m p - m i n )  

18.5 3.3 60.5 
14.9 10. 149. 
18.5 3.9 72.2 

114.9 0.73 83.9 

4 50 150 300 
% 

11.1 40.5 60.6 89.3 
19.3 94.6 95.2 95.4 
25.6 62.9 72.6 71.9 
33.1 76.5 91.2 84.4 

* Da ta  based  on  a m p e r e - m i n u t e  capac i ty  to  0.90-v e nd  vo l t age .  

It  is seen f rom the efficiency da ta  in  Tab le  I tha t  
the m - d i n i t r o b e n z e n e  cathode opera tes  at h igh  effi- 
ciencies approach ing  its theore t ica l  l imi t  on the  150- 
ohm c o n t i n u o u s - d i s c h a r g e  test, fo l lowed by  a s l ight ly  
lower  efficiency on the  300-ohm test. This  fal l -off  
in  ca thode efficiency is also observed wi th  the  m a g -  
n e s i u m - m a n g a n e s e  dioxide cell and  is a t t r i b u t e d  to 
a decrease in  m a g n e s i u m  efficiency at the lower  cu r -  
r en t  densi t ies .  The was te fu l  corrosion of m a g n e s i u m  
consumes  wa t e r  in  the  cell, which  componen t  is es- 
sen t ia l  to the  cathodic reac t ion  [Eq. (I)  and  ( I I ) ] .  

In  addi t ion,  it  is seen tha t  the  m - d i n i t r o b e n z e n e  
cell has a h igher  theore t ica l  capaci ty  t h a n  the  two 
m a n g a n e s e  dioxide  cells, despi te  the  fact tha t  it has 
cons ide rab ly  less ca thode  mate r i a l .  F u r t h e r  p e r -  
fo rmance  gains  should  be possible if a way  can be 
found  to pu t  more  m - d i n i t r o b e n z e n e  in  the  cell and  
st i l l  ob ta in  the  same cathode efficiency. 

A s ignif icant  f ea tu re  of the  m - d i n i t r o b e n z e n e  
cathode is its h igh efficiency advan t age  over  the 
m a n g a n e s e  dioxide cathode on heavy  con t i nuous -  

d r a i n  tests as seen in  Tab le  I. The  f avorab le  h igh -  
d r a i n  charac ter is t ics  are i l l u s t r a t ed  also for C-size 
cells by  the 4 - o h m  con t inuous  and  i n t e r m i t t e n t  dis-  
charge  da ta  p resen ted  in  Fig. 9. On the  con t inuous  
test  to a 0.90 v end  vol tage  the m - d i n i t r o b e n z e n e  
cells las t  2 a nd  4 t imes as long  as the  comparab le  
size m a g n e s i u m - m a n g a n e s e  dioxide and  Leclanch6 
cells, respect ively .  Some of this capaci ty  advantage ,  
however ,  is lost on the i n t e r m i t t e n t  test, as the  m a n -  
ganese  dioxide electrodes become more  efficient 
u n d e r  these d ischarge  condit ions.  

Shelf Life Data for Various Magnesium-Aromat ic  
Dinitro Compound Dry Cells 

Lis ted  in  Tab le  II  are  shelf  l i fe  da ta  for some A A -  
size d ry  cells con t a in ing  var ious  organic  d in i t ro  
compounds  as cathodes.  These cells compr ised  an  
impac t  e x t r u d e d  m a g n e s i u m  can, a Nibroc sa l t - f ree  
pape r  separator ,  a MgBr~ electrolyte ,  and  were  
sealed wi th  a ros in  w a x  seal. The da ta  p resen ted  
in  Tab le  II  r e p r e se n t  s ingle  cell resul ts .  Each cell 

Table II. Shelf life data obtained on "AA"-penlight size cells containing a magnesium anode and various aromatic dinitro compounds as 
cathodes 

S t o r a g e  t i m e  a t  
l 1 3 ~  90% R. H. 

(Cells  p a c k a g e d  i n  6 rai l  
Hr  of  s e rv i ce  S to r age  t i m e  at  70~ 50% R . H .  p o l y e t h y l e n e  bags)  

to  0.90 v* 6 Mos. 9 Mos. 12 Mos. 3 Mos. 6 Mos. 

Capac i t y  r e t e n t i o n  in  % of i n i t i a l  
Cells  conta in ing  var ious  u n s u b s t l t u t e d  a r o m a t i c  d in i tro  c a t h o d e s  

m-Dini t robenzene 147 94 95 - -  93 
o-Dinitrobenzene 139 - -  93 95 92 
p-Dini t robenzene 176 90 - -  100 93 
Crude dini t robenzene 110 110 72 112 97 

(Mixture of isomers) 

Cells  conta in ing  c a t h o d e s  of  v a r i o u s  a r o m a t i c  d in i tro  c o m p o u n d s  w i t h  e l ec tron~repe l l ing  subs t i tu t ed  g r o u p s  

2,4-Dinitroaniline 117 114 91 90 100 
2,4-Dinitrotoluene 123 100 111 92 93 

2,4-Dinitroanisole 131 106 90 - -  - -  
2,4-Dinitrophenetole 142 49 106 95 100 

Cei ls  c o n t a i n i n g  c a t h o d e s  of  var ious  a r o m a t i c  d in i tro  c o m p o u n d s  w i t h  e l e c t r o n - a t t r a c t i n g  s u b s t i t u t e d  g r o u p s  

3,5-Dinitrobenzamide 140 
3,5-Dinitrobenzonitrile 107 
Ethyl-3,5-dinitrobenzoate 136 
2,4-Dinitrobenzaldehyde 120 
2,4-Dinitrobenzene sulfonate, potassium salt 97 
1-Chloro-2,4-dinitrobenzene 80 
1-Bromo-2,4-dinitrobenzene 128 
6,8-Dinitro-2,4- (1H,3H) quinazoline dione 110 

102 100 98 91 
33 28 57 85 
71 79 - -  
83 - -  69 100 
78 54 92 100 

115 88 75 115 
83 94 83 
80 55 36 100 

8O 
114(5)? 
72 

lOO 

108(83@limos. )?  
100(5) 

(73@l imos . ) ?  
100 
88 

94(5)? 
100(5)? 

100(5)? 
100 

55 

* C a p a c i t y  m e a s u r e d  a t  70~ as hou r s  of  s e rv i c e  to  0.g0 v on  150-ohm c o n t i n u o u s - d i s c h a r g e  test .  
t F i g u r e s  in  p a r e n t h e s e s  are  s to rage  t i m e  i n  mon ths .  
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Fig. 9. C-size dry cells discharged through 4-ohm resist- 
ances. 

t e s t ed  was  f r o m  a l a r g e  g roup  of cel ls  a s s e m b l e d  
u n d e r  con t ro l l ed  condi t ions .  I t  is r e cogn i zed  t h a t  a 
l a r g e r  t e s t  s a m p l e  is p r e f e r r e d  in o r d e r  to m a k e  f i rm 
q u a n t i t a t i v e  conclus ions  b y  n o r m a l  s t a t i s t i ca l  m e t h -  
ods. H o w e v e r ,  the  r e su l t s  w h i l e  q u a l i t a t i v e  do i n d i -  
ca te  t h a t  m a n y  of these  o rgan ic  d r y  cel ls  w i l l  h a v e  a 
s a t i s f a c t o r y  she l f  l i fe  w h e n  s to r ed  a t  t e m p e r a t u r e s  
of 70 ~ and  l 13~  In  s e v e r a l  cases  t h e r e  is a d i f f e r -  
ence b e t w e e n  the  70~ a n d  h igh  t e m p e r a t u r e  s to r -  
age  da ta ,  t he  cel ls  showing  a m o r e  f a v o r a b l e  she l f  
l i fe  w h e n  s to red  at  the  e l e v a t e d  t e m p e r a t u r e .  This  
d i f f e rence  is due  to poor  seal  eff iciency w h i c h  r e -  
su l t ed  in g r e a t e r  d r y i n g  ou t  of cel ls  s t o r ed  at  t he  

l o w e r  r e l a t i v e  h u m i d i t y .  The  loss in w a t e r  w o u l d  be  
e x p e c t e d  to r e su l t  in a d r o p  in c a p a c i t y  as w a t e r  is 
e s sen t i a l  to t he  c a thode  r e a c t i o n  as s h o w n  in Eq. 
( I )  and  ( I I ) .  

Conclusions 
A t  the  p r e s e n t  s t age  of d e v e l o p m e n t ,  the  m a g -  

n e s i u m - a r o m a t i c  n i t ro  d r y  cel ls  h a v e  p r o b l e m s  
p r i m a r i l y  a s soc ia t ed  w i t h  t he  m a g n e s i u m  anode.  
These  a r e  loss in  c a p a c i t y  on l igh t  i n t e r m i t t e n t  
tests ,  " d e l a y e d  ac t ion ,"  and  h i g h e r  i m p e d a n c e  t h a n  
c o m p a r a b l e  size c o m m e r c i a l  d r y  cells.  
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Corrosion of the Zinc Electrode 
in the Silver-Zinc-Alkali Cell 

T. P. Dirkse and Frank De Haon 
Department ol Chemistry, Calvin College, Grand Rapids, Michigan 

ABSTRACT 

A s tudy has been made  of the  factors  tha t  affect or b r ing  about  the  corrosion 
of the zinc e lec t rode  in a s i lver -z inc-a lka l i  cell. Cells conta in ing  30% potassium 
hydrox ide  as e lec t ro ly te  were  used and kep t  at  room tempera tu re .  Special  
a t tent ion  was centered  on open circui t  or s tand conditions.  This corrosion is 
affected p r i m a r i l y  by  oxygen and by  dissolved s i lver  oxides. 

A l t h o u g h  the  s i l v e r - z i n c - a l k a l i  ce l l  has  been  p r o -  
d u c e d  for  a r e l a t i v e l y  sho r t  t ime ,  i ts  a p p l i c a t i o n s  
a r e  i n c r e a s i n g  and  i t  is b e c o m i n g  a r a t h e r  w i d e l y  
used  sys tem.  I t  is n o w  b e i n g  m a r k e t e d  as a second-  
a r y  cel l  h a v i n g  a f a i r l y  good life.  I t  is e spec i a l l y  r e -  
m a r k a b l e  t ha t  these  a d v a n c e s  and  d e v e l o p m e n t s  
h a v e  been  m a d e  w i t h o u t  a t h o r o u g h  u n d e r s t a n d i n g  
of the  m e c h a n i s m s  of t he  e l e c t r o d e  reac t ions .  R e l a -  
t i v e l y  l i t t l e  w o r k  of a m o r e  o r  less t h e o r e t i c a l  or  
f u n d a m e n t a l  n a t u r e  has  been  r e p o r t e d  on th is  
sys tem.  

I t  has  been  no ted  (1)  t h a t  t he  anod ic  d i s so lu t ion  
of zinc in  K O H  so lu t ions  p roceeds  in two  steps.  
H o w e v e r ,  w h e n  th is  r e a c t i o n  t a k e s  p l ace  in a s i lve r  
cel l  t he  m e c h a n i s m  is u n d o u b t e d l y  m o r e  c o m p l e x  
s ince  t h e r e  is t hen  t h e  a d d i t i o n a l  c o m p l i c a t i n g  f ac -  
to r  of t he  p re sence  of the  s i lve r  oxides .  I t  was  t he  
p u r p o s e  of th is  s t u d y  to i n v e s t i g a t e  t he  effect  of 

s i l ve r  ox ides  and  o the r  fac to rs  on th is  anod ic  zinc 
process .  

The  effect of t h e  s i lve r  ox ides  on the  anod ic  d i s -  
so lu t ion  of zinc in K O H  so lu t ions  is e spe c i a l l y  o b -  
v ious  w h e n  one s tud ies  t he  r e l a t i o n s h i p  of th is  p r o c -  
ess to F a r a d a y ' s  laws .  Two solut ions ,  15% and  30% 
KOH,  w e r e  used  as t he  e l e c t r o l y t e  in cel ls  c o n t a i n -  
ing  zinc anodes  and  n i c k e l  sc reen  ca thodes .  Two 
s i l ve r  c o u l o m e t e r s  we re  connec t ed  in ser ies  w i t h  
these  cel ls  and  a s m a l l  c u r r e n t  d e n s i t y  was  used  for  
a b o u t  2 hr .  C o m p a r i n g  the  a m o u n t  of z inc  ox id i zed  
( d i s s o l v e d )  w i t h  t ha t  p r e s c r i b e d  b y  F a r a d a y ' s  laws,  
t h e r e  w e r e  d e v i a t i o n s  of + 4 %  and  + 0 . 1 % .  W h e n  a 
s i m i l a r  t e s t  was  m a d e  on a cel l  con t a in ing  a s i lve r  
o x i d e  c a t h o d e  in  p l a c e  of t h e  n i cke l  sc reen  and  30% 
K O H  as the  e l ec t ro ly t e ,  the  d e v i a t i o n  was  + 9 3 % ,  
i.e., t h e  loss of zinc was  a b o u t  tw ice  as g r e a t  as  t h a t  
e x p e c t e d  f rom F a r a d a y ' s  laws .  A good dea l  of th is  
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loss was  due  to the  fact  tha t  d u r i n g  passage  of c u r -  
r en t  a h e a v y  coa t ing  of spongy  m a t e r i a l  f o r m e d  on 
the  anode  (zinc)  and fe l l  off w h e n  the  e lec t rode  was  
r e m o v e d  f r o m  the  solut ion.  This  l a t t e r  fact,  as ide 
f r o m  the  dev i a t i on  f r o m  F a r a d a y ' s  laws,  p r o m p t e d  a 
f u r t h e r  i nves t i ga t i on  of this  process  or  p h e n o m e n o n .  
A s imi la r  p h e n o m e n o n  was  p roduced  u n d e r  open 
c i rcui t  condit ions,  and x - r a y  analys is  showed  tha t  
the  spongy me ta l l i c  p roduc t  was  the  same in each 
case. T h e r e f o r e  an a t t e m p t  was  m a d e  to d e t e r m i n e  
the  o r ig in  and  n a t u r e  of th is  deposi t .  This  was  done  
by us ing  on ly  o p e n - c i r c u i t  condi t ions.  

Exper imental  

Samples  of zinc sheet ,  b e t t e r  t han  99.9% pure ,  
f u rn i shed  by the  N e w  J e r s e y  Zinc Sales  Company ,  
w e r e  cut  in to  s t r ips  abou t  1 cm wide.  These  w e r e  
deg reased  and  t h e n  t r e a t e d  br ief ly  w i t h  d i lu te  HC1. 
In some cases such a zinc e lec t rode ,  t oge the r  w i t h  
ano the r  e l ec t rode  m a d e  by pas t ing  s i lve r  oxide  on a 
s i lve r  screen,  was p laced  in a l a rge  tes t  t ube  con-  
t a in ing  about  50 ml  of 30% K O H  solution.  The  
e lec t rodes  w e r e  e l ec t r i ca l ly  in su la t ed  f r o m  each  
other ,  abou t  2 cm apar t .  A f t e r  be ing  in the  cel l  for  
24 hr,  t he  zinc was  w i t h d r a w n ,  br ie f ly  i m m e r s e d  in 
6M acet ic  acid, t h e n  in d is t i l led  wa te r ,  in e thanol ,  
and f inal ly  in acetone.  F o l l o w i n g  this  t he  e lec t rode  
was  d r ied  by hea t i ng  for  a shor t  whi le .  Each  r u n  
was  ca r r i ed  out  in a cons tan t  t e m p e r a t u r e  b a t h  he ld  
at  25 ~ ----- 0.1~ T h e  loss of zinc was  d e t e r m i n e d  by  
the  d i f fe rence  in weigh t .  The  sur face  a rea  of the  
i m m e r s e d  zinc was  abou t  10 cm ~. In  some runs  the  
s i lve r  ox ide  e l ec t rode  was  omi t ted ,  and in o thers  a 
sma l l e r  test  t ube  and a sma l l e r  v o l u m e  of e l ec t ro -  
ly te  w e r e  used. X - r a y  d i f f rac t ion  pa t t e rn s  w e r e  ob-  
t a ined  by the  use  of copper  r ad i a t i on  w i t h  a n icke l  
foi l  fi l ter.  

Results 

I t  soon b e c a m e  a p p a r e n t  t ha t  e v e n  on open c i r -  
cui t  s eve r a l  fac tors  w e r e  i n v o l v e d  in the  cor ros ion  
of the  zinc. W h e n  cells  w e r e  a s sembled  us ing s i lve r  
oxide,  the  zinc sheet,  and 30% K O H  solut ion,  the  
zinc e lec t rode  a lways  b e c a m e  cove red  w i t h  a d a r k  
b lack  film. This  f i lm had  a v e l v e t y  a p p e a r a n c e  w h e n  
v i e w e d  w i t h  a microscope .  A b lack  fi lm is some t imes  
no ted  on the  zinc e lec t rodes  a f t e r  a d i scharge ;  t hen  
it  is o f ten  due  to a f o r m  of zinc ox ide  (1) .  In this  
case, h o w e v e r ,  t he  b lack  fi lm did not  appea r  to be  
the  zinc oxide.  It  d id  con ta in  va ry ing ,  bu t  a p p r e -  
ciable,  amoun t s  of s i lve r  or its oxides.  This  was  
noted  by d i s so lv ing  a por t ion  of the  e lec t rode  in 
n i t r ic  acid and then  add ing  HC1 to p r e c i p i t a t e  the  
s i lve r  as the  chlor ide .  X - r a y  d i f f rac t ion  p a t t e r n s  ob-  
t a ined  f r o m  this  film con ta ined  the  l ines  due  to zinc, 
bu t  t h e r e  w e r e  o ther  add i t iona l  l ines  as wel l ,  p a r -  
t i cu l a r ly  at about  2.25 and  2.15A. These  e x t r a  l ines 
w e r e  found  in al l  such  samples .  F u r t h e r m o r e ,  ' these 
same  l ines  w e r e  found  in the  spongy  m a t e r i a l  t h a t  
pee led  off t he  zinc e l ec t rode  w h e n  i t  was  r e m o v e d  
f r o m  the  so lu t ion  a f t e r  h a v i n g  r e c e i v e d  a 24-hr  
anodic  t r e a t m e n t .  T h e y  w e r e  also p roduced  by the  
d a r k  co lored  film tha t  fo rms  on the  zinc shor t ly  
a f te r  the  d i scharge  of a s i lver  o x i d e - z i n c - a l k a l i  cell  
is begun.  These  two  l ines  are  no t  due  to s i lve r  or 

its oxides.  The  indica t ions  then,  a re  that ,  a l t h o u g h  
s i lve r  or  its oxides  w e r e  found  on the  zinc e lec t rode ,  
t hey  w e r e  not  p re sen t  in app rec i ab l e  quan t i t i e s  as 
me ta l l i c  s i lver  or  oxides  of s i lver .  This  b l ack  fi lm 
was  f o r m e d  only  w h e n  the  s i lve r  ox ide  was  p re sen t  
in the  cell, not  w h e n  zinc a lone was  i m m e r s e d  in the  
K O H  solutions.  Thus  the  s i lve r  ox ide  e l ec t rode  is 
in some m a n n e r  r e l a t ed  to th is  f i lm on the  zinc. 
H o w e v e r ,  t he  effects of o the r  condi t ions  w e r e  also 
s tudied.  

Tab l e  I g ives  a s u m m a r y  of the  resu l t s  obta ined.  
C o l u m n  2 ind ica tes  the  condi t ions  u n d e r  w h i c h  each  
run  was  made.  In some runs  no e lec t rode  of s i lver  
ox ide  was  present ,  but  r a t h e r  some s i lve r  ox ide  
p o w d e r  was  p laced  in t he  tes t  t u b e  w i t h  the  e lec-  
t r o ly t e  and the  zinc was  p laced  on glass beads  in 
the  bo t tom of t he  tes t  tube .  This  is ind ica ted  in 
c o l u m n  3. In  o the r  cases t he  zinc spec imen  was  
g iven  a s i lve r  coa t ing  by  d ipp ing  it  in a s i lve r  n i -  
t r a t e  so lu t ion  before  it  was  a s sembled  in the  cell. 
This  is ind ica ted  in C o l u m n  5. C o l u m n  7 re fe r s  to 
the  n a t u r e  of the  coa t ing  f o r m e d  on the  zinc speci -  
men.  The  t e r m  " l igh t  b l ack"  indica tes  a t h in  deposi t  
of the  b lack  ma te r i a l .  

F r o m  these  resu l t s  s eve ra l  conclus ions  can be  
d r a w n  as to t he  n a t u r e  of t he  process  t a k i n g  place.  
F i r s t  of a l l  it appea r s  t ha t  u n d e r  the  condi t ions  p r e -  
va i l ing  in these  e x p e r i m e n t s  the  a m o u n t  of e l ec t ro -  
ly te  had  but  l i t t l e  effect (see runs  17 and 21). 

A signif icant  fac to r  is oxygen ,  e i the r  d isso lved  in 
the  e lec t ro ly te ,  or p r e sen t  in t he  a t m o s p h e r e  above  

Table I. Factors contributing to the corrosion of zinc in 30% KOH 
at 25~ 

S i l v e r  p r e s e n t  as 
s i l v e r  
o x i d e  

p o w d e r  s i l v e r  m e t a l l i c  Wt  loss  
i n  e lec-  o x i d e  c o a t i n g  of  z inc  Color  

No. Cond i t ions*  t r o l y t e  e lec t rode  on  zinc ir~ m g  of  f i lm 

1 a ,g  x 
2 a, c, g x 
3 g x 
4 c, g x 
5 c , f , g  x 
6 b ,g  x 
7 b , c , g  x 
8 e ,g  x 
9 h x 

10 h x 

11 f , h  x 

12 d ,h  
13 d, f, h 
14 d, h 
15 a ,g  
16 h 
17 h 
18 b, g 
19 e , h  
20 d, h 
21 g 

X 

X 

X 

337 spongy 
130 black 
52 black 
55 black 
26 black 

136 black 
145 black 
138 black 

18 light 
black 

31 light 
black 

3 l ight 
black 

78 clear 
29 clear 
65 clear 
46 clear 
39 clear 
43 clear 

8 clear 
31 clear 

6 clear 
43 clear 

* The  v a r i o u s  cond i t i ons  a re :  a, a i r  b u b b l e d  t h r o u g h  e l ec t ro ly t e  
t h r o u g h o u t  e x p e r i m e n t ;  b, n i t r o g e n  b u b b l e d  t h r o u g h  e l ec t ro ly t e  
t h r o u g h o u t  e x p e r i m e n t ;  c, e l ec t ro ly t e  s a t u r a t e d  w i t h  zinc ox ide ;  
d, zinc c o m p l e t e l y  s u b m e r g e d ,  i.e., no " w a t e r  l i n e "  effect;  e, elec-  
trolyte  con ta ins  0.2% h y d r o g e n  p e r o x i d e ;  f, e l ec t ro ly t e  was  n o t  
f r e s h  b u t  had  j u s t  b e e n  u sed  fo r  a n o t h e r  r u n ;  g, 50 m l  of elec-  
trolyte  used;  h, 6 m l  of e l ec t ro ly t e  used.  
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the electrolyte .  The re  is no doub t  tha t  such oxygen  
affects the  corrosion of zinc. In  these  e x p e r i m e n t s  
wh i t e  deposits  of zinc oxide were  somet imes  fo rmed  
at the  e lec t ro ly te  surface.  This oxide is soluble  in  
KOH solut ions  and  hence  such oxide fo rma t i on  
offers no pro tec t ion  aga ins t  corrosion.  The effect of 
oxygen  is no ted  by  compar ing  r u n  1 wi th  3 and  r u n  
2 wi th  4. In  each pa i r  all  the conditions were  a l ike  ex -  
cept for the b u b b l i n g  of air  t h rough  the  electrolyte .  
However ,  even  w h e n  air  was  not  b u b b l e d  t h r ough  
the  solut ion,  the effect of oxygen  could be noted.  
Compar i son  of r u n  4 w i th  5, 10 w i th  11, and  13 wi th  
14, shows the effect of dissolved oxygen.  In  r u n s  5, 
11, and  13, the  e lec t ro ly te  was no t  fresh. Conse-  
quen t ly ,  dissolved oxygen  had  a l r eady  been  con-  
sumed.  C o m p a r i n g  these w i th  o therwise  iden t ica l  
r uns  it is seen tha t  in  each case the corrosion of zinc 
was cons ide rab ly  less wi th  the  oxygen-def ic ien t  
e lectrolyte .  This  was  t rue  w h e t h e r  s i lver  oxide was 
p resen t  or not .  

St i l l  more  evidence  for this  is f ound  by  compa r i ng  
runs  17 and  20. In  r u n  20 the zinc was  comple te ly  
submerged ,  whereas  in  17 pa r t  of the  zinc was  out  
of the electrolyte .  The  zinc was a t t acked  to a g rea te r  
ex ten t  in  the l a t t e r  case whe re  a tmospher ic  oxygen  
as wel l  as dissolved oxygen  was  ava i l ab le  for r e -  
action. F u r t h e r m o r e ,  in  r u n  18 n i t r o g e n  was  b u b -  
bled th rough  the  e lec t ro ly te  thus  r e m o v i n g  the  oxy-  
gen. Here  aga in  the we igh t  loss of zinc was less t h a n  
in  r u n  21. 

Thus  the oxygen  does a t tack  the zinc. The  me c h -  
an i sm of this  reac t ion  p r o b a b l y  invo lves  local cells 
con ta in ing  zinc and  oxygen  electrodes.  In  effect, the  
oxygen  t r a n s f o r m s  the  zinc to zinc oxide or hy -  
d rox ide  wh ich  t hen  dissolves in  the  KOH solut ion.  
If this is the course of the  process, then,  if the elec- 
t ro ly te  were  s a tu ra t ed  w i th  zinc oxide, the  ox ida-  
t ion p roduc t  of the  zinc wou ld  no t  dissolve as 
read i ly  and  this  p roduc t  m igh t  t h e n  offer some pro-  
tect ion to the r e m a i n i n g  zinc. In  r u n  2 an  e lec t ro ly te  
sa tu ra t ed  w i th  zinc oxide was used and  the  a t tack  
on zinc was  def ini te ly  less t h a n  in  r u n  1. In  bo th  
these  runs  air  was b u b b l e d  t h rough  the  e lectrolyte ,  
thus  he igh t en ing  the effect of oxygen.  Where  this  
was no t  done the  effect of zinc o x i d e - s a t u r a t e d  po-  
t a s s ium hyd rox ide  was  negl ig ible ,  e.g., r u n s  3 and  
4, r uns  6 and  7. 

However ,  u n d e r  ce r t a in  condi t ions ,  pass ing  a i r  
t h rough  the e lec t ro ly te  m a d e  ve ry  l i t t le  difference.  
In  r u n  15 the  loss in  we igh t  of zinc was abou t  the 
same as tha t  in  r u n  21. This  m a y  ind ica te  t ha t  the 
oxygen  a t tack  is p r i m a r i l y  by  the  dissolved oxygen.  
This difference m a y  have  been  more  p r o n o u n c e d  if 
the  r u n  had  con t inued  longer .  

Oxygen  a t tacks  and  corrodes the  zinc electrode,  
bu t  this  a t t ack  by  i tself  does no t  p roduce  the b lack 
film re fe r red  to earl ier .  S i lver  oxide is necessa ry  for 
this and  it produces  the  b lack  film even  in  the  ab -  
sence of oxygen,  r u n  6. Thus  the  act ions  of oxygen  
and  of s i lver  oxide are different,  bu t  they  of ten  oc- 
cur  s imu l t aneous ly .  

The effect of s i lver  oxide electrodes on the cor-  
rosion of zinc is r ead i ly  seen by  compar ing  r u n  1 
wi th  15, 3 wi th  21, and  6 w i th  18. In  each case the  
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corrosion of zinc was grea te r  in  the presence  of the  
s i lver  oxide electrodes.  The difference was not  the  
same in  each of these  th ree  cases. The  reasons  for 
this are:  (a) the  weigh t  loss is not  accura te  in  each 
case since, especial ly  in  r u n  1, a la rge  a m o u n t  of 
spongy meta l l i c  m a t e r i a l  was  fo rmed  which  fell off 
w h e n  the e lect rode was r emoved ;  (b)  in  some cases 
the e lec t ro ly te  was agi ta ted  wi th  a i r  or wi th  n i t r o -  
gen. W h e n  no ag i ta t ion  was  used, runs  3 and  21, the  
difference was  s ignif icant  bu t  not  large.  W h e n  the  
e lec t ro ly te  was  ag i ta ted  by  b u b b l i n g  n i t r ogen  
th rough  it, the  corrosion loss of zinc due to the  pres -  
ence of s i lver  oxide electrodes was grea te r  ( r uns  6 
and  18). In  each case the zinc rece ived a ve lve ty  
b lack  coat ing or a spongy meta l l i c  deposit .  

A n  e x p l a n a t i o n  for this  p h e n o m e n o n  involves  the  
r eady  dissolu t ion  of s i lver  oxide in  K O H  solutions.  
This is shown on Fig. 1. Sma l l  a m o u n t s  of s i lver  
oxide were  placed in  s toppered  flasks con t a in ing  
25% KOH solut ion.  These m i x t u r e s  were  kept  at 
room temperature and shaken occasionally; from 
time to time samples were withdrawn, filtered 
through glass wool, and analyzed for silver by ti- 
t r a t i ng  po t en t i ome t r i ca l l y  wi th  a po ta s s ium iodide 
solut ion.  The resul ts  show tha t  the  s i lver  oxide dis-  
solves r ap id ly  in  K O H  solutions.  W h e n  zinc was 
added  to these solut ions  the dissolved s i lver  was  
r emoved  r a t h e r  rapid ly .  

Qui te  l ike ly  then,  the s i lver  oxide f rom the elec-  
t rode  dissolves in  t h e  K O H  electrolyte .  W h e n  this  
dissolved s i lver  oxide reaches the  zinc electrode it 
reacts  wi th  the  zinc and  prec ip i ta tes  there,  the r e -  
act ions  p r o b a b l y  be ing  

Ag,~O + H~O + 20H---~ 2 Ag (OH)~- ( I )  

2 Ag(OH)~-  + Zn->  Zn ( O H ) 2  + 2 Ag + 2 OH- (II)  

Zn  (OH)2 § 2 OH- --> Zn  ( O H ) j -  ( I I I )  

This m e c h a n i s m  accounts  for the  presence  of s i l -  
ver  found  in  the b lack  film or meta l l i c  deposi t  on 
the zinc specimens.  It  also accounts  for the effect 
of agi tat ion,  e.g., compare  r u n  3 w i th  6 w he re  no 
oxygen  was p re sen t  bu t  the solut ion was  ag i ta ted  
wi th  n i t rogen .  This ag i ta t ion  has tens  the  diffusion 
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Fig. 1. Dissolution and  precipi tat ion of silver oxide f rom 
2 5 %  KOM solution.  Open circles, dissolut ion of silver oxide; 
closed circles, precipitotion of dissolved silver oxide by metallic 
zinc. 
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of s i lve r  o x i d e  to the  zinc spec imen ;  thus  r e a c t i o n  
( I I )  t a k e s  p l a c e  m o r e  r a p i d l y .  C o m p a r i s o n  of r u n  4 
w i t h  7 s u p p o r t s  th is  hypo thes i s .  

F u r t h e r  s u p p o r t  for  th is  m e c h a n i s m  is found  in 
the  fac t  t ha t  t he  a p p e a r a n c e  of t he  d a r k  fi lm on the  
zinc w h e n  t h e  s i l v e r - z i n c  cel l  is d i s c h a r g e d  is m o r e  
r a p i d  as  t he  t e m p e r a t u r e  i nc r ea se s  a n d  as  t he  con-  
c e n t r a t i o n  of the  K O H  increases .  I n c r e a s i n g  the  
t e m p e r a t u r e  w o u l d  i n c r e a s e  t he  s o l u b i l i t y  of s i lve r  
ox ide  and  also t he  r a t e  of d i f fus ion of  d i s so lved  ions. 
The  s o l u b i l i t y  of s i l ve r  o x i d e  also i nc reases  w i t h  
i nc r ea s ing  h y d r o x y l  ion  c o n c e n t r a t i o n  (2) .  

W h e n  a l i t t l e  s i l ve r  o x i d e  was  a d d e d  to t h e  e l ec -  
t r o l y t e  in  t h e  absence  of s i lve r  ox ide  e lec t rodes ,  the  
effect was  s l igh t  ( runs  9 and  10).  This  was  u n -  
d o u b t e d l y  due  to the  fac t  t h a t  t h e  s i lve r  o x i d e  
r e s t e d  on the  b o t t o m  of the  t es t  t u b e  w i t h  the  zinc 
s p e c i m e n  s u s p e n d e d  a b o v e  it. In  th is  case  the  d i s -  
so lved  s i lve r  o x i d e  w o u l d  h a v e  h a d  to  diffuse u p -  
ward .  Tha t  some of i t  d id  was  s h o w n  b y  t h e  fac t  
t h a t  t he  zinc d id  b e c o m e  cove red  w i t h  a l i gh t  b l a c k  
film. This  was  h e a v i e s t  a t  t h e  b o t t o m  of the  e l ec -  
t rode .  

The  d i s so lved  s i lve r  o x i d e  is l a r g e l y  in  t h e  f o r m  
of a n e g a t i v e  ion. The re fo re ,  i t  is obvious  t h a t  r e -  
ac t ion  ( I I )  w i l l  be  h a s t e n e d  d u r i n g  the  d i s c h a r g e  of 
t he  cell ,  s ince  then  t h e  zinc func t ions  as the  anode .  
The  s i l ve r  ions  wi l l  t hen  m i g r a t e  m o r e  r a p i d l y  to 
the  zinc. F o r  th is  r e a s o n  too t h e  s a m e  k i n d  of f i lm 
is f o r m e d  on the  zinc d u r i n g  d i s c h a r g e  of t he  cel l  as 
d u r i n g  s tand .  

T h e r e  s t i l l  r e m a i n s  t he  ques t ion  of the  o r ig in  of 
t he  s p o n g y  m e t a l l i c  depos i t  on the  zinc, e sp e c i a l l y  
in r u n  1. As  has  been  noted ,  th is  depos i t  c o n t a i n e d  
s i lver ,  b u t  no s i lve r  l ines  w e r e  found  in t he  x - r a y  
p a t t e r n .  I n s t e a d  t h e r e  w e r e  zinc l ines  p lus  o thers .  A 
poss ib l e  m e c h a n i s m  for  th is  p h e n o m e n o n  is g iven  
be low.  

W h e n  r e a c t i o n  ( I I )  t a k e s  p l a c e  i t  m a y  do so on ly  
at  c e r t a i n  s i tes  in t h e  zinc la t t ice .  The  r e d u c e d  s i lve r  
a t o m  t h e n  r ep l aces  t he  ox id i zed  zinc a tom.  This  
g ives  t h e  o r d i n a r y  zinc l a t t i ce  w i t h  s i lve r  a t o m s  
s u b s t i t u t e d  for  zinc a toms  a t  c e r t a i n  points .  The  r e -  
su l t  is a sol id  so lu t ion  of s i lve r  in  zinc. M a n y  s tud ies  
h a v e  been  m a d e  of t he  s i l v e r - z i n c  sys tem.  Of p a r -  
t i c u l a r  he lp  is the  w o r k  of W e s t g r e n  and  Phragme,n  
(3) ,  O w e n  a n d  P i c k u p  (4) ,  and  O w e n  and  E d m u n d s  
(5) ,  w h e r e  t he  z i n c - r i c h  phases  a r e  d iscussed.  W e s t -  
g r en  a n d  P h r a g m e n  g ive  m u c h  i n f o r m a t i o n  on the  
x - r a y  p a t t e r n s  of th is  sys tem.  The  d e s i g n a t i o n  of 
t he  v a r i o u s  phases  differs ,  so such  phases  wi l l  be  
d e s i g n a t e d  h e r e  b y  compos i t ion .  

On Fig.  2 a r e  g iven  the  x - r a y  l ines  for  zinc, some 
s i l v e r - z i n c  a l loys  or  sol id  solu t ions ,  and  for  a r e p -  
r e s e n t a t i v e  f i lm o b t a i n e d  in  our  work .  The  l ines  
o b t a i n e d  f r o m  the  b l a c k  fi lm on the  zinc spec imens  
consis t  of t hose  of zinc p lus  some of those  of the  
s i l v e r - z i n c  sol id  so lu t ion  h a v i n g  a compos i t i on  v a r y -  
ing  f rom 50 to 80% zinc. The  l ines  in Fig .  2b v a r y  
s o m e w h a t  w i t h  t he  a m o u n t  of  z inc  p r e s e n t  (3) .  T h e  
r eg ion  51-60% zinc consis ts  of a m i x t u r e  of t he  two  
phases  r e p r e s e n t e d  in Fig.  2b and  2c (4) .  These  
x - r a y  d a t a  l end  suppor t ,  then,  to t h e  h y p o t h e s i s  
tha t ,  w h e n  the  d i s so lved  s i lve r  o x i d e  r eac t s  w i t h  t he  
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Fig. 2. X-roy patterns: (a) representative dark film ob- 
tained in this work; (b) Ag-Zn solid solution ranging from 
60 to 78 % Zn, ref. (3); (c) Ag-Zn solid solution ranging from 
48 to .51% Zn, ref. (3); (d) zinc, ref. (6); (e) silver, ref. (6). 

zinc, a sol id  so lu t ion  of s i lve r  in zinc is f o r m e d  on 
the  su r f a c e  of th is  zinc. 

F u r t h e r m o r e ,  w i t h  th is  h y p o t h e s i s  one  a lso  has  an  
e x p l a n a t i o n  for  t he  s p o n g y  m e t a l l i c  depos i t  f o r m e d  
on the  z inc  s p e c i m e n  in a f ew  of t he  runs .  A s  has  
been  noted ,  ana lys i s  showed  t h a t  th is  depos i t  con-  
t a i n e d  zinc and  s i lver .  The  p o t e n t i a l  of t he  s i l v e r -  
z inc  so lu t ion  is less  anod ic  t h a n  t h a t  of zinc a n d  
hence  t h e  sol id  so lu t ion  can  be  d e p o s i t e d  b y  the  emf  
of z inc  i tself .  This  e x p l a n a t i o n  was  also sugges t ed  
b y  S t r a u m a n i s  and  F a n g  (7)  who  s t ud i e d  a s im i l a r  
p h e n o m e n o n  in ac id  solut ions .  

T h e r e  is also o t h e r  e v i d e n c e  t ha t  m e t a l l i c  s i lve r  as 
such is no t  i n v o l v e d  in  th is  process .  W h e n  zinc was  
c ove re d  w t i h  s i lve r  be fo re  be ing  a s s e m b l e d  in  t he  
cel l  ( runs  12, 13, and  14) t h e r e  was  an  i nc rea se  in 
co r ros ion  ( c o m p a r e  w i t h  r u n  20) b u t  t h e r e  was  no 
v i s ib l e  f i lm on the  zinc. F u r t h e r m o r e ,  w h e n  a s i l ve r  
e l e c t r o d e  and  a zinc s p e c i m e n  w e r e  e l e c t r i c a l l y  con-  
nec ted  in  a 30% K O H  so lu t ion  the  zinc d i s so lved  
and  h y d r o g e n  was  evo lved ,  v i g o r o u s l y  a t  first,  on 
the  s i lver ,  bu t  a f t e r  24 h r  no zinc a p p e a r e d  on the  
s i lve r  e lec t rode .  The  r e a c t i o n  p r o b a b l y  was  

Zn + 2 H.~O + 2 0 H - - ~  Z n ( O H ) 2  + H.~ ( IV)  

Two  runs  w e r e  a lso  m a d e  to t es t  t he  effect of h y -  
d r o g e n  p e r o x i d e  on th is  co r ros ion  of zinc. T h e  p r e s -  
ence of the  HO2- ion inc reases  t h e  co r ros ion  of zinc 
c o n s i d e r a b l y  w h e n  s i l ve r  ox ide  is p r e s e n t  (see runs  
3 and  8).  On t h e  bas is  of t h e r m o d y n a m i c  c o n s i d e r -  
a t ions  th is  cou ld  be  e x p e c t e d  s ince  t he  f r ee  e n e r g y  
d e c r e a s e  for  r e a c t i o n  (V)  is a b o u t  25 k c a l  g r e a t e r  
t h a n  for  r e a c t i o n  ( V I ) .  

Ag~O + HO~- + 2Zn + 2H~O--> 
2Ag + 2Zn(OH)~  + OH- (V) 

2Ag~O + 2Zn + 2H~O-~ 4Ag + 2Zn(OH)~  (VI)  

H o w e v e r ,  t h e  m e c h a n i s m  is l i k e l y  not  as s imp le  as 
i nd ica t ed .  

I n  t he  a bse nc e  of s i l v e r  oxide ,  the  effect of  h y -  
d r o g e n  p e r o x i d e  is less,  (see runs  17 and  19).  In  
fact ,  t he  p r e s e n c e  of the  HO~- ion  seems  to r e d u c e  
the  co r ro s ive  loss of zinc. T h e  effect, h o w e v e r ,  is 
smal l .  
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Conclusion 
In  a s i l v e r - z i n c - a l k a l i  cel l  t he  zinc e l ec t rode  is 

a t t a c k e d  a n d  ox id i zed  b y  oxygen .  W h e n  no d i a -  
p h r a g m  is p r e s e n t  to r e d u c e  o r  e l i m i n a t e  diffusion,  
d i s so lved  s i lve r  ox ide  m i g r a t e s  to the  zinc e l e c t r o d e  
w h e r e  i t  is r e d u c e d  and  fo rms  a sol id  so lu t ion  w i t h  
t he  zinc, or  else is d e p o s i t e d  as such.  This  e na b l e s  
zinc or  s i l v e r - z i n c  sol id  so lu t ion  to p r e c i p i t a t e  f r o m  
the  e l e c t r o l y t e  in a s p o n g y  fo rm on t h e  zinc e lec -  
t r o d e  d u r i n g  o p e n - c i r c u i t  cond i t ions  and  th is  m a y  
act  as a sho r t  b e t w e e n  the  p la tes .  
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Diffusion of Oxygen in Zirconium and Its Relation to Oxidation 
and Corrosion 

J. Paul Pemsler 

Nuclear Metals, Inc., Cambridge, Massachusetts 

ABSTRACT 

The diffusion of oxygen in z i rconium and di lute  z i rconium alloys has been 
s tudied  in the  t e m p e r a t u r e  range  of 400 ~ to 585~ by  observing the ra tes  of 
dissolution of anodica l ly  deposi ted  in te r fe rence  oxide films. The diffusion co- 
efficient of oxygen in z i rconium depends  on the  gra in  or ienta t ion  and var ies  by  
a fac tor  of two among different  or ientat ions.  Macroscopical ly  observed  aver -  
age values  obey the equat ion 

D, cm2/sec ~ 9.4 exp [ (--51,780 ___ 220)/RT] 

where  the act ivat ion energy  for the  diffusion of oxygen in z i rconium is 51.78 
kca l /mole .  No macroscopic differences were  observed in the  diffusion coeffi- 
cients of the  var ious  di lute  alloys. Oxidat ion  and corrosion rates  have  been 
observed to have an or ienta t ion  dependence  s imi la r  to tha t  observed in the  
diffusion study.  The mechanism of oxidat ion and corrosion is discussed in 
terms of diffusion of oxygen  and adherence  of oxide films. 

Z i r c o n i u m  sha res  w i t h  t i t a n i u m  and  h a f n i u m  the  
u n u s u a l  a b i l i t y  to d i s so lve  l a r g e  a m o u n t s  of o x y g e n  
in i n t e r s t i t i a l  sol id  solu t ion .  The  o x y g e n  is s t r o n g l y  
b o u n d  to t he  la t t ice ,  as e v i d e n c e d  b y  t h e  fac t  t h a t  
t he  m e t a l  can  be  h e a t e d  b e y o n d  i ts  m e l t i n g  po in t  
w i t h o u t  o x y g e n  evo lu t ion .  F e w  d a t a  ex i s t  c o n c e r n -  
ing  t h e  r a t e  of d i f fus ion of o x y g e n  in z i r c o n i u m  
me ta l ,  e spec i a l l y  a t  t e m p e r a t u r e s  w h e r e  i ts  co r -  
ros ion  p r o p e r t i e s  a r e  of i n t e r e s t  in n u c l e a r  r e a c t o r  
app l i ca t ions .  

I n v e s t i g a t o r s  h a v e  def ined  t h e  z i r c o n i u m - o x y g e n  
p h a s e  d i a g r a m  and  m a d e  o b s e r v a t i o n s  on the  n a t u r e  
of the  o x y g e n  in t h e  z i r c o n i u m  la t t i ce .  De Boer  and  
F a s t  (1)  s t ud i ed  the  so lu t ion  of o x y g e n  in the  z i r -  
conium l a t t i c e  and  conc luded  t ha t  a l l  the  o x y g e n  
in t he  m e t a l  is p r e s e n t  in  sol id  solu t ion .  T h e y  ob -  
s e r v e d  t h e  m i g r a t i o n  of o x y g e n  as n e g a t i v e  o x y g e n  
ions u n d e r  the  inf luence  of a p o t e n t i a l  d rop .  The  
b i n a r y  p h a s e  d i a g r a m  of t he  z i r c o n i u m - o x y g e n  sys -  
t e m  has  been  s t ud i ed  b y  Hansen ,  McPher son ,  and  

D o m a g a l a  (2) ,  who  s h o w e d  t h a t  the  e q u i l i b r i u m  
s o l u b i l i t y  of o x y g e n  in a l p h a  z i r c o n i u m  is i n d e -  
p e n d e n t  of t e m p e r a t u r e  and  has  a v a l u e  of 29 at. %. 

The  on ly  o t h e r  def in i t ive  s t u d y  on the  d i f fus ion 
of o x y g e n  in z i r c o n i u m  was  c a r r i e d  out  s i m u l t a n e -  
ous ly  w i t h  th is  w o r k  b y  Mal l e t t ,  A l b r e c h t ,  and  
Wi l son  (3)  who  d e t e r m i n e d  t h e  d i f fus ion  coefficient 
of o x y g e n  in a l p h a  and  b e t a  Z i r c a l o y  b y  the  m o v i n g  
b o u n d a r y  a n d  concentration g r a d i e n t  t echn iques ,  
r e spec t i ve ly .  O v e r  t he  t e m p e r a t u r e  r a n g e  s tud ied ,  
1000~-1500~ the  equa t ions  for  d i f fus ion  coeffi- 
c ien ts  in the  a l p h a  and  be t a  p h a s e  w e r e :  

D~ = 0.196 exp  [ ( - -41 ,000  --+ 1500) /RT] 
a n d  

D~ = 0.0453 exp  [ ( - -28 ,200  +_ 2400) /RT]  

Misch  (4) ,  whose  t e c h n i q u e  was  s i m i l a r  to t h a t  
used  here ,  s t u d i e d  the  r a t e  of ox ide  f i lm d i s so lu t ion  
ove r  a t e m p e r a t u r e  r a n g e  of 450~176 H e  r e -  
p o r t e d  a l i n e a r  r a t e  of d i s so lu t ion  a t  450~ cor -  
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r e spond ing  to 0.6 A / ra in ,  and  m e a s u r e d  an  ene rgy  
of ac t iva t ion  for the  process of 43.5 kca l /mole .  The  
resul ts  and  i n t e r p r e t a t i o n  in  this  i nves t iga t ion  differ 
f rom those of Misch. 

Experimental 
In  this  i nves t iga t ion  the  diffusion of oxygen  in  

z i r con ium and  z i r con ium alloys was s tudied  by  fol-  
lowing  the  ra te  of d isso lu t ion  of anodica l ly  de-  
posi ted in t e r f e r ence  oxide films w h e n  a n n e a l e d  in 
vacuo. The th ickness  of the  oxide fi lm was de te r -  
m i n e d  per iod ica l ly  d u r i n g  the  e x p e r i m e n t  by  ob-  
se rv ing  its color. 

Materials.--The alloys used in  this  s tudy  are 
l is ted below. 

Z i r c o n i u m - - h i g h  pur i ty ,  low h a f n i u m  crys ta l  ba r  
Z i rca loy-2  (1.5 weigh t  per  cent  [ w / o ]  Sn, 0.12 

w / o  Fe, 0.05 w / o  Ni, 0.10 w / o  Cr) 
Z i r ca loy -3A (0.25 w / o  Sn, 0.25 w / o  Fe)  
Z i r c o n i u m - - 0 . 6 2  w / o  Ni 
Z i r c o n i u m - - 0 . 9 3  w / o  Cr 
Z i r c o n i u m - - 0 . 8 2  w / o  Fe, 0.13 w / o  Ni, 0.95 w / o  Cr 

Sample preparation.--Samples of z i r con ium a nd  
alloys, abou t  7 cm x 1 cm x 0.2 cm, were  cut  f rom 
rol led stock, a n n e a l e d  for 1 hr  a t  800~ and  fu r na c e  
cooled. They  were  t hen  pol ished on 400 gr i t  Car -  
b o r u n d u m  on a wet  whee l  and  etched for 2 m i n  in  
a bath of 50% HNO~, 5% HF, and 45% H~O. 

Anodic deposition o~ oxide f i Im.--Oxide films 
were  deposi ted anodica l ly  f rom a 1% KOH solu t ion  
in  dis t i l led  water ,  wi th  the  sample  as anode  and  a 
p l a t i n u m  wire  as cathode.  Samples  were  anodized 
for 15 m i n  in  steps of the  des i red vol tage  i n c r e m e n t  
in  a m a n n e r  s imi la r  to tha t  used by  Misch in  his 
s tudy  (4) .  Except  for one end  a t t ached  to an  a l l i -  
gator  clip, the  suspended  spec imen  was en t i r e ly  
s u b m e r g e d  in  the  bath.  Af te r  anodiz ing  for 15 m i n  
the  c u r r e n t  was stopped, the  sample  w i t h d r a w n ,  
r insed  wi th  dis t i l led  water ,  and  r e i m m e r s e d  to 
w i t h i n  1 cm of the p rev ious  immers ion .  The vol tage  
was increased  by  the  des i red i n c r e m e n t  and  a n -  
odizat ion star ted.  In  this  way  a step gauge str ip was  
p roduced  wi th  a n u m b e r  of successively th icker  
oxide films. Table  I l ists the  colors observed  for 
different increasing voltages. In order to study the 
variation in thickness of anodically deposited oxide 
films with applied voltage, samples were weighed on 
a microbalance between successive anodizations. In 
these cases the same length of sample was immersed 
during each anodization. 

Table I. Variation of color with applied voltage for anodically 
deposited ZrO~ films 

Voltage Color 

5 Light yellow 
71/2 Amber  

15 Dark blue 
22 Y2 Light blue 
30 Silver 
371/~ Yellow 
50 Orange 
65 Wine 
80 Green 
95 Yellow 

Film dissolution.--Film disso lu t ion  was car r ied  
out  in  two di f ferent  systems.  In  the  first, a d y n a m i c  
v a c u u m  was m a i n t a i n e d  t h r o u g h o u t  the  expe r imen t .  
The  spec imen  was con ta ined  in  a t a n t a l u m  or z i r -  
c o n i u m  boat  p laced  in  a Vycor  t u b e  which  was  
sealed at one end  and  had  a g round  glass jo in t  at  
the o ther  end. The  t ube  was  a t t ached  to a v a c u u m  
sys tem and  evacua ted  for at  leas t  1 hr  af ter  a p res -  
sure  of 10 _6 m m  Hg was a t ta ined .  A the rmocoup le  
sealed in to  the  t u b e  was in  contact  wi th  the  speci-  
men.  A bal l  a nd  socket g r o u n d  glass jo in t  enab led  
the  t ube  to be s w u n g  into a hor izon ta l  t u b e  fu rnace  
which  had been  p rehea t ed  to the  desired t e m p e r a -  
t u r e  and  cont ro l led  to - -3~ by  a t e m p e r a t u r e  con-  
t rol ler .  The the rmocoup le  ind ica ted  tha t  the sample  
reached  t e m p e r a t u r e  in  abou t  5 min.  Per iodic  e x a m -  
i na t i on  of the  spec imen  was  m a d e  u n d e r  f luorescent  
l ight  by  l i f t ing  the  top ha l f  of the  furnace .  The ex-  
a m i n a t i o n  could be made  qu ick ly  so tha t  the  t e m -  
p e r a t u r e  of the  specimen,  as ind ica ted  by  the  t h e r -  
mocouple,  was no t  affected at all, or on ly  s l ight ly  
affected for a b r ie f  period.  The color of each zone 
changed  wi th  t ime  in  the d i rec t ion  of decreas ing  
fi lm thickness ,  so tha t  a ny  g iven  color cor responding  
to a p a r t i c u l a r  oxide  th ickness  wou ld  go t h rough  
all  the  colors in  Tab le  I co r r e spond ing  to films t h i n -  
ne r  t h a n  it. At  a n y  g iven  t ime,  the decrease in  fi lm 
th ickness  was found  to be i n d e p e n d e n t  of the  or igi -  
na l  th ickness  of a p a r t i c u l a r  zone; thus,  iden t ica l  
resul t s  were  ob ta ined  us ing  a ny  one of the color 
zones as indicator .  However ,  ce r t a in  colors cor re -  
spond ing  to a n a r r o w  range  of th ickness ,  and  easy 
to detect,  were  used to decide w h e n  a g iven  film 
th ickness  was reached  w i t h i n  a smal le r  r ange  of 
error .  The approach  to these colors could be est i -  
m a t e d  to w i t h i n  as l i t t le  as +--0.5 v or 15A. 

The second sys tem used for film dissolu t ion  i n -  
vo lved  a stat ic vacuum.  The  sample,  con ta ined  in  a 
boat,  and  a wad  of z i r con ium t u r n i n g s  were  p laced  
at opposi te  ends  of a 15-in. Vycor  t u b e  sealed at one 
end. The t ube  was  evacua ted  to 10 _6 m m  Hg or 
be t t e r  a nd  sealed off. The  end  con t a in ing  the  zir-  
con ium t u r n i n g s  was placed into the t ube  fu rnace  
and  kep t  at 800~ for 1 hr, wh i l e  the  end  con ta in ing  
the  spec imen  ex t ended  far  enough  out  of the  f u r -  
nace  to p r e v e n t  it f r om becoming  heated.  This  
t r e a t m e n t  se rved  to ge t te r  a ny  r e m a i n i n g  a tmos -  
phere  in  the  tube.  F r o m  this po in t  on, the  p rocedure  
was s imi la r  to the  d y n a m i c  v a c u u m  system, except  
tha t  the t he rmocoup le  was e x t e r n a l  to the  t ube  and  
the  t ime  r equ i r ed  for the sample  to reach  t e m p e r a -  
t u r e  could not  be  es t imated  wi th  the  accuracy  a t -  
t a i n a b l e  in  the  first method.  

Results and Discussion 

The Anodic Film 

The re la t ion  b e t w e e n  the  we igh t  ga in  and  appl ied  
vol tage  d u r i n g  the  anodiza t ion  of t h ree  di f ferent  
z i r con ium spec imens  was  de te rmined .  The  weigh t  
ga in  is l i nea r  wi th  appl ied  vol tage  f rom 0 to 65 v. 
A n  increase  in  slope cor respond ing  to a h igher  ra te  
of weight  ga in  w i th  vo l tage  was ob ta ined  above 
65 v. This l a t t e r  inc rease  m a y  have  been  due  to im-  
pur i t i es  in  the  anodiz ing  bath .  The  m a j o r i t y  of 
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s tud ies  w e r e  m a d e  us ing  a m a x i m u m  fi lm th i cknes s  
c o r r e s p o n d i n g  to v a l u e s  less  t h a n  65 v. A s s u m i n g  a 
value of 5.7 for the density of ZrO~, the oxide film 
thickness deposited during anodization corresponds 
to 29.0A/v in the range of 0-65 v. This result is in 
good agreement with studies by Polling and 
Charlesby (5) and Misch (4), who obtained con- 
version factors of 27/k/v and 30A/v, respectively. 

Difficulty was observed during the anodization of 
several iron-containing alloys when there occurred 
an appreciable "creepage" of oxide film from the 
water line into the color zone above. Anodizations 
of these specimens at high voltages produced a dull 
film, and there was a great deal of bubbling com- 
pared to that observed while pure zirconium was 
being anodized. Further, during the subsequent vac- 
uum anneal of these alloys, there was a dullness 
and fading of color compared to the bright reflect- 
ing f i lm on p u r e  z i r c o n i u m  a n d  o t h e r  a l loys .  The  
f a i l u r e  to fo rm a s u i t a b l e  anod ic  f i lm in t hese  a l loys  
is b e l i e v e d  to be d u e  to t h e  l ow o x y g e n  o v e r v o l t a g e  
on i ron  i n t e r m e t a l l i c s .  The  v igo rous  l i b e r a t i o n  of 
o x y g e n  in m a n y  a reas  d u r i n g  a n o d i z a t i o n  p r e v e n t e d  
the  f o r m a t i o n  of an  a d h e r e n t  ox ide  film. A l l o y s  con-  
t a i n ing  a p p r e c i a b l e  a m o u n t s  of i ron  p r e s e n t  as f ine ly  
d i v i d e d  s e c o n d - p h a s e  pa r t i c l e s  a r e  not  a m e n a b l e  to 
th is  t y p e  of inves t iga t ion .  

P o l l i n g  and  C h a r l e s b y  (6) r e p o r t  tha t ,  w i t h  r e -  
spec t  to r a t e  effects,  a n o d i c a l l y  f o r m e d  f i lms a r e  
e q u i v a l e n t  to a i r - f o r m e d  films. Misch  (7)  c r i t ic izes  
th is  v i ewpo in t ,  s t a t i ng  t h a t  anod ic  f i lms a r e  f o r m e d  
u n d e r  h igh  field s t r e n g t h  w h i c h  sub j ec t s  t he  f i lm to 
a v e r y  l a r g e  p re s su re .  In  t he  co r ros ion  r e a c t i o n  the  
f o r m a t i o n  field is m u c h  l o w e r  t h a n  in anod iza t i on  
e x c e p t  w h e n  anod iz ing  a t  v e r y  low vol tages .  

In  o r d e r  to a s c e r t a i n  w h e t h e r  a n o d i c a l l y  d e -  
pos i t ed  f i lms a r e  c o m p a r a b l e  to o x i d a t i o n  films, a 
z i r c o n i u m  s a m p l e  was  ox id i zed  s l o w l y  in an  o x y g e n  
a t m o s p h e r e  un t i l  a th in  i n t e r f e r e n c e  f i lm o x i d e  was  
fo rmed .  S u b s e q u e n t  v a c u u m  a n n e a l i n g  of th is  s a m -  
p l e  gave  r e su l t s  in good a g r e e m e n t  w i t h  t he  d a t a  
o b t a i n e d  us ing  a n o d i c a l l y  d e p o s i t e d  films. W h i l e  
these  anod ic  ox ide  f i lms m a y  di f fer  i n i t i a l l y  f r o m  
cor ros ion  films, i t  a p p e a r s  t ha t  a t  e l e v a t e d  t e m p e r a -  
tures ,  in a sho r t  t i m e  c o m p a r e d  to t he  t i m e  of the  
d i f fus ion  e x p e r i m e n t ,  t he  m o b i l i t y  of  o x y g e n  in t he  
m e t a l  and  ox ide  causes  the  anod ic  f i lm to b e h a v e  
s i m i l a r l y  to a co r ros ion  film, a t  l eas t  i n so fa r  as i ts  
d i s so lu t ion  r a t e  is concerned .  

Dif]usion Coefficients 

D a t a  o b t a i n e d  us ing  the  d y n a m i c  v a c u u m  suf fe red  
f r o m  a l a ck  of r e p r o d u c i b i l i t y .  S a m p l e s  r u n  side b y  
side and  a t  t h e  s a m e  t i m e  gave  i den t i ca l  resu l t s ,  b u t  
r e p e t i t i o n s  at  a d i f fe ren t  t ime  d id  no t  a l w a y s  ag ree  
w i t h  t he  p r e v i o u s  da ta .  D u r i n g  c e r t a i n  runs ,  a y e l -  
l ow  t i n g e  on some of the  s a m p l e s  was  not iced ,  
e spec i a l l y  a t  t h e  end  t h a t  h a d  no o r i g i n a l  anod ic  
depos i t .  This  was  u n d o u b t e d l y  due  to t he  f o r m a t i o n  
of y e l l o w  z i r c o n i u m  n i t r ide ,  w i t h  t h e  s a m p l e  ac t ing  
as  a con t i nuous  g e t t e r  for  t he  r e s i d u a l  a t m o s p h e r e  
in t he  sys tem.  The  n i t r i d e  p e r s i s t e d  d u r i n g  t h e  d i f -  
fusion,  i n d i c a t i n g  t h a t  t h e  m o b i l i t y  of  n i t r o g e n  in  
z i r c o n i u m  is s m a l l  c o m p a r e d  to t h a t  of o x y g e n  at  

t he  t e m p e r a t u r e s  used  in  t he  d i f fus ion  annea l .  On 
one occasion w h e n  the  v a c u u m  s y s t e m  suf fe red  a 
s m a l l  I eak  d u r i n g  an  e x p e r i m e n t ,  t h e r e  was  a c -  
t u a l l y  a r e v e r s a l  in the  f i lm d i s so lu t ion  p rocess  and  
the  f i lm t h i c k e n e d  w i t h  t ime.  H o w e v e r ,  in cases  
w h e r e  the  su r f ace  was  f ree  f r o m  n i t r i de ,  r e su l t s  of 
t he  d y n a m i c  and  s ta t ic  m e t h o d s  w e r e  in  good a g r e e -  
ment .  The  second  t e c h n i q u e  of g e t t e r i n g  the  r e -  
m a i n i n g  a t m o s p h e r e  in  a s ta t ic  s y s t e m  p r o v i d e d  a 
m e t h o d  of o b t a i n i n g  c ons i s t e n t l y  r e p r o d u c i b l e  da ta .  

Microscopic e x a m i n a t i o n  of samples w h i c h  h a v e  
been  anod ized  and  s u b s e q u e n t l y  v a c u u m  a n n e a l e d  
r e v e a l e d  t h a t  the  d i s so lu t ion  process  was  no t  h o m o -  
geneous ,  and  tha t ,  mac roscop i ca l l y ,  an  a v e r a g e  
p rocess  was  be ing  obse rved .  A wide  r a n g e  of colors,  
s h a r p l y  def ined  b y  g r a i n  bounda r i e s ,  was  o b s e r v e d  
u n d e r  a microscope .  U n d e r  s i m i l a r  magn i f i ca t ion  an  
anod ized  spec imen ,  be fo re  v a c u u m  annea l ing ,  was  
h o m o g e n e o u s  in color,  e x c e p t  for  s m a l l  d i f fe rences  
in the  t in t s  of some  gra ins .  These  d i f fe rences  m a y  
h a v e  been  due  to s m a l l  d i f fe rences  in t he  r e a c t i v i t y  
or  r e f l ec t iv i ty  of the  v a r i o u s l y  o r i e n t e d  gra ins .  The  
r e su l t s  p r e s e n t e d  in th is  sec t ion  a r e  t h e n  based  on a 
macroscop ic ,  a v e r a g e  e s t i m a t e  of color.  V a r i a t i o n  in 
d i f fus ion coefficient f r o m  g r a i n  to g r a i n  d e p e n d i n g  
on o r i e n t a t i o n  is d i scussed  in de t a i l  in t he  n e x t  
sect ion.  

The  dec rease  in t h i ckness  of ox ide  f i lm as a f u n c -  
t ion  of t i m e  has  been  m e a s u r e d  a t  f ive d i f f e ren t  
t e m p e r a t u r e s .  The  r e su l t s  a r e  p l o t t e d  in Fig .  1, 2, 
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and  3. Since the  samples  were  e x a m i n e d  i n t e r m i t -  
ten t ly ,  and  the  th ickness  e s t ima ted  v isua l ly ,  each 
e x p e r i m e n t a l  obse rva t ion  is ind ica ted  by a rec tang le  
whose d imens ions  cor respond to es t imates  of the  
e r ro r  in  the  observa t ion .  A plot  of the  decrease  in  
fi lm th ickness  vs. the  square  root  of t ime  is l inear .  
Ex t r apo la t i ons  of some of these l ines  miss the  or ig in  
by  a smal l  amoun t ,  poss ib ly  co r re spond ing  to v e r y  
smal l  er rors  in  es t ima t ion  of the  t ime  w h e n  the 
sample  came to t empe ra tu r e .  Since the e q u i l i b r i u m  
pa r t i a l  p ressure  of oxygen  over  ZrO~ is of the  order  
of 10 -~ a tm  at  600~ the  d i sappea rance  of oxide 
film m u s t  be due to so lu t ion  of oxygen  in  z i r con ium 
metal ,  w i th  a consequen t  g rowth  of me t a l  at  the  ex -  
pense  of oxide. Misch (4) m e a s u r e d  the t ime  de-  
pendence  of d issolut ion of anodic  oxide films at  a 
s ingle  t e m p e r a t u r e .  His points ,  based on a s ingle  ob-  
se rva t ion  of each sample  af ter  a g iven  t ime in te rva l ,  
show apprec iab le  scatter .  A l though  he suggests  a 
l i nea r  ra te  of dissolut ion,  his da ta  w h e n  rep lo t ted  
appear  to fit a pa rabo l ic  f unc t i on  abou t  as wel l  as 
they  fit a s t ra igh t  l ine.  The r ep roduc ib i l i t y  in  this  
s tudy  is be t t e r  t h a n  is Misch's,  and  repea ted  ob-  
s e rva t ion  of the  same sample  shows tha t  a l i nea r  
t ime -d i s so lu t i on  re la t ionsh ip  is def in i te ly  excluded.  

The parabol ic  ra te  of d i sappea rance  of the  oxide 
film on z i r con ium suggests  tha t  the r a t e - d e t e r m i n -  
ing step in the  d issolu t ion  process is the  diffusion of 
oxygen  in  z i r con ium meta l .  A n  a l t e r n a t i v e  r a t e -  
d e t e r m i n i n g  step, the  t r ans f e r  of oxygen  across the  
o x i d e - m e t a l  in terface ,  would  be expected  to lead 
to a l i nea r  r a t e  of d i s appea rance  of oxide. The  con-  
s u m p t i o n  of oxide, g e n e r a t i n g  add i t iona l  metal ,  is 
accompanied  by  an  o u t w a r d  mot ion  of the  ox ide-  
me t a l  b o u n d a r y  u n t i l  the oxide is en t i r e ly  con-  
sumed.  Mathemat i ca l ly ,  this  case falls w i t h i n  a l i m -  
i ted class of m o v i n g - b o u n d a r y  diffusion problems,  
for which  solut ions  are read i ly  found.  The  diffusion 
equa t ion  is discussed in  de ta i l  e l sewhere  (8) .  F r o m  
the so lu t ion  found  on the  a s sumpt ion  of cons tan t  
diffusivity,  D can be found  as 

4b ~ 

where  b is found  to sat isfy  the equa t ion  

1 Co 
b ( l + e r f b )  = .  _ _ - - e  -b-~ 

Here  in  t ime  t, there  is a d i sp l acemen t  of the  ox ide-  
me t a l  b o u n d a r y  x' ,  which  is r e la ted  to the  observed  
decrease AL in  th ickness  of oxide fi lm by  the  fol-  
lowing  express ion  i nvo l v i ng  the respec t ive  mole -  
cu la r  vo lumes :  

t 

X 
pZrO~ F o r m u l a r  we igh t  (Zr  sat)  AL 

pZr s a t u r a t e d  F o r m u l a r  we igh t  (ZrO2) 

The  q u a n t i t y  p is the densi ty ,  and  Co is the  differ-  
ence b e t w e e n  the  s a tu ra t ed  concen t r a t i on  C~, and  
the  in i t i a l  concen t ra t ion ,  of oxygen  in  the  meta l .  
The  q u a n t i t y  mo rep resen t s  the  weigh t  of oxygen  
r e move d  f rom the ZrO~ consumed  in  the  gene ra t ion  
of u n i t  v o l u m e  of s a tu ra t ed  z i r con ium (ZrOo.~l). It  
m a y  be expressed  as 

F o r m u l a r  we igh t  (O1.5~) 
m o  ~ pZr sat 

F o r m u l a r  we igh t  (ZrOo.,~) 

I n  this  w o r k  the  va lues  used are:  Co = C~ = 0.450 
g / c m  ~ ( the in i t i a l  concen t r a t i on  was t a k e n  as zero) ;  
mo = 1.75 g/cm~; x '  ~ 0.676 AL, cm; pz~ , , ~ , ~ a  = 6.72 
g / c m  ~ (9 ) ;  p~o., = 5.73 g / c m  ~ (10) ;  b = 0.126. The 
densi t ies  of s a t u r a t e d  z i r con ium and  ZrO: were  
t a k e n  as the  best  ava i l ab le  da ta  at  room t e m p e r a -  
ture.  No effort was  made  to correct  these da ta  to 
h igher  t empera tu re s .  

The so lu t ion  is u n i q u e  if D is constant .  The agree-  
m e n t  of the  e x p e r i m e n t a l  resul t s  wi th  the  expres -  
sion der ived  on the basis  of cons tan t  D does no t  es- 
t ab l i sh  tha t  D is, in  fact, i n d e p e n d e n t  of c o n c e n t r a -  
t ion. Ev idence  for the  cons tancy  of D, at least  in  
be ta  z i rconium,  is found  in  the work  of Mallet t ,  
et al. (3) .  They  found  tha t  the  c onc e n t r a t i on  d i s t r i -  
bu t ion  of oxygen  diffused in to  specimens  of be ta  z i r -  
con ium could be fitted w i th  cons t an t -d i f fu s iv i ty  so- 
lu t ions  of the  diffusion equat ion .  

The  diffusion coefficients of oxygen  in  z i r con ium 
at  five t e m p e r a t u r e s  are  l is ted in  Tab le  II. A plot  of 
the  logar i thms  of the  diffusion coefficient vs. the  
rec iprocal  of the  abso lu te  t e m p e r a t u r e  over  the  
r ange  s tud ied  he re  is shown  in  Fig.  4. The r e su l t i ng  
s t ra igh t  l ine  is in  exce l len t  a g r e e m e n t  w i th  an  A r -  
r he n i u s  t e m p e r a t u r e  dependence ,  and  an  ene rgy  of 
ac t iva t ion  of 51.8 k c a l / m o l e  is calculated.  The  equa -  
t ion  for the  diffusion coefficient of oxygen  in  z i r -  
c o n i u m  in  the  t e m p e r a t u r e  r a nge  of 400~176 is 
g iven  by  D, cm: /sec  = 9.4 exp [ ( - -51,780 +--220)/ 
RT]. 

In  the  resul t s  of Mallet t ,  et al. (3) ,  the  diffusion 
coefficient of oxygen  in  a lpha  Z i rca loy-2  has been  
d e t e r m i n e d  over  the t e m p e r a t u r e  r a n g e  1000% 

Table II. Diffusion coefficients of oxygen in zirconium 

D, cm2 / sec  T ,  ~ 

1.34 >< 10 -1~ 400 
1.21 X 1O -1' 482 
2.79 >< 10 -~' 510 
1.38 >< 10 -1~ 542 
5.62 X 10 -Iz 585 
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Fig. 4 .  Temperature dependence of the diffusion coeff icient 
of oxygen in zirconium. 

1500~ by the moving bounda ry  technique,  which 
makes  use of the s tabi l izat ion of a lpha  zirconium at 
high tempera tures .  The Ar rhen ius  plot  of Mal le t t ' s  
data  together  wi th  the resul ts  of this s tudy are p re -  
sented in Fig. 5. Mal le t t  ca lcula ted an energy of 
ac t ivat ion for diffusion of 41.0 kca l /mole .  The 
agreement  be tween these da ta  is excel lent  consider-  
ing the  la rge  differences in t e m p e r a t u r e  ranges 
s tudied and in the  techniques used. Ex t rapo la t ion  of 
Mal le t t ' s  equat ion to the t e m p e r a t u r e  range  s tudied 
here would  es t imate  a va lue  for the  diffusion co- 
efficient which is high by  a factor  of about  ten. Ex-  
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Fig. 5. Combined data for the temperature dependence of 
the diffusion coefficient of oxygen in zirconium. 

t r apo la t ion  of the equat ion obta ined  here  to high 
t empera tu res  gives excel lent  agreement  wi th  Mal-  
le t t ' s  data.  One is t empted  to d raw a single least  
squares l ine through al l  the  da ta  f rom 400~176 
which is r epresen ted  by the  fol lowing equation:  

D, cmVsec = 5.2 exp (--50,800 _+ 870)/RT 

The ac t iva t ion  energy  obta ined  using al l  the  da ta  
is in excel lent  ag reement  wi th  tha t  der ived  f rom 
the low t empera tu r e  da ta  alone. 

Orientation Dependence of the Diffusion Coefficient 

The results  p resented  above are  based on a v isual  
es t imat ion of the ove r -a l l  ex tent  of the  diffusion. 
Microscopic examina t ion  of a pa r t i cu la r  color zone 
on a sample, af ter  the diffusion anneal  was com- 
pleted,  showed tha t  a wide  var ia t ion  of colors was 
visible.  For  example ,  an a rea  tha t  appea red  homo-  
geneously l ight  blue to the naked  eye resolved 
under  magnif icat ion into an app rox ima te ly  equal  
number  of a reas  of da rk  blue, med ium blue, l ight  
blue, silver, and l ight  ye l low color. These colors 
are sharp ly  defined by gra in  boundaries .  As p rev i -  
ously discussed, the  anodizat ion produced a homo- 
geneously colored oxide film. 

The re la t ion  of gra in  or ien ta t ion  to diffusion co- 
efficient was s tudied wi th  the  aid of a z i rconium 
str ip wi th  ve ry  large  gra in  size. Twenty- f ive  sep-  
a ra te  grains, wi th  an average  gra in  size of 4 mm, 
were  counted on one face of the  strip.  The s t r ip  was 
anodized, diffusion annealed,  and examined  wi th  a 
low power  microscope. The var ia t ion  in color f rom 
gra in  to gra in  was ve ry  sharp ly  defined by  grain 
boundaries,  and  corresponds to a var ia t ion  in the 
diffusion coefficient by a factor  of two. Examina t ion  
of numerous  other  specimens diffused over the  
range  of t empera tu res  examined  in this s tudy re -  
vea l  the var ia t ion  in diffusion coefficients by  a factor  
of about  two to be a constant.  The or ientat ions of 
eight grains exhib i t ing  wide  differences in oxygen 
diffusion coefficients were  de te rmined  by  x - r a y  dif -  
fraction. The cont inui ty  of these grains could be 
t raced  v isua l ly  a round the  edges of the  or iginal  face 
to the sides pe rpend icu la r  to it. F rom a knowledge  
of the or ientat ions of one face of the eight  grains, 
the or ientat ions of eight  addi t ional  pe rpend icu la r  
faces could be calculated.  The resul ts  of the  e x a m -  
inat ion of the re la t ive  diffusion coefficients of fifteen 
areas  (one being the a rea  used to a t tach the  sample  
to the  source of po ten t ia l )  a re  presented  in Fig. 6, 
which shows one - twe l f th  of the s te reographic  p ro -  
ject ion of the  hexagonal  c rys ta l  system. The sym-  
m e t r y  proper t ies  of the hexagonal  sys tem make  this 
sufficient to describe all  orientations.  

In  orientat ion,  the c -axes  of the grains  range  f rom 
being pa ra l l e l  to being wi th in  28 ~ of pe rpend icu la r  
to the p lane  of the sample. Rela t ive  diffusion co- 
efficients of oxygen in z i rconium are  indicated by  
the degree of da rken ing  of the circles indicat ing the 
or ientat ion;  the darkes t  circle is given a value  of 
unity.  The diffusion coefficient is a min imum when 
the c-axis  is pa ra l l e l  to the reference plane,  rises 
to a m a x i m u m  when the c-axis  is about  70 ~ f rom 
the normal  to the reference  plane, and has in te r -  
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Fig. 6. Effect of orientation on the diffusion coefficient of 
oxygen in zirconium. 

media t e  va lues  as i t  approaches  the  n o r m a l  to the 
re fe rence  p lane .  

O x y g e n  has been  pos tu la ted  to diffuse t h r ough  
the  hexagona l  z i r con ium la t t ice  in te r s t i t i a l ly .  Size 
cons idera t ions  (1) lead to the  bel ief  tha t  the  oxygen  
m u s t  be  con ta ined  in  oc tahedra l  r a t h e r  t h a n  t e t r a -  
hed ra l  inters t ices .  These  oc tahedra l  in te rs t ices  r u n  
pa ra l l e l  to the  c -ax is  of the  hexagona l  lat t ice,  and  
for this  reason  one wou ld  expect  a m a x i m u m  ra te  
of diffusion w h e n  the  c -ax i s  is p e r p e n d i c u l a r  to the  
p l ane  of the  sample,  f a l l ing  to a m i n i m u m  ra te  w h e n  
it is pa ra l l e l  to the  s ample  plane.  E x p e r i m e n t a l  ob-  
se rva t ions  do no t  agree  w i th  this  s imple  p ic ture ,  and  
no  e x p l a n a t i o n  for the  e x p e r i m e n t a l  observa t ions  is 
offered at this  t ime.  

Effect of Al loying Addit ions and Heat Treatment  
on the Diffusion Coefficient 

No difference could be detec ted  in  the  m a c r o -  
scopical ly observed ra te  of diffusion of oxygen  in  
the  var ious  al loys l is ted in  the  Mater ia l s  section. 
Microscopic e x a m i n a t i o n  r evea led  differences in 
ra tes  of diffusion of d i f ferent  g ra ins  in  accordance  
w i th  observa t ions  of the o r i en ta t ion  dependence  as 
discussed above.  The  v a r i a t i o n  of diffusion coeffi- 
c ients  for  d i f ferent  g ra ins  was  iden t ica l  for the dif-  
f e ren t  spec imens  tested.  

No difference could be detected in  the  m a c r o -  
scopical ly observed  oxygen  diffusion ra te  of a l loys 
a n n e a l e d  in  the  a lpha  and  wa te r  quenched  f rom the  
be ta  region.  Microscopical ly,  a n n e a l e d  spec imens  
showed the  typ ica l  color v a r i a t i o n  due  to o r i en t a -  
t ion  differences sha rp ly  defined by  g ra in  boundar ies .  
I n  the  wa t e r  quenched  alloys the  m a c r o s t r u c t u r e  
d e t e r m i n e d  the  o v e r - a l l  t i n t  of the  macrogra in ,  bu t  
the  s t r u c t u r e  w i t h i n  the  g ra ins  showed add i t i ona l  
color var ia t ions .  The effect on the  diffusion coeffi- 
c ient  of the fine s t ruc tu res  due  to the  wa t e r  quench  
was there fore  super imposed  on the  effect of the 
o r i en ta t ion  of the  mac rog ra in s  r e su l t ing  f rom the  
hea t  t r e a t m e n t  in  the  be ta  region.  

Anisotropy of Oxidation and Corrosion 
In  order  to d e t e r m i n e  w h e t h e r  there  is an  o r i en -  

t a t i on  dependence  on the  ra te  of oxidat ion ,  s imi la r  

to tha t  observed  in  diffusion,  a z i r con ium al loy was  
hea ted  to 415~ in  an  oxygen  a tmosphere  and  ex-  
a m i n e d  per iodical ly .  A n  in t e r f e r ence  fi lm fo rmed  
qu ick ly  and  the color changed  wi th  t ime  in  a m a n -  
ne r  ana logous  to tha t  of anodic  fi lm g rowth  w i th  i n -  
c reas ing  voltage.  Microscopic e x a m i n a t i o n  of the  
sample  af ter  the  e x p e r i m e n t  was  comple ted  r e -  
vea led  a s i tua t ion  s imi la r  to t ha t  observed  af ter  a 
diffusion annea l :  a d i s t r i b u t i o n  of color sha rp ly  de-  
fined by  g ra in  boundar ies ,  i nd i ca t ing  a va r i a t i on  of 
oxide th ickness  f r o m  g r a i n  to gra in .  The  ox ida t ion  
t e m p e r a t u r e  used he re  was  too low for a n y  color 
changes  due to anisot ropic  oxygen  diffusion to occur 
in  the  t ime  i n t e r v a l  of the  expe r imen t .  Such  v a r i -  
a t ions in  i n t e r f e r ence  color films on di f ferent  g ra ins  
have  been  observed  p rev ious ly  by  Schwartz ,  
Vaughan ,  and  Cocks (11) d u r i n g  the  cor ros ion  of 
z i r con ium samples  in  316~ water .  In  order  to com-  
pa re  the resul t s  ob ta ined  in  oxygen  wi th  those in  
wa te r  the above e x p e r i m e n t  was  repea ted  in  a 
w a t e r  vapor  a tmosphe re  at 415~ a nd  in  l iqu id  
wa te r  in  an  au toc lave  a t  316~ In  bo th  w a t e r  vapor  
a nd  l iqu id  w a t e r  the  resul t s  we re  s imi la r  to t ha t  ob-  
t a ined  in  oxygen.  However ,  in  the l a t t e r  two cases 
there  was  a decided t e n d e n c y  for ce r ta in  areas  to 
stain,  i.e., p r e f e r e n t i a l l y  oxidize so as to mask  out  
a ny  effects due  to or ien ta t ion .  This  p h e n o m e n o n  was  
no t  not iced d u r i n g  ox ida t ion  by  oxygen  gas. 

The effect of g ra in  o r i e n t a t i on  on the  e x t e n t  of 
ox ida t ion  was s tud ied  us ing  the  la rge  g ra in  z i r -  
c o n i u m  sample  used in  the diffusion s tudy.  The 
sample  was oxidized in  an  oxygen  a tmosphe re  for 
abou t  1 hr  a t  415~ The  effect of o r i en t a t i on  on 
the  ex t en t  of ox ida t ion  is show n  in  Fig. 7, which  is 
a s te reographic  p ro jec t ion  of the  z i r con ium lat t ice 
as discussed above.  The" resul t s  pa ra l l e l  those ob-  
served for the o r i en t a t i on  dependence  of the  oxygen  
diffusion coefficient: the  ra te  of ox ida t ion  is a m i n i -  
m u m  w h e n  the  c -ax is  is pa ra l l e l  to the  p l a n e  of the  
sample,  rises to a m a x i m u m  w h e n  the  c -ax is  is i n -  
c l ined  abou t  20 ~ f rom the  sample  p lane ,  and  de-  
creases aga in  at h igher  inc l ina t ions .  A n  o r i en ta t ion  
effect s imi la r  to this  has been  observed  in  the  ex t en t  
of g rowth  of anodic  films on z i r con ium in  n i t r i c  
acid (12) .  In  order  to d e t e r m i n e  w h e t h e r  the  o r i en -  
t a t ion  dependence  of the corrosion ra te  pers is ts  be -  

Fig. 7. 
zirconium. 
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y o n d  the  i n i t i a l  s tages  of the  reac t ion ,  a s a m p l e  of 
p u r e  z i r c o n i u m  of f a i r l y  l a r g e  g r a i n  size was  p l a c e d  
in  400~ s t e a m  at  1500 ps i  in an  au toc lave .  A f t e r  
20 h r  the  t h i ckness  of t h e  ox ide  l a y e r  v a r i e d  e n o r m -  
ous ly  f rom g r a i n  to g r a i n  in  th is  s ingle  s ample :  
some g ra in s  had  i n t e r f e r e n c e  f i lm o x i d e  l a y e r s  of 
the  o r d e r  of a few t h o u s a n d  a n g s t r o m s  th ick ,  w h i l e  
o the r s  h a d  f i lms r a n g i n g  f r o m  dense  b l a c k  ox ide  to 
w h i t e  b l i s t e r i n g  oxide ,  p r e s u m a b l y  spa l l ing .  

D u r i n g  the  use fu l  l i fe  of z i r c o n i u m  a l loys  in w a t e r  
a t  h igh  t e m p e r a t u r e ,  b e f o r e  s p a l l i n g  occurs ,  w e i g h t  
ga ins  of the  o r d e r  of 100 m g / d m  2 a re  ob ta ined .  A s -  
s u m i n g  an  a v e r a g e  g r a i n  size of  t he  o r d e r  of  0.05 
mm,  th is  w e i g h t  ga in  c o r r e s p o n d s  to the  f o r m a t i o n  
of the  en t i r e  o x i d e  f i lm f rom a f r a c t i o n  of the  d e p t h  
of t h e  u p p e r m o s t  g ra ins .  In  s a m p l e s  w i t h  good cor -  
ros ion  p r o p e r t i e s  one m u s t  t hen  r econc i l e  t he  fo r -  
m a t i o n  of a s ingle  con t inuous  a d h e r e n t  ox ide  f i lm 
(be fo re  spa l l i ng )  f r o m  ox ides  g r o w i n g  a t  d i f fe ren t  
r a t e s  on n e i g h b o r i n g  gra ins .  The  effect  of th is  d i f -  
f e r e n t i a l  g r o w t h  r a t e  m a y  l ie  in  e i t he r  of two  d i -  
r ec t ions :  

1. A d d i t i o n a l  s t r a in s  m a y  deve lop  b e t w e e n  f i lms 
on n e i g h b o r i n g  gra ins ,  r e s u l t i n g  in  spa l l i ng  at  a 
s m a l l e r  w e i g h t  ga in  t h a n  if t h e r e  was  no a n i s o t r o p y  
of  g r o w t h  ra te .  

2. Some  of t he  s t r a i n  caused  b y  the  ox ide  h a v i n g  
a g r e a t e r  m o l a r  v o l u m e  t h a n  the  m e t a l  ( P i l l i n g -  
B e d w o r t h  r a t io  1.56) m a y  be  a l l ev i a t ed .  A t h i c k  
o x i d e  l a y e r  u n d e r  c o m p r e s s i o n  g r o w i n g  on one g r a i n  
m i g h t  r e l i e v e  some  of i ts  s t ress  b y  s p r e a d i n g  ove r  
an  a d j a c e n t  g r a i n  h a v i n g  a t h i n n e r  ox ide  l a y e r  u n -  
de r  less compress ion .  This  m e r g i n g  of ox ide  a b o v e  
d i f fe ren t  m e t a l  g r a in s  m i g h t  r e l i e v e  the  s t ress  in those  
ox ide  zones u n d e r  g r e a t e s t  compress ion .  This  r e l i e f  
w o u l d  i nc rea se  t he  w e i g h t  ga in  b e f o r e  s p a l l i n g  oc-  
cu r red .  A n y  m e c h a n i s m  p u r p o r t i n g  to e x p l a i n  t h e  
o x i d a t i o n  or  co r ros ion  of z i r c o n i u m  and  z i r c o n i u m  
a l loys  m u s t  accoun t  for  t he  an i so t rop i c  n a t u r e  of 
the  reac t ion .  I t  is obv ious  t h a t  m o r e  e x p e r i m e n t a l  
w o r k  is n e e d e d  be fo re  conclus ions  m a y  be  d r a w n  
r e g a r d i n g  d i f f e r en t i a l  f i lm g rowth .  

Effect of Al loying Elements  on Oxidation 

The  effect  of a l l o y i n g  e l e m e n t s  on the  cor ros ion  
r e s i s t ance  of z i r c o n i u m  has  been  d i scussed  in t e r m s  
of t he  c o n d u c t i v i t y  of t h e  ox ide  acco rd ing  to t he  
W a g n e r  m e c h a n i s m  b y  o t h e r  a u t h o r s  (13) ,  and  no 
a t t e m p t  is m a d e  to e v a l u a t e  these  ideas .  I t  is d e -  
s i red ,  h o w e v e r ,  to ca l l  a t t e n t i o n  to the  ro le  t h a t  
s e c o n d - p h a s e  inc lus ions  m a y  p l a y  in t h e  f i lm b u i l d -  
ing process .  I n t e r m e t a l l i c s  such  as Fe~Zr and  Zr~Ni 
h a v e  been  shown  in t h e m s e l v e s  to h a v e  poor  cor-  
ros ion res i s t ance ,  and  y e t  i t  has  been  o b s e r v e d  t h a t  
a fine d i spe r s ion  of these  p a r t i c l e s  in  an a l p h a  m a -  
t r i x  enhances  t he  co r ros ion  r e s i s t ance  of z i r c o n i u m  
(14) .  These  inc lus ions  m a y  s e r v e  in some  w a y  to 
anchor  t he  ox ide  f i lm to the  me ta l ,  or  a l l e v i a t e  
s t resses  in t he  g r o w i n g  ox ide  film. Here ,  too, m u c h  
e x p e r i m e n t a l  w o r k  r ema ins .  

Relation of Diffusion to Oxidation and Corrosion 

In  the  i n i t i a l  s tage  of o x i d a t i o n  or  co r ros ion  a 
f r e s h l y  e x p o s e d  z i r c o n i u m  su r f ace  wi l l  d i s so lve  o x y -  
gen  in sol id  so lu t ion  u n t i l  an  o x y g e n  c o n c e n t r a t i o n  

is e s t a b l i s h e d  at  the  i n t e r f a c e  w h i c h  is in e q u i l i b -  
r i u m  w i t h  t he  compos i t i on  of z i r c o n i u m  oxide .  A f t e r  
t h a t  t ime,  in t he  p r e s e n c e  of an  ox id i z ing  a t m o s -  
phe re ,  an  ox ide  scale  w i l l  ex i s t  on the  me ta l .  As t h e  
r e a c t i o n  proceeds ,  o x y g e n  w i l l  r e a c t  w i t h  m e t a l  
s a t u r a t e d  w i t h  o x y g e n  at  t he  in te r face ,  and  wi l l  
con t inue  to d i s so lve  in  t he  m e t a l  b e y o n d  the  i n t e r -  
face.  I f  t h e  so lu t ion  to t h e  d i f fus ion e q u a t i o n  g iven  
a b o v e  is e x a m i n e d  and  one a s sumes  tha t :  (a )  t he  
c o n c e n t r a t i o n  of o x y g e n  a t  t he  m e t a l - o x i d e  i n t e r -  
face  is a cons tan t ,  r e p r e s e n t i n g  the  s o l u b i l i t y  l imi t  
of o x y g e n  in meta l ,  (b)  t he  c o n c e n t r a t i o n  of o x y g e n  
is cons t an t  a t  the  o x i d e - g a s  or  l i qu id  in t e r face ,  
p r o b a b l y  r e p r e s e n t i n g  a s a t u r a t i o n  va lue ,  and  (c)  
the dimensions of the sample are very large com- 

pared to ~/Dt, s e v e r a l  conc lus ions  a b o u t  the  o x y g e n  
con ten t  of  c o r r o d i n g  z i r c o n i u m  m a y  be  d r a w n :  

(a )  O x y g e n  w i l l  be  d i f fus ing  into  m e t a l  a t  a l l  
t imes .  

(b )  The  f lux in  t he  ox ide  w i l l  d e c r e a s e  w i t h  t ime  
as o x i d e  t h i cknes s  increases .  

(c)  The  f lux in t he  m e t a l  w i l l  d e c r e a s e  w i t h  t ime.  
(d )  The  " d e p t h  of p e n e t r a t i o n " ,  w h i c h  is t he  d i s -  

t ance  b e y o n d  the  m e t a l - o x i d e  i n t e r f a c e  t h a t  
the  o x y g e n  has  p e n e t r a t e d  and  r e a c h e d  some  
a r b i t r a r y  concen t ra t ion ,  w i l l  i nc rea se  w i t h  
t ime .  

The  r a t i o  of t he  m o l a r  v o l u m e s  of ZrO~ to Z r  
( P i l l i n g - B e d w o r t h  n u m b e r )  is 1.56 so t ha t  t he  
g r o w i n g  ox ide  f i lm is c ons ide r e d  to be  u n d e r  c o m -  
press ion .  As  the  o x i d a t i o n  proceeds ,  t he  i nc r ea s ing  
e x t e n t  of o x y g e n  p e n e t r a t i o n  in a d v a n c e  of the  
m e t a l - o x i d e  i n t e r f a c e  wi l l  l e a d  to an  i n c r e a s i n g  e x -  
t en t  of e m b r i t t l e r n e n t  of t he  m e t a l  s u p p o r t i n g  the  
o x i d e  film. This  e m b r i t t l e m e n t  m a y  l essen  the  a b i l -  
i t y  of the  m e t a l  s u b s t r a t e  to w i t h s t a n d  the  s t ress  
n e c e s s a r y  to c o n s t r a i n  the  ox ide  film. A t  some po in t  
w h e n  the  d e p t h  of p e n e t r a t i o n  r eaches  a c r i t i ca l  
va lue ,  the  m e t a l  m a y  no l o n g e r  be  ab le  to s u p p o r t  
t he  ox ide  a n d  spa l l i ng  wi l l  ensue.  

The  i n t e r p r e t a t i o n  of w e i g h t - g a i n  d a t a  for  z i r -  
con ium o x i d a t i o n  and  cor ros ion  shou ld  be r e - e x -  
a m i n e d  in v i e w  of: ( a )  t he  a p p r e c i a b l e  d i s so lu t ion  
of o x y g e n  in z i r c o n i u m  d u r i n g  ox ida t ion ,  (b)  t he  
a n i s o t r o p y  of t he  o x i d a t i o n  of  z i r c o n i u m  gra ins ,  a n d  
(c)  t he  a g r e e m e n t  b e t w e e n  the  o r i e n t a t i o n  d e p e n d -  
ence of d i f fus ion  a n d  ox ida t ion .  
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The Reaction between Iron and Water 
in the Absence of Oxygen 

V. J. Linnenbom 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The react ion be tween  pure  i ron and oxygen-f ree  wa te r  has been invest i -  
gated at  25 ~ 60 ~ and 300~ At  room tempera tu re ,  the  p r i m a r y  p roduc t  of 
react ion appears  to be Fe(OH)2;  no evidence was found to indicate  the  pres -  
ence of Fe~O,. Fo rma t ion  of Fe~O,, however ,  occurs r ead i ly  in the i ron-wate r  
sys tem at both  60 ~ and 300~ The poss ib i l i ty  that  this  Fe~O, is p roduced  v ia  
fo rmat ion  and subsequent  decomposi t ion of Fe(OH)~ is discussed; the  conclu- 
sion is reached tha t  the  mechanism of fo rmat ion  of FesO~ from the  react ion of 
i ron and wa te r  cannot be decided defini tely at this  t ime. 

The  n a t u r e  of the  p r o d u c t  w h i c h  r e su l t s  w h e n  
p u r e  i r on  r eac t s  w i t h  w a t e r  in t he  absence  of o x y -  
gen is a m a t t e r  of f u n d a m e n t a l  i m p o r t a n c e  in cor -  
ros ion  s tudies .  A t  e l e v a t e d  t e m p e r a t u r e s ,  t h e r e  is 
g e n e r a l  a g r e e m e n t  t h a t  t he  end  p r o d u c t  is Fe~O4. 
H o w e v e r ,  conf l ic t ing r e p o r t s  h a v e  a p p e a r e d  in  t he  
l i t e r a t u r e  as to w h e t h e r  th is  p r o d u c t  a t  r oom t e m -  
p e r a t u r e  is F e ( O H ) 2  or  Fe~O4. A n u m b e r  of i n v e s t i -  
ga to r s  (1 -3 )  h a v e  e m p l o y e d  the  r e a c t i o n  of i ron  
w i t h  o x y g e n - f r e e  w a t e r  to  m e a s u r e  the  so lub i l i t y  of 
f e r r o u s  h y d r o x i d e ,  on the  a s s u m p t i o n  t h a t  th is  c o m -  
p o u n d  is t he  end  p r o d u c t  of t he  reac t ion ,  and  t h a t  
t he  p H  and  s o l u b i l i t y  va lue s  o b t a i n e d  a re  c h a r a c -  
t e r i s t i c  of a s a t u r a t e d  so lu t ion  of Fe (OH)~ .  On the  
o t h e r  hand ,  i t  has  also been  r e p o r t e d  (4 -6 )  t h a t  
Fe~O4 is t h e  end  p r o d u c t  of t he  reac t ion .  In  th is  con-  
nect ion,  S c h i k o r r  (7)  also c l a i m e d  t h a t  f e r rous  h y -  
d r o x i d e  at  r o o m  t e m p e r a t u r e  s l owly  t r a n s f o r m s  
into  m a g n e t i t e ,  a cco rd ing  to w h a t  is n o w  k n o w n  as 
S c h i k o r r ' s  r eac t ion :  

3Fe(OH)~--> Fe~O~ -~ H~ ~- 2H~O ( I )  

The  occu r r ence  of such a r e a c t i o n  w o u l d  a p p e a r  
to conf i rm the  c l a im  t h a t  Fe,O,  is t he  end p r o d u c t  
of t h e  i r o n - w a t e r  reac t ion .  H o w e v e r ,  E v a n s  and  
W a n k l y n  (8)  and  S h i p k o  and  Doug la s  (9)  f o u n d  
no ev idence  t h a t  r e a c t i o n  ( I )  occurs  at  r o o m  t e m -  
p e r a t u r e  un less  c e r t a i n  subs t ances  a r e  p r e s e n t  to 
c a t a l y z e  the  reac t ion .  

I t  is t h e  p u r p o s e  of th is  c o m m u n i c a t i o n  to r e p o r t  
some  e x p e r i m e n t a l  w o r k  c a r r i e d  out  h e r e  on  the  
i r o n - w a t e r  r e a c t i o n  in t h e  a b s e n c e  of oxygen ,  t he  
r e su l t s  of w h i c h  i n d i c a t e  t h a t  F e ( O H ) 2  is f o r m e d  
b y  th is  r e a c t i o n  at  r o o m  t e m p e r a t u r e ,  a n d  t h a t  Fe~O4 
is f o r m e d  on ly  a t  h i g h e r  t e m p e r a t u r e s .  1 

Experimental 
The  s a m p l e s  of i ron  used  in th is  w o r k  c a m e  f r o m  

t h r e e  d i f fe ren t  sources .  One  was  a s p e c i m e n  of p u r e  
i ron  foi l  o b t a i n e d  f rom the  N a t i o n a l  B u r e a u  of 
S t a n d a r d s ,  c o n t a i n i n g  less  t h a n  0.01% impur i t i e s .  
The  second  was  an  i ron  p o w d e r  p r e p a r e d  b y  the  
r e d u c t i o n  of r e a g e n t  g r a d e  f e r r i c  oxide .  The  t h i r d  
was  a c o m m e r c i a l l y  a v a i l a b l e  r e d u c e d  i ron  p o w d e r ,  
also cer t i f ied  to be  r e a g e n t  g r ade ;  h o w e v e r ,  an  
aqueous  suspens ion  of th is  l a t t e r  m a t e r i a l  as  r e -  
ce ived  was  f o u n d  to be  s l i g h t l y  a lka l ine ,  a n d  i t  was  
n e c e s s a r y  to w a s h  i t  e x h a u s t i v e l y  b y  d e c a n t a t i o n  
b e f o r e  use  to r e m o v e  th is  i m p u r i t y .  In  a l l  cases  t he  
p o w d e r  s a m p l e s  j u s t  p r i o r  to use  w e r e  r e d u c e d  in 
pur i f i ed  h y d r o g e n  a t  90O~ for  a p e r i o d  of 24 hr ;  
th is  p r o d u c e d  a s i n t e r e d  mass  of r e d u c e d  i ron  p o w -  
d e r  w h i c h  was  b r i g h t  and  s i l v e r y  in  a p p e a r a n c e  and  
w h i c h  t a r n i s h e d  v e r y  q u i c k l y  if e xpose d  to air .  The  
i ron  foi l  was  a l t e r n a t e l y  ox id i zed  and  r e d u c e d  s ev -  
e r a l  t imes  to p r o d u c e  a v e r y  r e a c t i v e  sur face ,  t he  
f inal  r e d u c t i o n  w i t h  pur i f i ed  h y d r o g e n  a g a i n  b e i n g  

1 T h e s e  e x p e r i m e n t s  a r e  r e p o r t e d  i n  m o r e  d e t a i l  i n  N a v a l  R e -  
s e a r c h  L a b o r a t o r y  R e p o r t  4824, S e p t e m b e r  1956. 
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carr ied  out at  900~ for 24 hr. Al l  wa te r  used in the 
exper iments  was doubly  dist i l led and stored in 
quartz  containers,  the  second dis t i l la t ion being 
made  f rom an a lka l ine  pe rmangana t e  solution. 

The react ion was inves t iga ted  at  three  different  
tempera tures ,  25 ~ 60 ~ and 300~ At  room tem-  
pe ra tu re  the react ion was carr ied  out in both Py rex  
and quar tz  containers,  since Corey and F innegan  
(5) repor ted  different  resul ts  for these two ma te -  
rials. Each flask was fitted wi th  an in te rna l  filter 
through which samples  could be w i thd rawn  at  
periodic in tervals  for solubi l i ty  and pH measure -  
ments. Before adding the iron, the  wa te r  was first 
deoxygena ted  by  bubbl ing  purif ied hydrogen  
through the wate r  for a per iod of 48 hr. The t r ans -  
fer  of the  f reshly  reduced iron to the  flask conta in-  
ing the  oxygen- f ree  wa te r  was then carr ied  out in a 
d ry  box under  an a tmosphere  of purified helium. 
During the course of the exper iment  a s t ream of 
hydrogen  was passed cont inuously through the solu-  
tion; it was a l lowed to exi t  through a mercury  t rap  
to p reven t  back diffusion of air  into the flask. The 
mercury  t rap  thus produced a sl ight  posi t ive p res -  
sure inside the flask for the ent ire  dura t ion  of the 
exper iment .  

The exper iments  at  60~ were  carr ied out in the 
same appara tus  by encasing the flask in a heat ing 
jacket  and control l ing the heat  input  manua l ly  by 
means of a vol tage  regula tor .  

The exper iments  at  300~ were  carr ied  out in a 
go ld -p la ted  nickel  autoclave equipped with  an in-  
te rna l  gold filter element.  The doubly  dis t i l led wa te r  
was deoxygena ted  as descr ibed above, the reduced 
iron sample  added under  a he l ium atmosphere,  and  
the autoclave sealed off. Dur ing the ini t ia l  per iod  
of heat ing from room t empera tu re  up to 300~ a 
vent  plug was opened per iodica l ly  to flush excess 
hel ium and hydrogen  from the system wi th  the 
s team being genera ted  inside the autoclave.  

Results 

At room t e m p e r a t u r e  there  was no vis ible  evi-  
dence tha t  magne t i t e  was formed. The surface of 
the reduced iron remained  br ight  and s i lvery  in 
appearance,  even af ter  42 days contact  wi th  water .  
The solution af ter  only a few hours showed a s trong 
Tyndal l  effect (absent  at  the s ta r t ) ,  indica t ing  the 
presence of suspended colloidal  mater ia l .  In some 
of the  exper iments  a definite t race of t u rb id i ty  de-  
veloped. Af te r  four days '  react ion time, samples of 
solution w i t h d r a w n  through  the filter showed a pH 
of 9.30 and a soluble Fe  content of 0.4 ppm. These 
resul ts  agree wi th  those repor ted  by  Mura ta  (3) for 
the same react ion t ime interval .  The pH remained  
constant  wi th  t ime; however,  the  soluble iron con- 
tent  showed a slow decrease, f inal ly reaching a con- 
s tant  value  of 0.08 ppm Fe af ter  app rox ima te ly  30 
days. This m a y  have been due to (a) increased 
fi l tering efficiency wi th  t ime due to par t ic le  size 
growth  of the  colloidaI ferrous  hydroxide ,  or (b) a 
change in the  na ture  of the  colloidal  species due to 
aging, wi th  a consequent  change in solubil i ty.  The 
vis ible  absence of any black magnet i te  in the  sys-  
tem, together  wi th  the  pH and solubi l i ty  values,  
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indicate  tha t  Fe(OH)2 is the species exis t ing in 
contact  with oxygen- f r ee  wa te r  at  25~ In one or 
two cases where  some magnet i te  did form, the  rea -  
son was t raced to leakage  of air  into the system. 
This was confirmed by  exper iments  in which, af ter  
severa l  days  react ion time, the  hydrogen  flow was 
s topped and ai r  was de l ibe ra te ly  admi t t ed  to the 
flask. The flask was then  sealed, and af te r  a suffi- 
cient t ime lapse to al low diffusion of a i r  through the 
water ,  the submerged  s intered mass of iron powder  
began to darken.  Eventual ly ,  an apprec iab le  quan-  
t i ty  of loose, b lack Fe~O4 powder  was formed.  How- 
ever, when oxygen was carefu l ly  excluded,  no 
vis ible  signs of magne t i t e  format ion  were  not iceable  
at room tempera ture .  There was no significant change 
in exper imen ta l  resul ts  when quar tz  react ion flasks 
were  subs t i tu ted  for Pyrex ,  con t ra ry  to the repor t  
of Corey and F innegan  (5).  

At  60~ the format ion  of b lack Fe30, proceeded 
fa i r ly  rapid ly ,  even in the absence of oxygen. Ex-  
per iments  which had  been al lowed to proceed at 
room t empera tu r e  for severa l  days  showed almost  
immedia te  format ion  of the b lack  oxide on the sur -  
face of the submerged  iron when the t empe ra tu r e  
was ra ised to 60 ~ . At  this  t e m p e r a t u r e  the  soluble 
iron content  was found to be app rox ima te ly  0.008 
ppm after  10 days '  contact  be tween iron and water .  

Dur ing the course of the exper iments  car r ied  out 
at 300~ visual  observat ions  could not be made. 
However,  at  the conclusion of all  of the exper iments  
the  autoclave was a lways  found to contain large  
quant i t ies  of b lack Fe304. Solubi l i ty  values  in these 
high t e m p e r a t u r e  runs showed a definite decrease 
wi th  t ime and tended  to approach a lower  l imit  of 
about  0.05 ppm Fe. 

Discussion 
Thermodynamic  da ta  (10) show tha t  both 

Fe(OH)2 and Fe~O4 may  be formed spontaneously  
in the react ion be tween iron and oxygen- f ree  wa te r  
at room tempera ture ,  and tha t  Fe (OH) ~ can fu r the r  
react  spontaneously  to form FelOn: 

Feq-2H~O->Fe(OH)~q-H.~ AF~ = --2190 cal (II)  

3Feq-4H~O-~Fe30~q-4H~ AF~ --15,640 cal ( I I I )  

3Fe(OH)~-->Fe~O~q-2H~OWH~ AF~ ~ --9070 cal (I)  

However,  these da ta  tel l  us nothing about  the  re la -  
t ive ra tes  of the  reactions,  nor of the  mechanism by 
which Fe,O, may  be formed. F rom the exper i -  
men ta l  work  descr ibed here  i t  would appea r  l ike ly  
tha t  react ion (II)  p redomina tes  at room t empera -  
ture. Solubi l i ty  and pH values, as wel l  as visual  
evidence, indicate  tha t  Fe(OH)~ is the solid species 
in equi l ibr ium wi th  solution at 25~ The absence 
of Fe~O, would indicate  tha t  react ions (I)  and ( I I I ) ,  
a l though the rmodynamica l ly  favored,  are  too slow 
to be measurab le  at  room t empera tu re  wi th in  the 
t ime (40 days)  of these exper iments .  

Heat  capaci ty  da ta  as a function of t empe ra tu r e  
(11, 12) a l low calculat ions to be made  on the ~ree 
energy change of react ion ( I I I )  at 60 ~ and 300~ 
At  both t empera tu res  this react ion is stil l  t he rmo-  
dynamica l ly  possible; hence, direct  format ion  of 
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Fe~O, via ( I I I )  remains  possible. Unfor tunate ly ,  
heat  capaci ty  da ta  on Fe(OH)~ necessary to make  
s imi lar  calculat ions for react ions (I)  and (II)  at  
these t empera tu res  are  lacking, so tha t  the possibi l -  
i ty  of Fe~O~ format ion  via pr ior  format ion of 
Fe(OH)2 cannot be e l iminated.  Such calculations,  
therefore,  offer no significant clues as to the reac-  
t ion mechanism. In this pa r t i cu la r  case, fu r the r  ex-  
pe r imenta t ion  is needed in order  to l ea rn  the mech-  
anisms involved.  

One fu r the r  point  should be emphasized.  This is 
the ex t reme  sensi t iv i ty  of react ion (I)  to the pres-  
ence of other  mater ia ls .  Excess hyd roxy l  ion, for 
example,  m a r k e d l y  inhibi ts  the reaction, even at 
e levated  t empera tu res  (9).  On the other  hand, 
Evans and W a n k l y n  (8) repor ted  the decomposi t ion 
of prec ip i ta ted  ferrous hydrox ide  at  room t e m p e r a -  
ture  in the presence of nickel  powder,  copper  pow-  
der, colloidal  p la t inum,  p la t inum chloride, and 
nickel  sulfate;  in the absence of these mater ia ls ,  no 
decomposit ion occurred. Similar ly ,  Shipko and 
Douglas (9) found it necessary to co-prec ip i ta te  
nickel  hydrox ide  wi th  the  ferrous hydrox ide  in 
order  to observe decomposit ion of the  la t te r  at  
room tempera tu re ;  in the  absence of the nickel  hy-  
droxide,  react ion (I)  did not proceed at a meas-  
u rab le  ra te  below 100~ The format ion of Fe~O, at 
60~ in this work  may  therefore  have been due 
to the catalyzing effect of excess iron powder  in 
promot ing  react ion ( I ) .  It  is appropr ia t e  to ment ion 
here  a repor t  by Gould and Evans (13) that  in the 
absence of oxygen boil ing wate r  reacts  wi th  steel to 
first form Fe(OH)~, which then decomposes to give 
Fe~O, as the  end product .  These observat ions are 
per t inent  to the p rob lem of the corrosion of iron and 
steel  in oxygen- f r ee  water .  Any  impur i t y  or added 
substance which is effective in promot ing  react ion 
(I)  might  wel l  affect corrosion rates  by prevent ing  
format ion  of a possible pro tec t ive  film of ferrous  
hydroxide .  

To summarize,  the  evidence repor ted  here (solu-  
bi l i ty,  pH, and visual  observat ion)  indicates  that  

Fe(OH)~ is the p r i m a r y  produc t  of the  react ion be-  
tween pure  iron and oxygen- f ree  wa te r  at room 
tempera ture .  No evidence was found to indicate  the 
presence of Fe30,. The mechanism of the  format ion  
of Fe,O4 at h igher  t empera tu res  cannot be definitely 
decided. Whether  magne t i t e  format ion  is necessar i ly  
preceded by the format ion  of Fe(OH)~, or whe ther  
it is formed d i rec t ly  f rom the wa te r  react ing on the 
iron, is not clear. 
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Stainless Steels 
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ABSTRACT 

Transgranu la r  stress corrosion cracking of 18-8 Type 304 specimens in 
boil ing 42% MgC12 does not  depend on rate of stressing (<1 sec to 10 min)  
nor  on small  variat ions in degree of plastic deformation. Cold worked speci- 
mens fail in shorter times than annealed, sheared specimens. Addit ion of HC1 
to MgCL decreases cracking t ime whereas addit ion of NaOH increases the 
time. Pre-exposure  of unstressed specimens to MgC]~ slightly decreases crack- 
ing times of the same specimens subsequent ly  stressed. Cracks occur along 
sheared edges of unstressed specimens despite stress relief anneal  at 375~ 
for 2 hr. 

Cracks propagate along sheared edges of U-bend specimens at 0.5 to 1 c m/ h r  
through that  portion of the specimen cross section in tension, the rate being 
much slower through the remain ing  cross section. No induct ion t ime for cracks 
to ini t ia te  was observed. 

Sizeable pits are not necessary for cracking in MgC12, but  appear to be essen- 
tial in media like NaC1 which in absence of pi t t ing is not par t icular ly  active 
in causing cracking. The pi t t ing mechanism produces concentrated low pH 
metal  chlorides (e.g., FeC12) wi th in  the pit, which like MgCI~ cause immediate  
cracking. Oxygen is required for pi t t ing of 18-8 by NaC1 solutions as shown 
by Uhlig and Morrill, and hence also for stress corrosion cracking as observed 
by Will iams and Eckel, but  oxygen is not necessary in  MgCL or FeCL. 

Cracking can be prevented by cathodic protection at a C.D. of 0.03 ma / c m ~ 
or higher. Anodic C.D. up to 0.01 ma / c m 2 were found to have no effect on 
cracking tendency, nor  did coupling of 18-8 to Pt. 

T r a n s g r a n u l a r  c rack ing  of aus ten i t i c  s ta inless  
steels occurs w h e n e v e r  the alloys s t ressed in  t ens ion  
are  exposed s i m u l t a n e o u s l y  to a cr i t ical  chemica l  
e n v i r o n m e n t .  Fa i l u r e s  of this k i n d  occur w i th  all  
the  c o m m o n  18-8 s ta inless  steels, i n c lud ing  the 
s tabi l ized (A.I.S.I.  Type  321 and  347), m o l y b d e -  
n u m - c o n t a i n i n g  (Type  316), and  low ca rbon  (ELC 
Type  304) grades, and  also the  h ighe r  n ickel  grades  
(Types  309 and  310).  The  t ime  r e q u i r e d  for c rack-  
ing can be a m a t t e r  of hours  u n d e r  severe  condi -  
tions, or of years  for less severe  exposures .  Avo id -  
ance  of fa i lu re  can  be approached  by  chang ing  the  
e n v i r o n m e n t ,  which  is discussed herewi th ,  or by  
cer ta in  me t a l l u rg i ca l  a l t e ra t ions  which  wil l  be dis-  
cussed in  ano the r  paper .  Relief  of res idua l  stress 
does no t  appear  to be  more  t h a n  a t e m p o r a r y  ex-  
ped ien t  because  c rack ing  occurs e v e n t u a l l y  at ap-  
pl ied stresses, for examp le  in  a MgC12 solut ion,  no 
g rea te r  t h a n  10,000 psi (1),  or in  wa t e r  at  e leva ted  
t e m p e r a t u r e s  at a stress as low as 5,000 psi (2) .  

Chemica l  med ia  mos t  apt  to cause c rack ing  are 
those con t a in ing  chlor ides  at  a pH s l igh t ly  on the  
acid side of neu t r a l .  Hence  bo i l ing  concen t r a t ed  
m a g n e s i u m  chlor ide cons t i tu tes  a severe  e n v i r o n -  
m e n t  and  c rack ing  occurs w i t h i n  a few hours.  G e n -  
e ra l  corrosion in  such med ia  is on ly  slight.  In  med ia  

1 P r e s e n t  add re s s :  Esso S t a n d a r d  Oi l  C o m p a n y ,  Eve re t t ,  M a s s a -  
chuset ts .  

for which  gene ra l  corrosion is p ronounced ,  c rack ing  
m a y  not  occur at  all. 

A l t h o u g h  chlor ides  are  the  common  cons t i t uen t  of 
a va r i e t y  of e n v i r o n m e n t s  which  induce  cracking,  
the i r  p resence  does no t  seem to be  a l toge ther  neces-  
sary. T r a n s g r a n u l a r  c rack ing  of 18-8 has been  ob-  
served,  for example ,  in  caust ic  soda solut ions  at 
350~ (660~ u n d e r  p ressure  (1) ,  in  acid sulfite 
cooking l iquors  (1) ,  in  12% hydrof luor ic  acid p lus  
0.2% fluosilicic acid at  80~ (180~ (3) and  in  
m o l t e n  NaOH (4) at  370~ (700~  F u r t h e r m o r e ,  
c rack ing  of 18-8 has been  observed  in  hot  wa t e r  
c o n t a i n i n g  v e r y  l i t t le  chlor ide (5) ,  in  s t eam con-  
densa te  con t a in ing  less t h a n  0.5 p p m  tota l  solids 
(6) ,  and  in  cooling wate r s  con t a in ing  25 p p m  or 
more  of chlor ide  (7) .  Wi l l i ams  and  Eckel  (2) r e -  
por t  tha t  oxygen  is necessa ry  for c r ack ing  of 18-8 
in  hot  w a t e r  or in  s team con ta in ing  smal l  quan t i t i e s  
of chloride.  They  also repor t  an  ins tance  of c rack-  
ing  in  a severe ly  cold worked  18-8 exposed to hot  
p u r e  water .  2 M a n y  add i t iona l  examples  are ci ted in  
the  l i t e ra tu re .  

2 T h e r e  is  a p o s s i b i l i t y  t h a t  t he  m e c h a n i s m  of  t r a n s g r a n u l a r  c r ack -  
i n g  in  c h l o r i d e - f r e e  e n v i r o n m e n t s  o c c u r r i n g  w i t h  18-8 t h a t  is  
s e v e r e l y  cold w o r k e d ,  and  hence  ha s  b e e n  t r a n s f o r m e d  in  p a r t  f r o m  
a u s t e n i t e  to fe r r i t e ,  d i f fers  f r o m  t h a t  o c c u r r i n g  w i t h  t o t a l l y  aus -  
t en i t i c  a l loys  i n  ch lo r ide  so lu t ions .  The  m e c h a n i s m ,  fo r  e x a m p l e ,  
m a y  be  r e l a t ed  to  c r a c k i n g  of  f e r r i t i c  and  m a r t e n s i t i c  s t a in less  
s tee ls  i n  c h l o r i d e - f r e e  e n v i r o n m e n t s  b y  a m e c h a n i s m  t h a t  appea r s  
to  r e q u i r e  i n t e r s t i t i a l  h y d r o g e n  r a t h e r  t h a n  e l e c t r o c h e m i c a l  r eac t i on  
a t  t he  apex  of  a g r o w i n g  crack.  Th i s  p a r t i c u l a r  m a t t e r  r e q u i r e s  
f u r t h e r  s tudy .  
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The  ob j ec t  of t he  p r e s e n t  i n v e s t i g a t i o n  was  to 
ou t l ine  c h e m i c a l  f ac to rs  a f fec t ing  t i m e  of c r a c k i n g  
of 18-8 s ta in less  s tee l  in a bo i l ing  42% m a g n e s i u m  
ch lo r ide  t es t  so lu t ion ,  and  to c o r r e l a t e  t h e s e  effects 
w i t h  a p l a u s i b l e  m e c h a n i s m  of c rack ing .  

Test Apparatus 

S p r i n g - l o a d e d ,  U - b e n d ,  T y p e  304 s t a in less  s tee l  
s p e c i m e n s  s t r e s sed  b e y o n d  the  e l a s t i c  l i m i t  w e r e  
used  for  a l l  t h e  tes ts .  The  tes t  so lu t ion  was  bo i l ing  
42% MgC1, a t  154~ as  sugges t ed  b y  Sche i l  (8) ,  in 
w h i c h  c o m p l e t e  f a i l u r e  b y  c r a c k i n g  occu r r ed  in 
a b o u t  4 h r2  

O u r  choice  of t es t  spec imens  s t r e s sed  b e y o n d  
r a t h e r  t h a n  b e l o w  the  e las t i c  l im i t  was  b a s e d  on the  
o b s e r v a t i o n  b y  s e v e r a l  i n v e s t i g a t o r s  and  b y  our  own  
w o r k  t h a t  spec imens  so s t r e s sed  a r e  m o r e  su scep t i -  
b l e  to c rack ing ,  t h e y  f a i l  in  a s h o r t e r  t ime,  a n d  r e -  
p r o d u c i b i l i t y  f r o m  one r u n  to a n o t h e r  is r e a s o n a b l y  
good. F u r t h e r m o r e ,  a n y  s teps  w h i c h  can  be  t a k e n  to 
avo id  s t ress  co r ros ion  c r a c k i n g  a re  m o r e  s igni f icant  
if  t h e y  succeed  w i t h  spec imens  s t r e s sed  suff ic ient ly  
to cause  p l a s t i c  d e f o r m a t i o n ?  

The  tes t  a p p a r a t u s  was  c o n s t r u c t e d  of 5 /16 - in .  
squa re  18-8 s t a in l e s s  s tee l  s tock  to w h i c h  was  a t -  
t a c h e d  a s l id ing  a r m  of 1,/8 x 3/8 in. 18-8 s t a in less  
s tee l  s t r ip ,  bo th  s t ress  r e l i eved .  The  tes t  s p e c i m e n  
was  he ld  u n d e r  s t ress  b y  a s t rong  compres s ion  
s p r i n g  a n d  an  a d j u s t a b l e  sc rew loca t ed  at  t he  top  of 
t he  ho lde r .  Two no t ched  p o r c e l a i n  b locks  i n s u l a t e d  
t h e  s p e c i m e n  i t se l f  f r o m  the  s l id ing  a rm.  A n  a d j u s t -  
ab l e  s c r ew a t t a c h e d  to t he  s l id ing  a r m  o p e r a t e d  a 
n o r m a l - o p e n  m i c r o s w i t c h  which ,  in  turn ,  s t oppe d  
an  e lec t r i c  t ime  r e c o r d e r  w h e n  the  s p e c i m e n  fa i led .  

Two t y p e s  of tes t  cel ls  w e r e  c o n s t r u c t e d  f rom 
2- l i t e r ,  w i d e - m o u t h  E r l e n m e y e r  P y r e x  flasks w h i c h  
w e r e  f i t ted  a t  the  neck  w i t h  71/60 g r o u n d  glass  
o u t e r  jo in ts .  Condense r s  of 7/8-in. I.D. w e r e  f i t ted  
w i t h  71/60 g r o u n d  glass  i n n e r  jo in t s  to p e r m i t  e a sy  
r e m o v a l  f r o m  t h e  cells.  

The  f irst  t y p e  of t es t  cel l  was  a d a p t e d  to the  s t u d y  
of w e i g h t  loss a n d  c r a c k i n g  of s t r e s sed  spec imens  
(Fig .  1) ;  t he  o t h e r  was  a d a p t e d  to t h e  s t u d y  of 
c r a c k i n g  w h e n  spec imens  w e r e  a n o d i c a l l y  or  ca -  
t h o d i c a l l y  po la r i zed .  H e a t  was  s u p p l i e d  to bo th  
t y p e s  of cel ls  b y  e lec t r i c  ho t  p la tes .  

The  p o l a r i z a t i o n  ce l l  c o n t a i n e d  p l a t i n u m  foi l  
e l e c t rodes  in  t he  s ide  a r m s  s e p a r a t e d  f r o m  t h e  cen -  
t e r  p o r t i o n  b y  m e a n s  of s i n t e r e d  g lass  d isks .  F o r  
e l e c t r i c a l  con tac t  w i t h  t h e  t es t  spec imen ,  a p iece  of 
p l a t i n u m  wire ,  0.016 in. in d i a m e t e r ,  was  spo t  
w e l d e d  to t h e  u p p e r  su r f ace  of t he  s t r e s sed  spec i -  
m e n  a n d  t h e n  l ed  up  t h r o u g h  the  condenser .  In  
o r d e r  to m i n i m i z e  c u r r e n t  flow t h r o u g h  e l e c t r o l y t e  
to t h e  wi re ,  t he  l a t t e r  was  a lmos t  t o t a l l y  e nc a se d  
in  sec t ions  of 2 m m  P y r e x  glass  t ub ing .  The  l o w e r  
p o r t i o n  of t h e  tes t  a p p a r a t u s  ( t h a t  p a r t  i m m e r s e d  in 

s O t h e r  b o i l i n g  so lu t ions  w e r e  t r i e d ,  e .g . ,  [1] e t h y l e n e  g l y c o l  c o n -  
t a i n i n g  2 .5% to 12% MgC12 o r  [2] e t h y l e n e  g lyco l ,  {}.IN in  HC1, [3] 
65% a q u e o u s  CaCI2, [4] d i t to  w i t h  2 ml /1  c o n c e n t r a t e d  HC1, [5] 
g l y c e r i n e ,  0.TM in  NH4C1, [6] 9M a q u e o u s  NH~C1. H o w e v e r ,  o f  a l l  
t he se ,  o n l y  CaCI~ p r o d u c e d  c r a c k i n g  in  6.(} h r  f o r  s o l u t i o n  [3] a n d  
i n  4.0 h r  f o r  s o l u t i o n  [4].  

S i n c e  s u r f a c e  s t re s se s  a l o n e  d e t e r m i n e  s u s c e p t i b i l i t y  to  i n i t i a t i o n  
of  s tress  c o r r o s i o n  c r a c k i n g ,  a n d  t h e s e  c a n n o t  be  m e a s u r e d  eas i ly ,  a 
s p e c i m e n  s t r e s s e d  b e y o n d  t h e  e l a s t i c  l i m i t  de f ines  s u r f a c e  s t r e s s e s  i n  
g e n e r a l  m o r e  s a t i s f a c t o r i l y  t h a n  is t h e  c a s e  f o r  a t o t a l l y  a n n e a l e d  
s p e c i m e n .  T h i s  p r o b a b l y  e x p l a i n s  t h e  a u t h o r s '  o b s e r v a t i o n  t h a t  r e p r o -  
d u c i b i l i t y  is b e t t e r  f o r  p l a s t i c a l l y  d e f o r m e d  s p e c i m e n s .  

TO ELECTRIC 
CLOCK 

IN COMPRESSION 

"~ IN 
JT COOLING 

WATER 

GROUND GLASS 
dO~NT 

STRESSED 

iNCHES 

ELECTRIC 

Fig. 1. Apparatus for study of stress corrosion cracking 

t he  so lu t ion ) ,  a l t h o u g h  i n s u l a t e d  f rom the  spec imen ,  
was  t i g h t l y  w r a p p e d  w i t h  t h in  Teflon r i b b o n  in 
o r d e r  to avo id  a n y  s l igh t  c u r r e n t  l e a k a g e  bo th  onto 
and  off t h e  m e t a l  componen t s .  

The  tes t  so lu t ions  w e r e  p r e p a r e d  b y  us ing  r e a g e n t  
g r a d e  MgCI~. 6 H~O c r y s t a l s  w h i c h  w e r e  m e l t e d  and  
d i s so lved  in  t h e i r  o w n  w a t e r  of c ry s t a l l i z a t i on .  J u s t  
enough  d i s t i l l ed  w a t e r  was  a d d e d  to l o w e r  t h e  b o i l -  
ing  p o i n t  of t he  so lu t ion  to 154~ A l t h o u g h  v e r y  
l i t t l e  e v a p o r a t i o n  loss was  e nc oun t e r e d ,  m o r e  d i s -  
t i l l ed  w a t e r  was  a d d e d  da i ly ,  if  neces sa ry ,  so as to 
m a i n t a i n  th is  bo i l ing  poin t .  

S ince  t h e  MgCI~ so lu t ions  g r a d u a l l y  b e c a m e  con-  
t a m i n a t e d  w i t h  co r ros ion  p roduc t s ,  t he  so lu t ions  
cou ld  be  used  for  on ly  a l i m i t e d  t ime .  The  m a i n  
c o n t a m i n a n t  was  p r o b a b l y  f e r r i c  ion w h i c h  is 
k n o w n  to a c c e l e r a t e  s t ress  cor ros ion  c r a c k i n g  of 
s t a in less  s tee ls  in  MgCI~ ( 9 ) ,  In  genera l ,  i t  was  
f o u n d  pos s ib l e  to use  a s ing le  so lu t ion  for  30-40 h r  
of a c t u a l  tes t ,  d u r i n g  w h i c h  t i m e  the  so lu t ions  ac -  
q u i r e d  a y e l l o w i s h  or  o r a n g e  color.  

Di f fe ren t  ba t c he s  of f r e s h  a n a l y t i c a l  g r a d e  MgCI_~. 
6 H~O, p a r t i c u l a r l y  f rom d i f f e ren t  supp l i e r s ,  w e r e  
in t h e m s e l v e s  f o u n d  to v a r y  in p e r f o r m a n c e .  This  
n e c e s s i t a t e d  c o r r e c t i n g  the  r e su l t s  to t a k e  ca re  of 
t he  va r i a t i ons .  Cor rec t ions  w e r e  m a d e  b y  r u n n i n g  
5 o r  6 spec imens  in  a g i v e n  n e w  b a t c h  of. sal t ,  a n d  
d e t e r m i n i n g  t h e  a v e r a g e  t i m e  for  c r a c k i n g  c o m -  
p a r e d  w i t h  t he  a v e r a g e  t i m e  for  m a n y  ba t ches  of  
sa l t  (4.0 • 1 h r ) .  D a t a  of Fig .  3 and  5, for  e x a m p l e ,  
w e r e  c o r r e c t e d  in  th is  m a n n e r .  M a x i m u m  c o r r e c -  
t ions  a m o u n t e d  to 1.5 hr ,  and  a v e r a g e  co r r ec t ions  
for  Fig.  3 w e r e  1.3 h r  a n d  for  Fig .  5 w e r e  1.2 hr.  

Specimen Preparation and Stressing 

T h e  18-8 s t a in less  s teel ,  T y p e  304, was  s u p p l i e d  
b y  c o u r t e s y  of t he  C a r n e g i e - I l l i n o i s  S t ee l  C o r p o r a -  
t ion,  who  also p r o v i d e d  the  fo l lowing  ana lys i s :  
18.42% Cr, 8.63% Ni, 1.16% Mn, 0.08% C, 0.024% 
P, 0.018% S, 0.30% St, b a l a n c e  Fe .  The  ro l l ed  
1 /16- in .  t h i c k  sheet ,  as r ece ived ,  was  s h e a r e d  in to  
spec imens  m e a s u r i n g  5 in. long  and  % - i n .  wide .  
Each  s p e c i m e n  was  s t enc i l ed  a t  the  e x t r e m e  end  
w i t h  an  i d e n t i f y i n g  n u m b e r .  
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Specimens were  cleaned by  first removing any 
edge bur rs  wi th  a meta l  file. They were  then de-  
greased in boi l ing benzene for 3-5 min, a f te r  which 
they  were  r eady  for heat  t r ea tmen t  or pickling.  

The ma jo r i t y  of the specimens were  used e i ther  
in the  as - sheared  condition, or they  were  stress re -  
l ieved at  375~ for app rox ima te ly  2 hr, fol lowed by 
air  cooling. Some specimens were  heat  t r ea ted  by 
anneal ing for 20-30 rain at 1050~ fol lowed im-  
media te ly  by  wa te r  quenching. A hel ium a tmos-  
phere  was used dur ing  the anneal ing  to prevent  ex-  
cessive surface oxidation.  

Specimens af ter  heat  t r ea tmen t  were  p ickled in a 
15 vol % HNOs-5 vol % HF, based on the commer-  
cial acid concentrations,  at  a t e m p e r a t u r e  of 90~ 
To achieve op t imum surface reproducibi l i ty ,  speci-  
mens were  p ickled ind iv idua l ly  for exact ly  5 min 
in P y r e x  test  tubes immersed  in a wate r  ba th  at  
90~ af te r  which they  were  brushed under  tap  
wa te r  to remove  any loose scale. This was fol lowed 
by r insing in acetone, then  in benzene, and d ry ing  
in w a r m  air. 

The 5-in. test  specimens were  stressed beyond the 
y ie ld  point  by  bending in a vise unt i l  the ends of the  
specimen jus t  fitted into a notched stainless steel  
holder  which al lowed a span of 41/s in. The specimen 
was then t r ans fe r red  to the test  appa ra tus  by s l id-  
ing the two ends into the porcela in  holding blocks 
and the sl iding a rm t ightened unt i l  the notched 
holder  was just  released.  The specimen was finally 
centered and adjus ted  to a span of exac t ly  4 in. 

In all  of the bending  operations,  ex t reme  care was 
taken  not to al low any spr ing-back .  Once the speci-  
mens were  loaded in the test  appara tus ,  they  were  
immedia t e ly  immersed  in the test  solution. 

Results 

Corrosion rate determinations in 42% MgClf . - -  
The weight  losses of both stressed and unst ressed 
18-8 test  specimens, p rev ious ly  stress rel ieved,  then 
pickled and weighed,  and immersed  into the boi l ing 
42% MgCI~, were  de te rmined  as a function of time. 
Upon removal  f rom the test  solution, the  specimens 
were  brushed under  tap water ,  r insed in acetone, 
next  in benzene, dr ied  in air, and again weighed.  
Fresh  MgCI~ solutions were  used in all  these tests. 

Results are  given in Fig. 2 showing corrosion ra tes  

, i I1 i I 
1 6 [  I I i I 
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12 ~ STRESSED 

o 
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v~ 

HOURS EXPOSURE TO 42~ MqCI z 

Fig. 2. Weight loss of 18-8 specimens in 42% MgC]2 ot 
154  ~ (spec. .  p r ev ious ly  s t ress  r e l i e v e d ) .  

in m g / d m f / d a y  (mdd)  as a function of hours of 
exposure  to MgCI~, each point  represent ing  an ave r -  
age of 2-3 specimens. For  unstressed specimens, a 
high ini t ia l  corrosion ra te  falls  off to a lower  r e l a -  
t ive ly  s teady state af ter  about  4 hr. The same t r end  
takes place for stressed specimens except  tha t  
weight  loss is somewhat  h igher  and fa i lure  occurs 
before s t eady- s t a t e  conditions are  achieved. A few 
s imilar  measurements  by  D. Tr iadis  of this  l abo ra -  
tory  on specimens prev ious ly  annealed  at  1050~ 
and wa te r  quenched also showed a high ini t ia l  ra te  
fol lowed by  a lower  final ra te  af ter  about  4 hr  ex-  
posure. 

Rate of stressing on cracking t ime . - - In  order  to 
de te rmine  effect of ra te  of stressing, 18-8 test  speci-  
mens, stress re l ieved  as usual  af ter  shearing,  were  
bent  to a 4-in. span in t imes of 10 sec, 5 min, and 10 
min, and then immedia te ly  tes ted in MgCI~. Results  
are  summar ized  in Table I, showing no effect. 

Addi t iona l  but  smal le r  size specimens bent  at  
h igher  veloci ty  by impact  of fa l l ing weights  held in 
a special ly  constructed j ig also cracked wi thin  t imes 
normal  for s lowly deformed specimens. 

Degree of bending and cold work  on cracking 
t ime . - -S t ress -re l ieved  specimens were  bent  to spans 
ranging  f rom 31/2 to 4% in. In all  cases the appl ied  
stress was above the y ie ld  s t rength  (approx.  30,000 
ps i ) .  Data  of Table  II show no trend,  and, hence, 
small  var ia t ions  in stresses beyond the  yie ld  
s t rength  are not  impor tant .  The higher  average  t ime  
to cracking in Table II  (4.8 hr )  reflects behavior  of 
the pa r t i cu la r  batch of MgCI~ employed,  but  this 
value,  too, falls  wi th in  the  expe r imen ta l  va r ia t ion  
of all  tests. 

Severe  cold work  is another  story. Severa l  as- 
sheared specimens were  cold ro l led  to an average 
cross-sect ional  reduct ion of 30%. These specimens 
were  then cut to a 5-in. length, pickled,  bent  to the  
usual  4-in. span, and tes ted  in boi l ing 42% MgCI~. 
The observed average  t ime  to fa i lure  for six such 
specimens was 1.0----0.2 hr, which is significantly 

Table I. Time to failure of 18-8 specimens for various rates of 
stressing 

Rate of stressing 
(Time 

t o  bend speci- No. of Time to fai lure 
men  to 4-in. span) specimens (hr) Av 

10 sec 3 4.6, 4.3, 3.7 4.2 
5 rain 2 3.9, 4.2 4.1 

i0 rain 2 3.6, 4.1 3.9 

Table II. Time to failure of 18-8 specimens for various degrees of 
bending 

Span 
of s t r e s s e d  
specimens No. of T ime  of fai lure 

(in.) specimens (hr) A v  

3 ~  2 4.9,4.8 4.9 
4 3 5.8,3.5,4.0 4.4 
4�88 2 4.6,5.6 5.1 
4 ~  2 6.4,4.5 5.5 
4% 2 4.1,4.0 4.1 
4 ~  2 4.3,5.4 4.9 
4% 2 4.8,4.7 4.8 
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less t h a n  the  u s u a l  4 hr .  The  d e c r e a s e  of c r a c k i n g  
t ime,  p r o b a b l y  caused  b y  h igh  r e s i d u a l  s t resses  or  
m i c r o s t r u c t u r a l  changes ,  is in accord  w i t h  s i m i l a r  
e x p e r i m e n t s  on m i l d  s tee l  b y  P a r k i n s  (10) and  on 
18-8 b y  F r a n k s ,  B inder ,  and  B r o w n  (11) or  b y  H o a r  
a n d  Hines  (12) .  

Effect 05 adding acid or base to 42% M g C l , . - -  
S ince  v a l u e s  of p H  could  no t  b e  m e a s u r e d  a t  t h e  
bo i l ing  t e m p e r a t u r e  of 42% MgCI~ tes t  so lu t ion  
(154~ k n o w n  a m o u n t s  of  HC1 a n d  N a O H  so lu -  
t ions w e r e  a d d e d  to t h e  MgCI~ tes t  so lu t ion  w i t h o u t  
r e f e r e n c e  to m e a s u r e d  h y d r o g e n  ion ac t iv i ty .  A 10N 
HC1 so lu t ion  was  a d d e d  be fo re  r a t h e r  t h a n  a f t e r  
b r i n g i n g  the  so lu t ions  up  to t e m p e r a t u r e  in o r d e r  
to m i n i m i z e  v o l a t i l i z a t i o n  of the  HC1 on m i x i n g  
w i t h  ho t  MgCL. G e n e r a l  co r ros ion  of the  s t r e s sed  
18-8 t es t  spec imens  b e c a m e  s igni f icant  a t  8 m l  10N 
HC1/ l i t e r ,  and,  hence,  no q u a n t i t a t i v e  tes t s  w e r e  
c a r r i e d  out  for  a d d i t i o n s  of ac id  b e y o n d  this  amoun t .  
A d d i t i o n s  of a l k a l i  w e r e  l i m i t e d  to 2 m l  5N N a O t I /  
l i te r ,  s ince  i t  was  f o u n d  t h a t  f u r t h e r  a d d i t i o n s  
caused  p r e c i p i t a t i o n  of Mg(OH)~.  

The  p lo t  of Fig.  3 shows  t ime  to f a i l u r e  vs. m l /  
l i t e r  of a d d e d  ac id  or  base .  A d d i t i o n s  of ac id  d e -  
c r eased  the  c r a c k i n g  t i m e  to a m i n i m u m  of a b o u t  1/2 
the  n o r m a l  t ime,  w h e r e a s  a d d i t i o n s  of a l k a l i  i n -  
c r ea sed  the  t ime  s l igh t ly .  These  r e su l t s  p r o v e d  t h a t  
s h o r t e r  t imes  for  c r a c k i n g  in  used  tes t  so lu t ions  d id  
not  r e su l t  f r o m  d e c r e a s e  in a c i d i t y  caused  b y  r e -  
ac t ion  of t he  m e t a l  w i t h  MgCI~ solut ion.  I n s t e a d  the  
effect  is u n d o u b t e d l y  caused  b y  f e r r i c  ch lo r ide  ac -  
c u m u l a t i o n  (9)  t h r o u g h  co r ros ion  of spec imens  and  
tes t  a p p a r a t u s .  

Effect of anodic and cathodic polarizat ion.--The 
r a n g e  of anod ic  c u r r e n t  dens i t i e s  e m p l o y e d  was  
f r o m  0.0001 to 0.01 m a / c m  ~ based  on t h e  m e a s u r e d  
to t a l  su r f ace  a r e a  of the  t es t  spec imens  (28.5 cm'~). 
The  ca thod ic  c u r r e n t  dens i t i e s  r a n g e d  f rom 0.0017 
to 0.04 m a / c m  ~. I t  was  n e c e s s a r y  to s t a r t  each  tes t  
in f r e s h l y  p r e p a r e d  MgCI~ so lu t ion  in o r d e r  to ob -  
t a in  cons i s t en t  resu l t s .  G r a d u a l l y  a c c u m u l a t i n g  i m -  
pu r i t i e s ,  e.g., f e r r i c  ion f r o m  cor ros ion  p roduc t s ,  p o -  
t e n t i a l l y  caused  a l o w e r i n g  of  t he  ef fec t ive  c u r r e n t  
d e n s i t y  b y  con t inuous  r e d u c t i o n  at  t he  ca thode  and  
o x i d a t i o n  at  the  anode.  C u r r e n t  t h r o u g h  t h e  cel l  

k > 24 HR$ J 

I 

o 

o o 
o% 

C A T H O D I C - -  ANODIC 

I ~ I i I ~ I i I I I 
O 04 0 03 0 02 0 0 I  O 0 0 I  

CURRENT DENSITY, MILLIAMPS/Cm2 

Fig. 4. Effect of anodic and cathodic polar izat ion on t ime 
to failure of 18-8 specimens in 42% MgCb at 154~ (spec. 
previously stress relieved). 

v a r i e d  5% or  less,  w h i c h  in v i e w  of t he  l a r g e  a v e r -  
age  d e v i a t i o n  in t he  t i m e  to f a i l u r e  ( a p p r o x i m a t e l y  
___1.0 h r )  was  i nconsequen t i a l .  A p lo t  is p r o v i d e d  in 
Fig.  4 for  t i m e  to f a i l u r e  vs. a p p l i e d  c u r r e n t  dens i ty .  
A l l  po in t s  for  anod ic  p o l a r i z a t i o n  a r e  v a l u e s  a v e r -  
aged  for  2-4 spec imens  at  each  c u r r e n t  dens i ty ,  and  
s i m i l a r l y  for  2-5 spec imens  for  ca thod ic  p o l a r i z a -  
t ion,  w i t h  t h e  e x c e p t i o n  t h a t  o n l y  s ingle  runs  a r e  
r e p o r t e d  for  ca thod ic  va lue s  of 0.0017 and  0.02 
m a / c m  -~. 

No c r a c k i n g  o c c u r r e d  w i t h i n  the  m a x i m u m  t i m e  
of t he  t es t  (24 h r )  for  ca thod ic  c u r r e n t  dens i t i e s  
a b o v e  0.03 m a / c m  ~. On the  o t h e r  hand ,  anod ic  c u r -  
r e n t  dens i t i e s  of s m a l l  m a g n i t u d e  up  to 0.01 m a / c m  ~ 
h a d  no m e a s u r a b l e  effect on c r a c k i n g  t ime .  In  l ine  
w i t h  the  anodic  p o l a r i z a t i o n  resu l t s ,  4 s e p a r a t e  e x -  
p e r i m e n t s  in  w h i c h  p l a t i n u m  (4 c m  ~) was  coup led  
to 18-8 spec imens  s h o w e d  n o r m a l  a v e r a g e  c r a c k i n g  
t ime .  

Effect of pre-exposure  to 42% MgC12.--I t  was  d e -  
s i r a b l e  to k n o w  w h e t h e r  p r e - e x p o s u r e  of u n s t r e s s e d  
spec imens  to 42% MgC12 w o u l d  a id  in t he  i n i t i a t i on  
of c racks ,  or  p r o d u c e  s u r f a c e  a r e a s  su scep t i b l e  to 
c r a c k  fo rma t ion .  A n  effect  of th is  k i n d  was  r e p o r t e d  
b y  H o a r  and  Hines  (13) .  U n s t r e s s e d  18-8 t es t  spec i -  
mens ,  p r e v i o u s l y  s t ress  r e l i eved ,  w i t h  su r f a c e  p r e -  
p a r e d  as usual ,  w e r e  p r e - e x p o s e d  to 42% MgCI~ for  

] 1 I I n 1 

] I I I [, I I I ~ 
2 0 2 4 6 

*m110N NoOH/L ITER~ .ml 10 N HCI /L ITER 

Fig. 3. Effect of acid and alkal i  addit ions to 4 2 %  MgCb 
at  154~ on t ime to fai lure of stressed 18-8 specimens (spec. 
previously stress relieved). Spread of each point is standard 
deviat ion. 
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Effect of pre-exposure of 18-8 specnmens in un- 
stressed condit ion on t ime to fai lure when stressed in 4 2 %  
MgCI~ at 154~ (spec. previously stress relieved). Spread of 
each point is standard deviat ion. 
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Fig. 6. Average visible rate of crack propagation for 
stressed 18-8 specimens in 42% MgCI~. Total specimen thick- 
ness approx. 1.6 mm (spec. previously stress relieved). 

var ious  times, then immedia te ly  immersed  in a 
beaker  of dis t i l led water .  While  st i l l  wet  they  were  
stressed, loaded into the  test  appara tus ,  and quickly  
placed in the MgCI~ test  solution. Times of p re -  
exposure  var ied  from 0.5 to 24 hr, the corresponding 
cracking t imes being plot ted  in Fig. 5. The effect is 
one of sl ight decrease in the t ime for cracking af ter  
p re -exposu re  for 3 or more hours, wi th  no fu r the r  
effect for longer times. 

Rate of crack propagation.--In order  to obtain 
data  on the ra te  wi th  which cracks p ropaga te  
through stressed 18-8 test  specimens, a meta l lo -  
graphic  inspection and photomicrographic  s tudy 
were  made.  Stressed specimens were  immersed  in 
the test  solution for  periods ranging  f rom 5 min to 
4 hr. Upon removal  they  were  c leaned under  tap 
water ,  mounted  in Bakeli te ,  polished, and etched. 
The average  depth  of cracks was measured  f rom 
photomicrographs  of known magnificat ion and 
plot ted  vs. t ime of exposure  to MgCI~ in Fig. 6. 

Crack p ropaga t ion  at  the edges was ve ry  rap id  
(0.5-1 c m / h r )  E th rough  '/2 the specimen thickness,  
corresponding to the tension side. Cracks s topped 
momen ta r i l y  when they  reached the midsection,  
corresponding to the compression side of the U-bend  
specimen. At  this stage, th in  cracks in the form of 
tor tuous channels  through the meta l  grew wider ,  
even tua l ly  merging  to produce one or more ma jo r  
cracks. Consolidation of thin cracks both at  and 
away  from the edges requi red  about  2-21/z hr, 
whereupon one or more  ma jo r  cracks proceeded 
through the ent i re  specimen cross section wi th in  an-  
other  1'/2 hr. This behavior  c lear ly  demons t ra ted  
that  the al loy must  be stressed in tension and not 
in compression in order  to favor  stress corrosion 
cracking.  

No induct ion t ime for cracks to s ta r t  was found. 
Tiny t r ansg ranu l a r  edge cracks were  observed af ter  
the shortest  t ime of exposure  (5 min)  to MgCI_~, 
stil l  a l lowing t ime for the rmal  equi l ibr ium.  These 
cracks grew much deeper  wi th in  a ma t t e r  of add i -  
t ional  minutes.  The ini t ia l  cracks began usua l ly  at  
the sheared edges, despi te  stress re l ief  heat  t r ea t -  
ment,  growing r ap id ly  normal  to the surface, and 

H o a r  a n d  H i n e s  f o u n d  0 . 1 - 0 . 4  c m / h r  ( 1 4 ) .  

more s lowly l a te ra l ly  f rom both edges toward  the 
center  of the  convex surface. Hoar  and Hines (13) 
found an induct ion t ime for in i t ia t ion  of cracks in 
18-8 wire  stressed below the elastic limit,  except  
when they added HC1 to the MgCI~ solution, where -  
upon they  s ta ted that  the  induct ion t ime  d isap-  
peared.  No acid was added in our exper iments .  

The accompanying photomicrographs  (Fig. 7 
through 11) show the typica l  appearance  of sheared 
edges of bent  specimens af ter  var ious  t imes of ex-  
posure to MgCI~. 

Discussion 

Corrosion Rates 
The s l ight ly  h igher  weight  losses of s tressed speci-  

mens compared  wi th  unst ressed specimens (Fig. 2) 
is p robab ly  accounted for by growing cracks on the 
convex surface of the stressed specimens, which do 
not  develop in absence of stress. The higher  cor-  

Fig. 7. Sheared edge of bent, stress-relieved specimen af ter  
8-rain exposure to 42% MgCI2. Electrolytic etch, 50X. 

Fig. 8. Sheared edge of bent, stress-relieved specimen after 
lO-min exposure to 42% MgCI2. Electrolytic etch, 50X. 

Fig. 9. Sheared edge of bent, stress-relieved specimen af ter  
30-rain exposure to 42% MgCI2. Electrolytic etch, 50X. 
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Fig. 10. Sheared edge of bent, stress-relieved specimen 
after 2-hr exposure to 42% MgCIs. Electrolytic etch, SOX. 

Fig. 12. Sheared edge of unbent, stress-relieved specimen 
exposed to 42% MgCI2 for 2 hr. Electrolytic etch, 50X. 

Fig. 11. Sheared edge of bent, stress-relieved specimen 
which failed at 3.8-hr exposure to 42% MgCb. Electrolytic 
etch, 50X. 

rosion rates  can be expla ined  both by  format ion 
of addi t ional  a l loy surface opened up by cracks and 
by  electrochemical  action causing meta l  to dissolve 
at  the apexes of opening fissures. 

A high ini t ia l  compared to a final constant  corro-  
sion rate,  for both stressed and unstressed speci-  
mens, can be exp la ined  in pa r t  by  cracks tha t  de-  
velop rap id ly  at sheared edges despi te  stress rel ief  
heat  t r ea tmen t  (Fig. 12), and which stop growing 
af ter  tension stresses are re l ieved by crack fo rma-  
tion. Such cracks indicate  tha t  heat  t r ea tmen t  at  
375~ for 2 hr  is not effective in reducing res idual  
stress to a level  that  precludes  stress corrosion 
cracking. 

I t  is also l ike ly  tha t  oxygen dissolved in the test  
solution causes a high ini t ia l  rate,  d iminishing to a 
final s teady state as the oxygen is consumed or 
boiled off. A th i rd  fac tor  is the p re fe ren t ia l  corro-  
sion of those specific c rys ta l  faces of po lycrys ta l l ine  
test  specimens exhib i t ing  highest  corrosion rates. 
Examina t ion  of test specimens under  the micro-  
scope confirmed tha t  c rys ta l  facets were  well  de-  
veloped af ter  exposure  to MgCL, these represen t ing  
p re sumab ly  res idual  crys ta l  faces that  corrode least. 
The effect of both dissolved oxygen and crys ta l  
or ienta t ion explains  why  annealed  and w a t e r -  
quenched specimens, whose edges are not crack 
sensi t ive (Fig, 13), also show a higher  in i t ia l  cor-  
rosion rate.  

Effect of Pre-exposure 

It  is p laus ib le  tha t  cracking of sheared edges du r -  
ing pre-exposure ,  despi te  stress re l ief  t rea tment ,  

Fig. 13. Sheared eclge of unbent specimen, annealed 
1050~ W.Q., exposed to 42% MgCI~ for 2 hr. Electrolytic 
etch, 50X. 

caused par t  of the observed effect of p re -exposure  
on cracking times. Since specimens annealed  at 
1050~ and wate r -quenched ,  s imi la r ly  pre-exposed ,  
showed no surface cracks at e i ther  edge, p r e - e x -  
posure of specimens free of res idual  or appl ied  
stresses would p re sumab ly  have less effect on crack-  
ing t imes  of such specimens subsequent ly  bent.  Lack 
of reproduc ib i l i ty  for annea led-quenched  speci-  
mens has de layed an exper imen ta l  check of this 
conclusion and the ma t t e r  is now under  fu r the r  
study. Absence of an effect of p r e - exposu re  on 
cracking t imes of mi ld  steel in n i t ra tes  has been 
repor ted  by  Park ins  (10). The effect found by Hoar 
and Hines for  18-8 wires  p re -exposed  to MgCI~ may  
perhaps  have been the result ,  as in our tests, of r e -  
s idual  surface stresses causing superficial  cracks. 

Relation of Pits to Cracks 

There  is no evidence tha t  deep p i t t ing  must  p re -  
cede ini t ia t ion of a crack when MgCL is the test 
medium. Photomicrographs ,  such as those of Fig. 7, 
indicate  that,  wi th in  a t ime of exposure  as short  as 
8 min, surface cracks form without  evidence of 
surface cavit ies having  dimensions grea te r  than  the 
cracks themselves.  

However,  there  is good reason for be l iev ing  tha t  
in waters  containing neu t ra l  chlorides, e.g., NaC1, pi t  
format ion  may  a lways  precede stress corrosion crack-  
ing2 The evidence for this comes f rom var ious  in-  

6 L e u  a n d  Hel le  (15) d e m o n s t r a t e  t h a t  s m a l l  e l o n g a t e d  p i t s  of 
mic roscop ic  d i m e n s i o n s  f o r m  on s l ip  b a n d s  of s t ressed  18-8, and  
these  ac t  as n u c l e i  f o r  s u b s e q u e n t  cracks.  Loca l l i zed  a t t a c k  of t h i s  k i n d  
p r o b a b l y  a l w a y s  p recedes  s t ress  cor ros ion  c r a c k i n g  of 18-8. The  p i t s  
d i s cus sed  a b o v e  a re  o rde r s  of  m a g n i t u d e  l a r g e r  t h a n  t h e  d i m e n s i o n s  
of  s l ip  bands ,  and  occur  on ly  u n d e r  specif ic  cond i t ions .  
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stances of service fa i lures  where  cracks are  associated 
with  pits, for example ,  at  welded areas  where  na tu ra l  
crevices occur, or benea th  inorganic  scale fo rma-  
tions, or at  other  types  of crevices favorable  to the 
ini t ia l  action of oxygen-concen t ra t ion  cells. As was 
shown in an ear l ie r  paper  on mechanism of p i t t ing  
in stainless steels (16), in ter ior  surfaces of pits are  
the anodes of pass ive-ac t ive  galvanic  cells, wi th  dis-  
solution of anodic me ta l  serving to fill such pits  wi th  
concentra ted  low pH meta l  chlorides, in pa r t i cu la r  
ferrous chloride. Concentra ted  ferrous chloride is 
one of the active chemical  media  causing stress cor-  
rosion cracking, behaving  in this respect  l ike mag-  
nes ium chloride. For  example,  two stressed com- 
merc ia l  18-8 specimens exposed to boil ing (114~ 
concentra ted  ferrous chloride solution in a N2 a t -  
mosphere  were  found to crack t r an sg ran u l a r l y  
wi th in  an average  of 7.4 --+ 0.5 hr. (A s imilar  speci-  
men exposed to boil ing concentra ted  NaC1 did not 
pi t  nor crack wi thin  the m a x i m u m  test  per iod of 
250 hr.)  

Pits, therefore,  act as reservoirs  for concentra ted  
meta l  chlorides,  the  l a t t e r  in tu rn  being d i rec t ly  
act ive in causing stress corrosion cracking.  Wi th  
magnes ium chloride, the necessary c rack- induc ing  
medium is a l ready  at  hand, hence pi t t ing  is not 
necessary,  and cracks in p las t ica l ly  deformed meta l  
in i t ia te  as r ap id ly  as the meta l  comes into contact  
wi th  the test  solution. 

Dissolved oxygen is necessary for p i t t ing  to occur 
in NaC1 (17) because the cathodic react ion occur-  
r ing on the la rge  ex te r ior  surface of al loy sur round-  
ing the pi t  requires  presence of a depolar izer .  I t  is 
significant in this r ega rd  that  Wil l iams and Eckel  
(2) repor t  dissolved oxygen is also necessary for 
stress corrosion cracking of 18-8 in NaC1 solutions 
at e levated  tempera tures ,  f rom which one can con- 
clude tha t  since boil ing concentra ted  NaCI did not 
cause cracking, p i t t ing  a lways  precedes cracking in 
this medium. Fol lowing the reasoning above, dis-  
solved oxygen should not be necessary for cracking 
in MgCI~ or FeC12 solution. This is confirmed for 
FeCI~ by the prev ious ly  cited exper imen t  and for 
MgCl~ by an exper iment  in which two sheared Type 
304 small  size test specimens were  exposed to 42% 
MgCI~ test solution, the  l a t t e r  being thoroughly  
deaera ted  with  purified ni t rogen before and dur ing 
the test, and observing cracking wi th in  3.2 ----- 0.6 hr. 

Effect oJ pH and Depolarizers 

Decrease of cracking t ime by  addi t ions of acid 
may  conceivably  have  a complex cause associated 
wi th  supposed films on the meta l  surface, but  i t  also 
seems reasonable  tha t  the  effect may  be no more  
than to increase electr ical  conduct ivi ty  of MgCI~ 
through addi t ional  hydrogen  ions. The acid also in-  
creases the opera t ing  emf of meta l  e l ec t rode -hydro -  
gen electrode cells, p re sumab ly  responsible  for 
crack propagat ion,  to the extent  of 42 mv (154~ 
for every  unit  pH change. Fer r ic  salts, on the 
same basis, decrease cracking t ime because they  
are active depolar izers  serving to accelera te  the 
cathode reaction.  Any  s imilar  depolar izer  is ex-  
pected to behave  in the same way. Continuous bub-  

S T R E S S  C O R R O S I O N  C R A C K I N G  O F  18-8 S T E E L S  331 

bl ing of oxygen through the  MgCI~ test solution, for 
example,  was found to decrease cracking t ime about  
40%. 

Egect of Anodic and Cathodic Polarization 

The min imum cathodic cur ren t  densi ty  of 0.03 
m a / c m  ~ found to pro tec t  against  cracking for at  
least  24-hr  exposure  is in good agreement  wi th  
values  repor ted  by  Hoar  and Hines (14) of 0.03 
m a / c m  "~ for protect ion extending  to 50 hr, and of 
0.05 m a / c m  ~ for protect ion up to at least  250 hr  and 
p robab ly  for an indefinite period. Results  of longer  
test  periods dur ing  which cathodic protect ion is 
appl ied  p robab ly  mean  ve ry  l i t t le  because of the 
accompanying change in tes t -solu t ion  composition, 
pa r t i cu l a r ly  increase of pH, brought  about  by  ca-  
thodic react ion products .  

The in i t ia l  ove r -a l l  corrosion ra te  for stressed 
specimens is about  12 mdd  (Fig. 2), corresponding 
to a cur ren t  densi ty  of 0.005 m a / c m  ~. F rom elect ro-  
chemical  theory,  the appl ied  cur ren t  densi ty  for 
complete  cathodic pro tec t ion  must  a lways  be g rea te r  
than  the equiva len t  cur ren t  dens i ty  corresponding 
to the  corrosion ra te  in a given environment ,  o ther  
things being equal. The present  da ta  are in l ine wi th  
this conclusion. Correspondingly,  in a less act ive 
medium than  MgC12, the  requ i red  current  densi ty  
for  protect ion would be less than  the values cited 
above. 

The apprec iab le  difference in the cur ren t  densi ty  
for protect ion and tha t  corresponding to the corro-  
sion ra te  indicate  tha t  the  anodic areas  of e lect ro-  
lyt ic  cells responsible  for cracking are  apprec iab ly  
polar ized by  the preva i l ing  small  corrosion currents  
(Fig. 14), assuming tha t  cathodic polar izat ion fol-  
lows a Tafel  relat ion.  For  a concentra ted  chloride 
solution such as MgC12 in which anodic passivat ion 
does not occur, and for  which anodic polar izat ion 
per  uni t  area, therefore,  is not pronounced,  this 
means that  the effective anodic areas  must  be ve ry  
small.  Smal l  anodic areas  correspond, logically,  to 
the re la t ive ly  l imi ted  anodic areas of meta l  corrod-  
ing at  the apexes of incipient  growing cracks. 

Anodic  polar izat ion of specimens p re sumab ly  
should affect cracking t ime only if appl ied  posi t ive 
cur ren t  leaving the meta l  surface is focussed most ly  

E Anode 

Ecor~o~ 

ECot hod, 

/ 
/ 

/ 
j / 

/ /  

]Cofros,on IApphed 
LOg Current, I 

Fig. ] 4. Schematic polarization diagram for cell accounting 
for stress corrosion crocking. Applied current for cathodic 
protection is considerably forger than the corrosion current 
because of pronounced polarization of small area (]node. 
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at  nuc le i  for  c racks .  7 This  cond i t i on  m i g h t  o b t a i n  if  
supposed  su r f ace  fi lms l a r g e l y  e x c l u d e  c u r r e n t  f r o m  
a l l  p a r t s  of t he  su r f ace  e x c e p t  a t  specific de fec t s  in 
the  film. S ince  an  effect of anodic  p o l a r i z a t i o n  is not  
found,  i t  m u s t  be  conc luded  t h a t  d i s t r i b u t i o n  of c u r -  
r e n t  in th is  m a n n e r  does  no t  occur.  L a c k  of an  effect  
b y  anod ic  c u r r e n t s  does no t  s u p p o r t  E d e l e a n u ' s  (9)  
s t a t e m e n t  t h a t  coup l ing  of p l a t i n u m  to s t a in less  
s tee l  acce l e r a t e s  c rack ing ,  and  t h a t  of H o a r  and  
Hines  (14) to the  effect  t ha t  anod ic  p o l a r i z a t i o n  in -  
c reases  r a t e  of c r ack  p r o p a g a t i o n .  Reasons  for  t he  
d i f fe rence  in r e su l t s  a r e  no t  a p p a r e n t .  
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ABSTRACT 

The effect of chlor ide ion on the  potent ia l  of i ron in sodium ni t r i te  solutions 
has been measured.  This has been re la ted  to the  surface composit ion and 
topography  by  the  techniques of e lectron diffract ion and e lect ron microscopy.  
The effect of in i t ia l  surface p repa ra t ion  has also been invest igated.  

I t  is shown tha t  in the absence of chlor ide  ion the poten t ia l  is noble and 
s teady  and tha t  the  surface  remains  p rac t ica l ly  unchanged.  A film of 7-Fe~Os is 
shown to be presen t  by  electron diffraction. When  chloride ion is added  to the  
system the po ten t ia l  becomes uns teady  and less noble. Inclusions of a second 
phase grow in the oxide layer .  This is shown to be -y-Fe~O3.H20 or lepidocro-  
cite. The lower  and uns teady  poten t ia l  is p robab ly  due to the  decrease  in 
res is tance of the anodic areas,  which  correspond to the inclusions in the  oxide  
layer .  

Iron in 

The  p r e s e n t  r e s e a r c h  was  i n i t i a t e d  to conf i rm the  
n a t u r e  of t he  ox ide  f i lm f o r m e d  on i ron  b y  s o d i u m  
n i t r i t e  so lu t ions  ( I )  and  to i n v e s t i g a t e  m o r e  f u l l y  
t he  effect of c h l o r i d e  ions on these  films. I t  has  been  
s h o w n  in p r e v i o u s  w o r k  b y  e l ec t ron  d i f f r ac t ion  t h a t  
t he  f i lms f o r m e d  in s o d i u m  n i t r i t e  so lu t ions  a r e  
c o m p o s e d  of ~-Fe~O~ w i t h  a s m a l l  a m o u n t  of 
~-Fe~O~.H~O ( l e p i d o c r o c i t e ) .  The  f i lms w e r e  e x -  
a m i n e d  in situ b y  ref lect ion,  and  t r a n s m i s s i o n  p a t -  

1 P r e s e n t  add re s s :  N a t i o n a l  C a r b o n  R e s e a r c h  Labora to r i e s ,  C l e v e -  
l and ,  Ohio .  

O l i n  M a t h i e s o n  C h e m i c a l  Co rpo ra t i on ,  New H a v e n ,  Conn.  

t e rns  w e r e  o b t a i n e d  f r o m  fi lms s t r i p p e d  f rom the  
m e t a l  b y  the  m e t h o d  of  Vernon ,  W o r m w e l l ,  a n d  
N u r s e  (2 ) .  

A l t h o u g h  e l e c t r o n  d i f f r ac t ion  r e su l t s  h a v e  been  
p u b l i s h e d  for  f i lms s t r i p p e d  f r o m  i ron  p a s s i v a t e d  in 
p o t a s s i u m  c h r o m a t e  so lu t ions  (3 -5 )  a n d  in  con-  
c e n t r a t e d  n i t r i c  ac id  (4 ) ,  t he  a b o v e  w o r k  (1)  con-  
s t i t u t e s  t h e  on ly  re f lec t ion  d i f f r ac t ion  r e su l t s  on 
f i lms f o r m e d  in s o d i u m  n i t r i t e  so lu t ions .  

I t  was  t h o u g h t  d e s i r a b l e  to e m p l o y  the  ref lec t ion  
me thod ,  d e s p i t e  t he  p o o r e r  q u a l i t y  of  t he  p a t t e r n s  
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obta ined ,  s ince r eo r i en t a t i on  and  rec rys ta l l i za t ion  
of the  fi lm subs tance  m a y  occur d u r i n g  the process 
of s t r ipp ing  spec imens  for t r a n s m i s s i o n  work.  I t  is 
also possible  tha t  inc lus ions  in  the  oxide fi lm wi l l  be  
r emoved  d u r i n g  the  process of s t r ipping .  

P o t e n t i a l  m e a s u r e m e n t s  were  made  of i ron  ex-  
posed to a r ange  of concen t r a t ions  of sod ium n i t r i t e  
solut ions  con t a in ing  var ious  a m o u n t s  of chlor ide 
ions. P a r a l l e l  e lec t ron  dif f ract ion e x a m i n a t i o n s  of 
the  surface  to iden t i fy  the  surface  composi t ion  a nd  
e lec t ron  microscope p ic tures  to d e t e r m i n e  the  su r -  
face t opography  were  made.  Spec imens  were  also 
pass iva ted  in  d e - a e r a t e d  solut ions  in  order  to de t e r -  
m i n e  the  effect of dissolved oxygen.  The effect of 
va r ious  sur face  p repa ra t ions  on both  the  e lect rode 
po ten t i a l  and  film fo rma t ion  was  also measured .  

E x p e r i m e n t a l  a n d  R e s u l t s  

The "Armco"  i ron  was  in  the  fo rm of a n n e a l e d  
sheet,  1.5 m m  thick  and  had  the  fo l lowing  a n a l -  
y s i s : - -C-0 .012 ,  Mn-0.015,  P-0.005, S-0.025, St- t race .  

Sod ium ni t r i te ,  po ta s s ium chloride,  and  all  o ther  
chemicals  used were  of C. P. qual i ty .  The  s i lver  
wi re  used in  the p r e p a r a t i o n  of the  s i l ve r - s i l ve r  
ch lor ide  e lectrodes  was  of 99.999% pur i ty .  The  e lec-  
t rodes  w e r e  fo rmed  b y  anod iz ing  in  a d i lu te  HC1 
solut ion.  

Potential Measurements 
The spec imens  for po ten t i a l  m e a s u r e m e n t s  we re  

5 cm x 1.5 cm of which  1.5 cm x 1.5 cm was exposed 
to the  solut ion.  The  r e m a i n d e r  was  in su la t ed  w i th  
"Apiezon"  W wax.  Al l  spec imens  were  first g r o u n d  
flat and  t h e n  pol ished t h rough  4/0  e m e r y  paper .  
Some of these spec imens  were  exposed for  po ten t i a l  
m e a s u r e m e n t s  in  this  condi t ion,  whi le  others  we re  
first exposed to d ry  air  for 24 hr  or e tched wi th  
N HC1 for 1 min .  

Po t en t i a l  m e a s u r e m e n t s  were  made  us ing  a r e fe r -  
ence e lec t rode  of a chlor id ized s i lver  wi re  connec ted  
to the  i nh ib i t o r  so lu t ion  t h rough  a sal t  br idge.  No cor-  
rec t ion  was  made  for j u n c t i o n  potent ia ls .  Al l  r u n s  
were  m a d e  in  the  presence  of air. Al l  po ten t ia l s  are 
on the  s a tu ra t ed  Ag-AgC1 scale. 

The  effect of surface  p r e t r e a t m e n t  on the  p o t e n -  
t ia l  of i ron  in  N/IO sod ium n i t r i t e  is shown  in  Fig.  1. 
I t  can  be seen t h a t  the  e tched spec imen  has a m u c h  
lower  po ten t i a l  t h a n  the  une t ched  specimens,  a l -  
t hough  all  are  passive.  
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Fig. 1. Effect of pretreatment on potential of iron in N/10 
NaNO~ solutions. 
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Po ten t i a l s  of i ron  in  va r ious  concen t r a t ions  of 
n i t r i t e  so lu t ion  w i th  or w i t hou t  addi t ions  of chlor ide 
are  shown in  Fig. 2-7. F igu re  8 shows the  effect of 
smal l  addi t ions  of "Versene"  ( e t h y l e n e - d i a m i n e -  
t e t r a -ace t i c  acid) a s t rong  complex ing  agen t  for 
cations,  on the  po ten t ia l s  of e tched and  u n e t c h e d  
spec imens  in  N/IO a i r - exposed  solut ions  of sod ium 
ni t r i te .  In  o ther  e x p e r i m e n t s  wi th  e tched i ron  it 
was  no ted  tha t  the  t ime  r e q u i r e d  for pass iv i ty  to be  
a t t a ined  inc reased  wi th  i nc reas ing  Ver sene  concen-  
t ra t ion .  

The fo l lowing  genera l  obse rva t ions  can  be  made :  

1. In  pu re  sod ium n i t r i t e  solut ions  the  une t ched  
spec imens  a t t a in  a more  posi t ive  po ten t i a l  t h a n  the  
e tched specimens.  

2. Differences in  po t en t i a l  due to di f fer ing surface  
p r e p a r a t i o n  decrease  wi th  decreas ing  i nh ib i t o r  con-  
cen t r a t i on  a n d / o r  the  add i t ion  of chloride.  
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Fig. 2. Effect of concentration and etching on potential 
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Fig. 3. Potentiolof iron in N/10 NoNOs-~ 25 ppm KCI 
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Fig. 4. Potentiol of iron in N/10 NoNOs -I- 500 ppm KCl 
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Fig. 8. Potential of iron in N/10 NaNO~ -/- ] % Versene 

3. T h e  p r e s e n c e  of c h l o r i d e  ion l eads  to u n s t a b l e  
po ten t i a l s .  A suff ic ient ly  h igh  c o n c e n t r a t i o n  of ch lo -  
r i de  ion b r e a k s  d o w n  p a s s i v i t y  comple t e ly .  

4. The  p r e s e n c e  of a c o m p l e x i n g  a g e n t  ( V e r s e n e )  
l ower s  t he  p o t e n t i a l  of e t ched  spec imens  at  t he  b e g i n -  
n ing ,  b u t  a f t e r  some t i m e  p a s s i v i t y  is a t t a ined .  W i t h  
u n e t c h e d  spec imens  p a s s i v i t y  is a t t a i n e d  in t he  
u sua l  m a n n e r .  

Electron Diffraction Exper iments  

A l l  spec imens  for  e l ec t ron  d i f f rac t ion  w e r e  g r o u n d  
flat  on a be l t  g r i n d e r  and  t h e n  p o l i s h e d  t h r o u g h  4 /0  
e m e r y  pape r .  A l l  p a t t e r n s  w e r e  o b t a i n e d  b y  r e -  
f lect ion in a G e n e r a l  E lec t r i c  e l ec t ron  d i f f rac t ion  
m a c h i n e  Mode l  No. G2. F i n e l y  d i v i d e d  m a g n e s i u m  
ox ide  was  used  as a s t a n d a r d .  A f t e r  c a l cu l a t i on  of 
"d"  va lue s  a n d  e s t i m a t i o n  of l ine  in tens i t i es ,  i d e n t i -  
f icat ion was  m a d e  u s i n g  the  A.S.T.M. C a r d  I n d e x  
sys tem.  

I t  was  f o u n d  t h a t  s p e c i m e n  p r e p a r a t i o n  was  
c r i t i ca l  in o b t a i n i n g  m e a s u r e a b l e  pa t t e rn s .  S p e c i -  
mens  w h i c h  h a d  b e e n  g iven  a fine po l i sh  on ly  a l -  
w a y s  gave  diffuse pa t t e rn s ,  p r o b a b l y  due  to a v e r y  
f ine ly  c r y s t a l l i n e  or  a m o r p h o u s  " B e i l b y "  l aye r .  
W h e n  th is  a m o r p h o u s  l a y e r  was  r e m o v e d  b y  e t ch ing  
good p a t t e r n s  c h a r a c t e r i s t i c  of the  m e t a l  cou ld  be  
ob ta ined .  

Electron diffraction results in aerated solut ions.--  
A g e n e r a l  s u m m a r y  of the  r e su l t s  o b t a i n e d  b y  d i f -  
f r a c t i o n  in  a e r a t e d  so lu t ions  is p r e s e n t e d  in  T a b l e  I. 

In  T a b l e  II  "d"  v a l u e s  and  r e l a t i v e  i n t ens i t i e s  for  
a t y p i c a l  spec imen  a r e  col lec ted .  The  "d"  va lue s  and  
in t ens i t i e s  for  ~,-Fe~O~ and  ~,-Fe~O~. H~O a re  p r e -  

s en t ed  for  iden t i f ica t ion .  The  t r e a t m e n t  of  t he  spec i -  
m e n  was  as fo l lows :  i t  was  po l i shed  t h r o u g h  4 /0  
emery ,  e t ched  for  2 m i n  w i t h  N/IO HC1, and  i m -  
m e r s e d  in a i r - e x p o s e d  N/100  s o d i u m  n i t r i t e  p lus  200 
p p m  p o t a s s i u m  ch lo r ide  so lu t ion  for  10 days .  

The  good n u m e r i c a l  a n d  i n t e n s i t y  m a t c h  of t he  
o b s e r v e d  l ines  w i t h  t h a t  of ~-Fe~Op H~O a n d  the  a b -  
sence of the  1.61 l ines  of 7-Fe~O~ leads  to t h e  con-  
c lus ion  t ha t  t h e  u n k n o w n  is -y-Fe~O~-H~O t o g e t h e r  
w i t h  some  ~,-FezO3 s ince  s e v e r a l  l ines  can  be  m a t c h e d  
to th is  l a t t e r  subs tance .  T h e  diffuse  2.47 l ine  is a 
c o m b i n a t i o n  of t he  2.53 ~,-Fe~O~ and  2.46 ~,-Fe.~O~- 
HzO l ines.  

R e p r o d u c t i o n s  of some d i f f r ac t ion  p a t t e r n s  o b -  
t a i n e d  in  a i r - e x p o s e d  so lu t ions  a r e  s h o w n  in Fig.  9. 

The  fo l l owing  conc lus ions  m a y  be  d r a w n  f rom t h e  
p a t t e r n s :  

1. I r on  p o l i s h e d  t h r o u g h  4 /0  e m e r y  p a p e r  y i e ld s  
a p a t t e r n  cons i s t ing  of 2 or  3 dif fuse  ha loes .  

2. I r o n  p o l i s h e d  t h r o u g h  4 /0  e m e r y  and  e t ched  
w i t h  N/IO or  N HC1 for  pe r i ods  of f r o m  30 sec to 
3 min ,  y i e ld s  a p a t t e r n  cons i s t ing  m a i n l y  of i ron  
p lus  some  ~,-Fe~O3 (Fig .  9a) .  

3. I r o n  t r e a t e d  as in  [2]  above ,  i m m e r s e d  in  
a e r a t e d  N/IO or  N / 1 0 0  s o d i u m  n i t r i t e  y i e l d s  ~-Fe~O3 
t o g e t h e r  w i t h  a s m a l l  a m o u n t  of ~,-FezO~.H~O 
(Fig .  9b) .  

4. The  a d d i t i o n  of ch lo r ide  ion to s o d i u m  n i t r i t e  
so lu t ions  i nc reases  t he  a m o u n t  of ?-Fe_~Op HzO p r e s -  
ent .  A t  a c o n c e n t r a t i o n  of 25 p p m  c h l o r i d e  ion in 
N/IO sod ium n i t r i t e ,  (Fig .  9c) t he  p a t t e r n  is p r e -  
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Table I 

M e c h .  pal .  Pa l .  & Pa l .  & P a l .  & Pa l .  & Pa l .  to  
S u r f a c e  cond .  to  4/0  e tch .  e tch .  e tch .  e t ch .  2 /0  

Conc. NaNO: - -  - -  N/10 N/10 N/10 N/10 
Conc. KC1 - -  - -  - -  25 ppm 2000 ppm - -  
Pat terns:  Fe Diffuse Largely - -  - -  - -  Some 
~-Fe~O~ - -  Some Largely Largely Some Some 
~-Fe30~. H20 ~ ~ Very li t t le Some Largely 
Time of exposure ~ 30 sec 3 hr  9 days 10 days 6 days 

--2 min  --5 days 
etch 

d o m i n a n t l y  ~/-Fe~O~, whi le  at  2000 p p m  chlor ide ion 
the  p a t t e r n  is a lmost  en t i r e ly  ~,-Fe:O~.H~O (Fig. 9d).  

Effect of Deaerated Solutions on Reduced Iron 
Specimens 

The appa ra tu s  for the  r educ t ion  of spec imens  in  
h y d r o g e n  and  subsequen t  t r e a t m e n t  consis ted of a 
quar tz  t ube  connec ted  to a vessel  for d e - a e r a t i o n  of 
the  inh ib i tor .  The h y d r o g e n  pur i f ica t ion  t r a i n  con-  
sisted of a m a g n e s i u m  perch lo ra te  d r y i n g  tower  a nd  
a p la t in ized  asbestos fu rnace  tha t  was  opera ted  
a r o u n d  450~ The  en t i r e  appa ra tu s  could be  evacu -  
ated by  means  of a m e r c u r y  diffusion p u m p  sup-  
por ted  by  a back ing  pump.  

The  cycle of opera t ions  in  the  a p p a r a t u s  was  as 
fol lows:  

[1] A n  etched specimen,  p rev ious ly  pol ished to 
4 /0  grade,  was  p laced  in  the  qua r t z  vessel  a nd  the  
inh ib i to r  in  the  connec t ing  vessel  f rozen wi th  l iqu id  
air. 

[2] The en t i r e  appara tus ,  i n c l u d i n g  the h y d r o g e n  
pur i f ica t ion  t ra in ,  was  evacua ted  to abou t  104 m m  
Hg. 

Fig. 9. Electron d i f f rac t ion:  (a) etched specimen; (b) etched 
or reduced and N / 1 0  NoNO2; (c) as (a) - -  N / 1 0  NaNO~ -f- 
25 ppm KCI; (d) as (a) - -  N / 1 0  NaNOs ~- 2000  ppm KCI; 
(e) reduced specimen; (f) reduced - -  N / 1 0 0  NaNO2. 

Table II 

" d "  Exp .  I/I1 E x p .  " d "  7-Fe~Os //I1 " d "  7 -Fe2Os-H20  I / I 1  

3.23 80 3.29 90 
2.47 90D* 2.53 100 2.46 70 
2.08 10 2.08 24 2.08 20 
1.90 80 - -  - -  1.93 70 
1.71 10 1.70 12 1.73 40 
1.49 100 1.48 53 - -  - -  
1.37 20 1.37 40 
1.17 50 1.19 30 
1.08 v. faint  1.09 19 1.07 40 

* D--Di f fuse .  

[3] The  inh ib i to r  so lu t ion  was  d e - a e r a t e d  by  a l -  
t e r na t e  f reezing a nd  m e l t i n g  th ree  or four  t imes.  

[4] The i nh ib i t o r  was f rozen wi th  l i qu id  a i r  and  
a slow s t r eam of h y d r o g e n  passed t h r ough  the  
appara tus .  

[5] The t e m p e r a t u r e  of the  f u r na c e  a r o u n d  the  
qua r t z  t ube  was  ra ised  to 550~176 a nd  the  speci-  
m e n  r educed  overn ight .  

[6] Af te r  cooling in  hydrogen ,  the  i nh ib i t o r  solu-  
t ion  was  me l t ed  and,  b y  ro ta t ion  of the  so lu t ion  ves-  
sel t r a n s f e r r e d  in to  the  qua r t z  vessel,  cover ing  the  
reduced  specimen.  

[7] The  spec imen  was  a l lowed to s t and  in  contact  
wi th  the  i nh ib i t o r  for va r ious  per iods of t ime  and  a 
ref lect ion dif f ract ion p a t t e r n  was  obta ined.  

To insure  tha t  the  spec imen  was in  fact reduced  
by  opera t ion  [5],  severa l  "d ry"  r u n s  ( r u n s  wi th  no 
inh ib i to r )  were  conducted .  The  spec imen  was  r e -  
duced and  r e move d  f rom the appa ra tus ;  a reflect ion 
diffract ion p a t t e r n  showed l ines  charac ter i s t ic  of 
i ron,  toge ther  w i t h  two weak  l ines  due  to ~-Fe~O3, 
p r o b a b l y  fo rmed  on exposure  to air. If the spec imen 
had  no t  been  reduced  complete ly ,  t h e n  ~-Fe~O~ 
wou ld  be expected  since this  is the  oxide s table  at  
the  h igh  t e m p e r a t u r e s  of reduc t ion .  

In  al l  e xpe r i me n t s  conduc ted  w i th  d e - a e r a t e d  i n -  
h ib i to rs  the  i ron  was  r educed  in  h y d r o g e n  at 550 ~ 
600~ pr io r  to t r e a t m e n t  w i t h  the  solut ion.  

Results of diffraction exper iments  in de-aerated 
solutions.---A s u m m a r y  of these  resul t s  is p re sen ted  
in  Ta b l e  III .  

Reproduc t ions  of some diff ract ion pa t t e rn s  ob-  
t a ined  in  d e - a e r a t e d  solut ions  are shown in  Fig. 9. 
The  fo l lowing  conclus ions  m a y  be d r a w n  f rom the  
pa t te rns .  

(A)  I ron  pol ished t h r o u g h  4/0 e m e r y  paper ,  
e tched wi th  N/IO or N HC1 for f rom 30 sec to 3 ra in  
and  reduced  in  hyd rogen  at 550~176 y ie lds  l ines  
charac ter i s t ic  of i ron  w i th  one fa in t  l ine  t ha t  m a y  be 
ascr ibed to 7-Fe203 (Fig. 9e).  
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Table III 

A l l  spec imens  r e d u c e d  in  h y d r o g e n  a t  550~176 
40 P o l i s h  40 P o l i s h  40 P o l i s h  40 P o l i s h  

Su r f ace  cond. & etch.  & etch. & etch.  & etch.  

Conc. NaNO.~ - -  N/10 N/100 N/10 
Conc. KC1 - -  - -  - -  2000 ppm 
Pat terns:  Fe All  ~ - -  - -  
7-Fe~O~ (1 faint  All  All  Litt le 

l ine) 
7-FelOn. H~O - -  ( 1 faint  - -  Largely 

line) 
Time of - -  3 h r - 2 d a y s  2days  10 days 

Exposure 

June 1958 

(B) I ron  t r ea ted  as above w i th  d e - a e r a t e d  N/10  
or N/100 sod ium n i t r i t e  y ie lds  ~,-Fe~O~ plus  a l i t t le  
7-Fe~O,-H,O ( ident ica l  w i th  Fig. 9b) .  

(C) The  add i t ion  of chlor ide  ion to the  n i t r i t e  
solut ions  resul t s  in  the  p roduc t ion  of ~/-Fe~O~-H~O, 
bu t  some ~-Fe~O3 is present .  

A n  e x p e r i m e n t  was  made  in  which  reduced  i ron  
was  exposed to d e - a e r a t e d  N/700 (100 p p m )  n i t r i t e  
so lu t ion  for 4 hr.  A film of i n t e r f e r e n c e  color t h i ck -  
ness grew on  the iron.  A diff ract ion p a t t e r n  (Fig. 
9f) showed tha t  this  was  p r o b a b l y  Fe30~, as the 
film p a t t e r n  ob ta ined  has a sufficiently la rge  n u m b e r  
of sharp  l ines to d i s t ingu i sh  it  f rom ~,-Fe~O~. 

Electron Microscope Experiments 

Micrographs  were  m a d e  us ing  an  R.C.A. Model  
E.M.T. t r ansmis s ion  microscope.  The  nega t ive  r ep -  
l ica t e chn ique  wi th  F o r m v a r  as descr ibed  by  Caule  
and  Cohen (6) was used. Meta l  surfaces  were  
washed  a n d  dr ied  w i t h  red is t i l led  m e t h a n o l  pr ior  
to the  app l ica t ion  of the  0.75% so lu t ion  of F o r m v a r .  
The repl icas  were  shadowed  wi th  c h r o m i u m  me t a l  
u n i - d i r e c t i o n a l l y  at  an  angle  of inc idence  of 9 ~ 
Direct  pos i t ive  pape r  was  used in  order  to m a k e  the  
shadows look dark.  The  i ron  used in  these expe r i -  
men t s  was  the same  as t ha t  descr ibed above. The 
magni f ica t ion  was X 6700. 

T h e  micrographs ,  in  Fig. 10, are  of the  shadowed  
repl icas  of the  i ron  sub jec ted  to the  fo l lowing  t r e a t -  
m e n t :  (a)  pol ished to 4 /0  e m e r y  paper ,  u n d e r  e th -  
anol,  no etch;  (b)  pol ished to 4 /0  e m e r y  paper ,  
u n d e r  e thanol ,  e tched wi th  N/10  HC1 for 30 sec; (c) 
as for (a) ,  t hen  i m m e r s e d  into a so lu t ion  of a i r  ex-  
posed N/10  NaNO~ for 120 hr ;  (d) as for (b ) ,  t h e n  
i m m e r s e d  in to  a so lu t ion  of a i r  exposed N/10  NaNO~ 
for 120 hr;  (e) as for (b ) ,  t h e n  i m m e r s e d  in to  a 
so lu t ion  of air  exposed N/IO NaNO~- t -N/100  KC1 
for t ime  in t e rva l s  of: 70 hr, 116 hr, and  133 hr ;  (]) 
as for (b) ,  t h e n  i m m e r s e d  in to  an  a i r - exposed  solu-  
t ion  of 100 p p m  NaNO~ ~ 100 p p m  KC1 for [1] 45 
hr, [2] 93 hr.  

In  the  pho tographs  shown  in  Fig. 10 one can est i -  
m a t e  the  size and  he ight  of the  b u m p s  in  the  fi lm 
f rom the  magni f ica t ion  and  shadowing  angle.  In  the  
mic rographs  the  wid th  of the  l ight  a reas  is e q u i v a -  
l en t  to the  w id th  of the  inclusions ,  whi le  the  l eng th  
of the  shadows is 6.34 ( shadowing  ang le  ~ 9 ~ t imes  
the  height .  The  la rge  inc lus ion  in  the  cen te r  of 
f [2 ]  is the re fo re  2.3 X 10 ~ cm wide  and  0.5 X 10 ~ 
cm high. The smal le r  inc lus ion  at the  top of ] [1 ]  is 

Fig. 10. Electron microscope results: (a) polished surface; 
(b) polished surface exposed to N/10 NaNO~; (c) etched sur- 
face; (d) etched surface exposed to N/10  NaNO:. 

Fig. 10 (cont'd). (e) N/10  NaNO~ -k N/100 KCI (1) 70 
hr, (2) 116 hr, (3) 333 hr; (f) 100 ppm NaNOs -t- 100 ppm 
KCI (1) 45 hr, (2) 93 hr. 

0.25 • 10 -~ cm wide  and  0.1 • 10 -~ cm high. I n  gen-  
e ra l  the inc lus ions  p r o t r u d e  wel l  above the  film and  
are wide r  t h a n  high. This wou ld  account  for t he i r  
f a i r ly  easy detec t ion wi th  the  1~ reflect ion angle  of 
the e lec t ron  diffract ion machine .  

Discussion 
Prev ious  inves t iga t ion  had  ind ica ted  tha t  a fi lm of 

~,-Fe~O, is formed on i ron  in  the p resence  of sodium 
n i t r i t e  solutions.  The r e  was  also some ev idence  for 
the  add i t iona l  fo rma t ion  of a h y d r a t e d  oxide. This 
has b e e n  conf i rmed and  e x p a n d e d  in  this  work.  

Sur face  p r e p a r a t i o n  has a v e r y  m a r k e d  effect on 
both  the po ten t i a l  behav io r  and  a p p e a r a n c e  of the  
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iron. Potent ia ls  tend  to be more  posi t ive  and more  
s table  on pol ished than  on pol ished and etched sur -  
faces. This can be r e l a t ed  to a difference in the  sur -  
face which  is shown both by  the electron micro-  
graphs  and electron diffraction. Specimens which 
were  pol ished to 4/0 paper  showed only diffuse iron 
pa t te rns  which were  obscured by  contact  of the 
meta l  wi th  n i t r i te  solutions. However,  specimens 
which were  etched gave ma in ly  i ron pat terns ,  and 
these on exposure  to n i t r i t e  gave 7-Fe~O, pat terns .  
I t  is p robab le  tha t  the  etched specimens, which were  
exposed to air  before inser t ion into the n i t r i te  solu-  
tions, a l r eady  had  a th in  oxide film on them. How-  
ever, this oxide film was too thin  to show in the  dif-  
f ract ion pa t te rns  and exposure  to n i t r i t e  th ickened  
the film considerably.  The film af te r  exposure  to 
n i t r i te  was p robab ly  at  least  40A thick. 

The diffuse pa t t e rn  obta ined f rom a pol ished sur -  
face indicates  tha t  the  meta l  a t  the  surface is ve ry  
finely crys ta l l ine  or "amorphous."  This m a y  lead to 
the  fo rmat ion  of an oxide film wi th  ve ry  small  c rys-  
tals  wel l  packed  together .  This film would  be of 
both smal l  pore  size and low porosity,  which would  
lead to h igher  potent ia ls  than  those ob ta ined  wi th  
etched specimens. The "amorphous"  i ron p robab ly  
has a lower  densi ty  than  crys ta l l ine  iron; this  should 
lead to an ox ide -me ta l  in ter face  under  less s t ra in  
than  the in ter face  fo rmed  on crys ta l l ine  iron. 1 It  
should be poin ted  out tha t  there  is only a ve ry  smal l  
change in surface appearance  as shown by  the elec-  
t ron  microscope when e i ther  pol ished or etched iron 
is exposed to N/IO ni t r i t e  solutions. 

In t e rmed ia t e  a i r  exposure  or the  presence of oxy-  
gen in the  solution is not  necessary for the  fo rma-  
tion of the 7-Fe,O,. This is shown in the exper i -  
ments  in which specimens were  polished, etched, and  
then  reduced by  hydrogen  and exposed in de - a e r a t e d  
n i t r i t e  solutions in the absence of air.  A good 7-Fe,  O3 
pa t t e rn  was obtained.  Specimens t rea ted  in this 
manne r  wi thout  exposure  to n i t r i t e  gave i ron p a t -  
terns, al though,  as s ta ted  above, there  was p robab ly  
a ve ry  thin  oxide formed in a i r  dur ing  t r ans fe r  to 
the diffract ion machine.  

The electron microscope showed tha t  there  was 
very  l i t t l e  change in the  appearance  of e i ther  etched 
or pol ished surfaces on exposure  to n i t r i te  solutions. 
This would  indicate  tha t  the main  funct ion of n i t r i t e  
is to th icken  and r epa i r  the  film. 

Films in the Presence of Chloride 

The presence of chlor ide  ions in the solutions both 
lowered  the final po ten t ia l  and led to uns teady  po-  
tentials .  The e lect ron diffract ion exper iments  
showed tha t  there  was an increasing amount  of hy -  
d ra t ed  oxide  presen t  in the  films formed in these 
solutions when  both the re la t ive  amount  of chloride 
ion or t ime of exposure  was increased.  The electron 
micrographs  confirmed these observat ions  by  show- 
ing tha t  inclusions were  formed in the  film and tha t  
these inclusions also increased in he ight  and area  

1 The  su r face  of  " p o l i s h e d "  i r o n  can  b e  cons ide red  as h a v i n g  a 
h i g h  c o n c e n t r a t i o n  of defec ts ,  w h i c h  w o u l d  l e ad  to  a l o w e r  dens i ty .  
Th e  o x i d e  f o r m e d  has  a l o w e r  d e n s i t y  t h a n  i r o n  a n d  t h e  s t r a i n  of  
t h e  m e t a l - o x i d e  i n t e r f a c e  is i n  pa r t ,  a t  leas t ,  d e t e r m i n e d  by  t he  
d i f f e rence  i n  d e n s i t y  b e t w e e n  t h e  o x i d e  a n d  m e t a l .  B e c a u s e  o f  t h e  
s m a l l  c rys t a l  s ize ( m a n y  g r a i n  b o u n d a r i e s )  t h e  o x i d e  f i lm m a y  g r o w  
t h i c k e r  t h a n  on  e t ched  meta l .  
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wi th  time. I t  is ve ry  p robab le  t ha t  the inclusions are  
composed ma in ly  of h y d r a t e d  oxide. The fact  tha t  
the bumps became obscured at  high re la t ive  concen- 
t ra t ions  of chloride ion would appear  to indicate  
tha t  under  the condit ions leading to ve ry  uns teady  
potent ia ls  some of the  h y d r a t e d  oxide prec ip i ta tes  
over  the whole surface, thus covering the or iginal  
oxide layer .  This would  account for the  a lmost  com- 
ple te  absence of anhydrous  oxide lines in the diffrac- 
t ion pa t te rns  of these specimens. 

The behavior  of the  poten t ia l  of i ron in these solu- 
tions can be expla ined  most  easi ly in terms of an 
oxide film wi th  inclusions (7),  as observed by  the 
electron microscope technique.  Inclusions of h y -  
d ra ted  oxide have  a fa i r ly  good pe rmeab i l i t y  to 
ferrous ions and are the sites of the  anodic reaction, 
whi le  the oxide  covered surface provides  the 
cathodic areas. The measured  poten t ia l  is de te rmined  
by the re la t ive  resis tances of the inclusions, the 
electrolyte ,  and the  cathode film, as wel l  as the 
polar iza t ion  character is t ics  of the cathodic and 
anodic reactions.  At  low chloride ion concentra t ion 
the  inclusions are  small  and the i r  res is tance is high. 
This leads to high anodic polar iza t ion  wi th  conse- 
quent  low cur ren t  and small  cathodic polar izat ion.  
The observed potent ia l  is then close to tha t  of the 
cathodic react ion and "noble" or passive. The effect 
of chloride ion on break ing  down the passive po ten-  
t ia l  is due to three  factors. Chloride ion has a r e l a -  
t ive ly  high t r anspor t  n u m b e r  and smal l  size and 
tends to ca r ry  a large  amount  of the cur ren t  to the 
anodes. This leads to the  presence of both  n i t r i te  
and chloride ions in the  anodic pores, which favors 
the format ion  of ferr ic  chloride.  The hydrolys is  of 
ferr ic  chlor ide  decreases the pH of the  e lec t ro ly te  in 
the anodes, leading to condit ions which are  condu-  
cive to e i ther  undermin ing  or autoreduct ion of the  
oxide film. Chlor ide  ion is also a complexing agent  
for iron and tends to p reven t  p rec ip i ta t ion  of a 
heal ing hydra t e  or h y d r a t e d  oxide. These factors  
a l low the pores to grow in size. Under  near  passive 
conditions, p rec ip i t a te  forms, but  it is t h i cke r  than  
the oxide film because of a h igher  pe rmeab i l i t y  for  
fer rous  ions. The uns teady  potent ia ls  in the  presence 
of chlor ide indicates  tha t  there  is a continuous for-  
mat ion  and r e p a i r  of pores. This expla ins  the  neces-  
si ty of the  cont inued presence of an inh ib i tor  for 
main ta in ing  passivi ty .  

The effect of a s trong complexing agent  on the 
potent ia l  is shown in the exper iments  wi th  Versene 
in Fig. 8. Here  i t  can be seen tha t  the potent ia l  
remains  act ive unt i l  a ba lance  be tween  iron ions in 
the complex and in the solution is reached,  at  which 
point  the  h y d r a t e d  oxide prec ip i ta tes  in the  pores 
and the meta l  becomes passive. This would indicate  
tha t  the  complexing ab i l i ty  of the  chlor ide  ion p lays  
only a small  p a r t  in the mechanism of the  b r e a k -  
down of the films. I t  is in teres t ing  to observe tha t  
the Versene has a much smal le r  effect on a pol ished 
surface than  on one tha t  has been  both  pol ished and 
etched. This is in l ine wi th  o ther  observat ions tha t  
the concentra t ion of chlor ide requ i red  to b reak  down 
a pol ished surface is g rea te r  than  tha t  requ i red  to 
b reak  down an etched surface. Both these effects 
may  be expla ined  in the fol lowing manner .  The 
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m e t a l  su r f ace  is d i s r u p t e d  b y  po l i sh ing  a n d  the  
ox ide  f o r m e d  on th is  v e r y  f ine ly  c r y s t a l l i n e  or  a m o r -  
phous  m e t a l  has  a s m a l l e r  c r y s t a l  size and  is p o s s i b l y  
t h i c k e r  t h a n  o x i d e  f o r m e d  on the  m o r e  p e r f e c t  
e t ched  m e t a l  sur face .  The  ox ide  f i lm f o r m e d  on  the  
po l i shed  m e t a l  m a y  also  con t a in  some of t he  ox ide  
f o r m e d  d u r i n g  the  po l i sh ing .  I t  was  o b s e r v e d  t h a t  
t he  p o t e n t i a l  of po l i shed  i ron  in  n i t r i t e  so lu t ions  is  
a l w a y s  h i g h e r  t h a n  t h a t  of e t ched  i ron.  This  i n d i -  
ca tes  t h a t  t h e  f i lms on po l i shed  i r on  h a v e  s m a l l e r  
pores  t h a n  those  on e t ched  i ron.  I f  t h e  effect  of 
c h l o r i d e  a n d / o r  t h e  c o m p l e x i n g  a g e n t  is to b r e a k  
d o w n  the  f i lm b y  ac t i ng  a t  t he  pores ,  t hen  i t  w o u l d  
be  e x p e c t e d  t h a t  the  o x i d e  f i lm on t h e  p o l i s h e d  s u r -  
face  w o u l d  be  m o r e  s t a b l e  t h a n  the  f i lm on t h e  
e t ched  me ta l .  In  th is  connec t ion  the  m a j o r  effect  of 
t h e  ch lo r ide  is to  l e a d  f ina l ly  to t he  b r e a k d o w n  of 
t he  f i lm b y  u n d e r m i n i n g  or  a u t o r e d u c t i o n  w h i l e  t he  
Ve r sene  p r e v e n t s  the  p l u g g i n g  of t h e  po re s  b y  r e -  
m o v i n g  i ron  ions b e f o r e  t h e y  f o r m  a p r e c i p i t a t e .  

The  m e c h a n i s m  for  n i t r i t e  i nh ib i t i on  w o u l d  a p p e a r  
to be  m u c h  t h e  s ame  as  t h a t  p r o p o s e d  in  p r e v i o u s  
p a p e r s  (7, 8) .  T h e  n i t r i t e  so lu t ion  r eac t s  d i r e c t l y  
w i t h  t he  i r on  su r f ace  to f o r m  an  o x i d e  f i lm which ,  
due  to n o n h o m o g e n e i t y  of the  sur face ,  is no t  pe r f e c t  
and  does  no t  p ro t ec t  comple t e ly .  F u l l  p r o t e c t i o n  is 
o b t a i n e d  b y  the  f o r m a t i o n  of inc lus ions  in  t he  d i s -  
con t inu i t i e s  of t h e  f i lm w h i c h  g r o w  s o m e w h a t  

t h i c k e r  t h a n  t h e  o x i d e  f i lm i t se l f  u n t i l  r e a c t i o n  s u b -  
s t a n t i a l l y  ceases.  I f  t h e r e  is p r e s e n t  in  t he  so lu t ion  
a m a t e r i a l  w h i c h  p r e v e n t s  t he  f o r m a t i o n  of i n c l u -  
s ions o r  changes  t h e i r  p h y s i c a l  c ha r a c t e r ,  such  as 
a c o m p l e x i n g  a g e n t  or  c h l o r i d e  ion, t h e n  the  d i s -  
con t inu i t i e s  in  t h e  f i lm can  g r o w  b y  e i t h e r  u n d e r -  
m i n i n g  or  a u t o r e d u c t i o n  of t h e  f i lm w h e n  t h e  anodes  
become  suff ic ient ly  acid,  and  if  these  d i s r u p t i v e  
agen t s  a r e  a t  a suff ic ient ly  h i g h  concen t r a t i on ,  t h e n  
p a s s i v i t y  w i l l  no t  be  ob ta ined .  

Manuscr ip t  rece ived  Feb.  26, 1957. This pape r  was 
p r e p a r e d  for  de l ive ry  before  the  P i t t sburgh  Meeting, 
Oct. 9-13, 1955. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis- 
cussion Sect ion to be publ i shed  in the December  1958 
JOURNAL. 
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ABSTRACT 

Outdoor  exposure  tests of the  compara t ive  value  of the  Sn-Ni al loy and 
convent ional  N i / C r  deposits  on steel, wi th  and wi thout  a copper  undercoat ,  
a re  repor ted .  I t  is shown tha t  Sn-Ni  is comparab le  in pro tec t ive  va lue  to 
Ni /Cr ,  not  qui te  so good in mar ine  bu t  super ior  in indus t r i a l  a tmospheres .  
The type  of corrosion behavior  of the  two deposi ts  differs considerably.  In 
general ,  the  pro tec t ive  value  of the  Sn-Ni  deposit  is of a high order.  

A process  for  p l a t i n g  an  a l l oy  of t in  and  n i c k e l  
f r o m  a c h l o r i d e - f l u o r i d e  e l e c t r o l y t e  was  d e v e l o p e d  
b y  t h e  Tin  R e s e a r c h  I n s t i t u t e  in  1951 (1) .  S ince  
t h a t  t i m e  s e v e r a l  p a p e r s  h a v e  a p p e a r e d  d e a l i n g  w i t h  
v a r i o u s  aspec t s  of t h e  p rocess  and  t h e  r e s u l t i n g  d e -  
pos i t :  i t  has  been  s h o w n  t h a t  t he  depos i t  is an  i n t e r -  
m e t a l l i c  c o m p o u n d  of t h e  f o r m u l a  SnNi  (2 ) ;  t he  
func t ion  of f luor ide  ion  in c o m p l e x i n g  t h e  t i n  in 
so lu t ion  has  b e e n  e l u c i d a t e d  (3 ) ;  t h e  t h r o w i n g  
p o w e r  of t he  b a t h  has  been  d e t e r m i n e d  (4 ) ;  t he  
e l e c t r o d e  p o t e n t i a l  of t he  a l loy  a n d  i ts  r e s i s t ance  to  

m a n y  c h e m i c a l  r e a g e n t s  h a v e  b e e n  s t u d i e d  (5 ) ;  t h e  
h a r d n e s s  has  been  m e a s u r e d  (6 ) ;  t he  o r i g i n a l  b a t h  
f o r m u l a t i o n  has  been  modi f i ed  (7)  ; a n d  the  b e h a v i o r  
of t he  depos i t  in ou tdoor  w e a t h e r i n g  tes t s  has  been  
r e p o r t e d  (8, 11) .  

The  t i n - n i c k e l  depos i t  is of e x c e p t i o n a l  in te res t ,  
bo th  t h e o r e t i c a l l y  and  p r a c t i c a l l y ,  for  s e v e r a l  r e a -  
sons, a m o n g  w h i c h  m a y  be  m e n t i o n e d :  

1. T h e  i n t e r m e t a l l i c  c o m p o u n d  SnNi  (65% Sn,  
35% Ni)  does  no t  a p p e a r  on t h e  t h e r m a l  e q u i l i b r i u m  
d i a g r a m  of t he  n i c k e l - t i n  s y s t e m  and  a p p a r e n t l y  
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canno t  be  p r e p a r e d  b y  s t a n d a r d  m e t a l l u r g i c a l  t e c h -  
n iques .  I t  is t hus  in effect  a n e w  meta l ,  so f a r  p r e -  
p a r a b l e  on ly  b y  e l ec t rodepos i t i on ,  h a v i n g  p r o p e r t i e s  
w h i c h  c a n n o t  n e c e s s a r i l y  be  p r e d i c t e d  f rom those  of 
i ts  cons t i tuen t s .  

2. The  p l a t i n g  b a t h  is of a r e l a t i v e l y  n e w  type ,  
b e i n g  p a r t i c u l a r l y  u n u s u a l  in  t h a t  i t  is t he  f irst  p r a c -  
t i c a l  e x a m p l e  of an  ac id  t i n - p l a t i n g  e l e c t r o l y t e  
w h i c h  does  no t  r e q u i r e  o rgan i c  a d d i t i o n  agen t s  for  
t h e  p r o d u c t i o n  of sound  deposi ts .  

3. In  sp i t e  of i ts  ac id  n a t u r e  the  b a t h  e x h i b i t s  
e x c e p t i o n a l l y  good t h r o w i n g  and  cove r ing  power .  

4. The  depos i t  possesses  s e v e r a l  u n u s u a l  p r o p e r -  
t ies  w h i c h  g ive  p r o m i s e  of u se fu l  a p p l i c a t i o n s  in  b o t h  
t he  d e c o r a t i v e - p r o t e c t i v e  and  i n d u s t r i a l  or  e n g i n e e r -  
i ng  phase s  of  m e t a l  f inishing.  I t  is ha rd ,  smooth ,  and  
a l m o s t  b r i g h t  as p l a t ed ,  and  acco rd ing  to p u b l i s h e d  
r e p o r t s  shows  e x c e p t i o n a l  c h e m i c a l  r e s i s t ance  to a 
w ide  v a r i e t y  of r e a g e n t s  as w e l l  as to o u tdoo r  
w e a t h e r i n g .  I t  can  be  s o l d e r e d  w i t h  o r d i n a r y  soft  
so lde r  u s ing  m i l d  ( r o s i n - a l c o h o l )  f luxes.  I n  ease  of 
s o l d e r a b i l i t y  t he  t i n - n i c k e l  depos i t  is not  so good as 
t in,  t i n - z i n c  a l loy,  etc., b u t  t he  r e m a r k a b l e  f e a t u r e  
is  t h a t  a ha rd ,  b r i g h t  depos i t  c an  be  s o l d e r e d  a t  a l l  
w i t h  n o n c o r r o s i v e  f luxes.  

5. W h e n  the  p rocess  was  f irst  i n t roduced ,  n i cke l  
was  in e x t r e m e l y  sho r t  supp ly ,  and  the  n e w  depos i t  
of fered  t h e  p o s s i b i l i t y  t h a t  one  p o u n d  of n i c k e l  cou ld  
be  m a d e  to do the  w o r k  of th ree ,  a s s u m i n g  t h a t  p e r -  
f o r m a n c e  was  equ iva l en t .  A l t h o u g h  such c o n s i d e r a -  
t ions  a r e  of on ly  e p h e m e r a l  i m p o r t a n c e ,  t h e y  do he lp  
in  l e n d i n g  i m p e t u s  to t he  i n v e s t i g a t i o n  of n e w  
processes .  

S ince  cor ros ion  r e s i s t a nc e  a p p e a r e d  to be  one of 
the  mos t  i n t e r e s t i n g  p r o p e r t i e s  of t h e  deposi t ,  bo th  
of t h e  c o m p a n i e s  r e p r e s e n t e d  b y  t h e  p r e s e n t  a u t h o r s  
i n s t i t u t e d  p r o g r a m s  to i n v e s t i g a t e  i t  f u r t h e r ,  b y  
m e a n s  of o u t d o o r  e x p o s u r e  tes ts .  These  w e r e  d e -  
s igned  to s u p p l e m e n t  t h e  E ng l i sh  r e su l t s  a l r e a d y  
p u b l i s h e d  in  s e v e r a l  r e spec t s :  s e v e r a l  a d d i t i o n a l  
v a r i a b l e s  w e r e  inc luded ,  t h e  e x p o s u r e  t imes  i n v o l v e d  
a re  c o n s i d e r a b l y  longer ,  a n d  the  e x p o s u r e s  r e p r e s e n t  
A m e r i c a n  r a t h e r  t h a n  Eng l i sh  condi t ions .  The  tes t s  
h e r e  r e p o r t e d  a r e  s t i l l  in  p rogres s ,  b u t  h a v e  p r o -  
ceeded  fa r  enough  to p e r m i t  conc lus ions  to be  d r a w n .  

Scope and purpose of tes ts . - - I t  was  d e s i r e d  to i n -  
v e s t i g a t e  t he  p e r f o r m a n c e  of  t i n - n i c k e l  a l l oy  d e p o s -  
i ts  on s tee l  u n d e r  ou tdoor  w e a t h e r i n g  condi t ions .  
The  p l a t i n g  s y s t e m s  used  in  t he  e x p o s u r e  w e r e  d e -  
s igned  to t es t  the  fo l l owing  va r i a b l e s .  

Table I. Weathering of tin:nickel-alloy coatings at Kure Beach 
Exposed  on A S T M - t y p e  racks  f a c i n g  sou th  in  lo t  800 f t  f r o m  m e a n  s h o r e  l ine ;  t y p e  of s tee l :  m i ld ,  co ld - ro l l ed ;  size of pane l s :  4x6 in . ;  

da t e s  of  e x p o s u r e :  Lo t s  I-1 t h r u  1-12 expos e d  2-2-55. Lo t s  M-1 t h r u  M-23 exposed  3-24-55. 

T y p e  and  t h i c k n e s s  (mils)  of coa t i ng  
Lo t  To ta l  

No. (3 t h i c k -  
p a n e l s  hess  

p e r  exc lud .  
lot) Cr  

R a t i n g  
A p p r o x i m a t e l y  7 m o n t h s  12 M o n t h s  24 M o n t h s  

R a t i n g  R a t i n g  R a t i n g  
Cu  N i  S n - N i  Cr  No. Defec t s  No. De~eets No. Defec ts  

I-1 
1-11* 
I-7" 
I-5 
M-14 
M-4 
M-5 
M-11 
M-3 
M-12 
M-2 
M-13 
M-1 
I-2 

1-12" 
I-8" 
I-6 
M-18 
M-9 
M-10 
M-15 
M-8 
M-16 
M-7 
M-17 
M-6 

0.75 

1.00 

1.25 

1.50 

0.75B 0.01 2 iS,xpR,xRs,xcR 
0.25B 0.50 0.01 

0.25B 0.50 0.01 
0.25B 0.50 - -  4 xcR,xeRs,xS,iRs 

1.00B 0.01 9 vscR 
1.00 - -  1 xcR 

0.01 1.00 - -  9 vscR 
0.25B 0.75B 0.01 8 vsRs,scR 
0.25 0.75 - -  5 icR 
0.50B 0.50B 0.01 5 icR,iRs 
0.50 0.50 - -  3 iRs,icR 
0.75B 0.25B 0.01 3 xcR,xRs 
0.75 0.25 - -  2 xRs,xcR 

1.25B 0.01 6 spR,iRs,sS,icR 

0.25B 1.00 0.01 
0.25B 1.00 0.01 
0.25B 1.00 - -  9 xS,vsRs,xeRs 

1.50B 0.01 9 vsRs 
1.50 - -  0 xcR 

0.01 1.50 - -  9 vscR 
0.50B 1.00B 0.01 9 vscR 
0.50 1.00 - -  7 icR 
0.75B 0.75B 0.01 9 vscR 
0.75 0.75 - -  2 xcR,iRs 
1.00B 0.50B 0.01 9 scR 
1.00 0.50 - -  4 icR,iZ 

0 0/0 
7 scR,sRs,xS,xeRs 4/0t  
6 iS,icR,xeRs,sRs 6/0 
4 xcR,xeRs,xS,iRs 2/0 
6 sRs,vspR,xS 
0 xpR,xRs,xS 
6 iS,iRs,spR 
3 iRs,xS,spR 
3 sS,ipR,iRs 
1 xS,spR,xRs,scR 
2 xS,xRs, ipR 
1 xS,icR,xRs 
1 xRs,xpR 
5 spR, iRs,sS,icR, 1/1 

seRs. 
8 icR,iRs,iS,xeRs 5 /0 t  
8 iS,xeRs 8/0 
8 xS,vsRs,sC,xeRs 6 /0 t  
7 sRs,vspR,iS 
0 xRs (100%),xpR 
6 iRs,iS,spR 
7 sS,sRs,vspR 
5 iS,iRs,ipR 
7 xS,sRs,spR 
2 xS, ipR 
4 xS,sRs,spR 
3 iS,iRs,ipR 

xcR,xRs 
icR,sRs,iecR 
icR,iRs,xecR 

xcR,iRs,xS,xecR 

xpR,icR,xRs 

icR,iRs,xecR 
icR,iRs,xecR 
icR,iRs,xS,xecR 

N O T E S :  * A l l  t he  c h r o m i u m  a p p l i e d  to the  t i n - n i c k e l  coa t ings  had  c o m p l e t e l y  f laked  off in  less t h a n  6 m o n t h s ,  T h i s  is  no t  cons ide red  
i n  r a t i n g  n u m b e r s .  R a t i n g s  a re  an  a v e r a g e  fo r  t he  lot.  
7 = f o l l o w i n g  r a t i n g  i nd i ca t e s  a sp read  g r e a t e r  t h a n  two  r a t i n g  n u m b e r s  f rom a v e r a g e  g iven .  
B = buf fed  
Lo t s  d e s i g n a t e d  w i t h  pref ix  ' T '  we re  p r e p a r e d  by  the  I n t e r n a t i o n a l  N i c k e l  Co. 
Lo t s  w i t h  p re f ix  " M "  were  p r e p a r e d  by  t he  Me ta l  and  T h e r m i t  Corp. 
A b b r e v i a t i o n s  used  to desc r ibe  defec ts  are iden t i f i ed  in  Tab le  h i .  
R a t i n g s  for  7 a n d  12 m o n t h s  we re  m a d e  w i t h  s i n g l e - n u m b e r  sys tem.  R a t i n g s  for  24 m o n t h s  we re  m a d e  w i t h  t w o - n u m b e r  s y s -  
tem.  F i r s t  n u m e r a l  deno te s  p r o t e c t i v e  v a l u e s ;  second n u m e r a l  g e n e r a l  appea rance .  
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1. Effect of total  thickness of deposit.  Thick-  
nesses f rom 0.75 to 1.5 mils are  included.  

2. Effect of propor t ion  be tween  copper undercoat  
and t in-nickel .  Copper undercoats  f rom 0.25 to 1.0 
mils are used. 

3. Effect of type  of undercoat .  T in-n icke l  is 
p la ted  (a)  d i rec t  on steel, (b) over  a copper  flash, 
(c) over subs tant ia l  thicknesses of copper, (d)  over 
nickel. 

4. Direct  comparison of t i n -n icke l  vs. n icke l /  
chromium, thickness for thickness,  over  var ious  
thicknesses of copper. The nickel  is in all  cases 
buffed Watts ' ,  which is genera l ly  agreed  to be at  
least  as good as and in most cases be t t e r  t han  br igh t  
nickel  in corrosion resistance.  

5. Effect of chromium over t in-nickel .  As wil l  
appear ,  this  purpose of the exper iment  was not ful -  
filled because, at the t ime these exposures  were  
ini t iated,  the  method used for  chromium pla t ing  over  
t in -n icke l  tu rned  out to be unsat isfactory.  Panels  
were  p r e p a r e d  but  the chromium flaked off soon 
af ter  exposure.  La te r  tests stil l  on exposure  give 
p r e l im ina ry  indicat ion that  this p rob lem has been 
solved. 

6. Possible appl icat ion of t i n -n icke l  as a final 
flash coat, used s imi la r ly  to the convent ional  th in  

Lot  
No. (3 
p a n e l s  
p e r  lot) 

chromium. Thin pla tes  of t in -n icke l  (0.01 rail  or so) 
were  deposi ted on copper and bronze undercoats .  
This phase of the p rog ram is omit ted  f rom the tables  
and subsequent  discussion; it  need only be said tha t  
t in -n icke l  used in this way  proved unsa t i s fac tory  
as a decora t ive  finish. 

7. Al l  of the foregoing comparisons and tests are 
conducted in the two pr inc ipa l  types  of atmospheres,  
mar ine  and indust r ia l .  

The actual  p la t ing  systems used are included in 
Tables I and II  along with  the  resul ts  of the ex,- 
posures.  

Preparation of Panels for Exposure 
Panels  were  p repa red  by  In te rna t iona l  Nickel  

Company (des ignated in Tables I and II  wi th  an "I")  
and by  Metal  & Thermi t  Corporat ion (des ignated  in 
the same tables wi th  an "M") .  

This basis me ta l  for all  panels  was co ld- ro l led  
mild  steel cut  to s t andard  4 x 6 in. size. S t anda rd  
commercia l  pract ices  for polishing, degreasing,  elec- 
t ro lyt ic  cleaning, and pickl ing the steel in p r e p a r a -  
t ion for  p la t ing  were  employed.  

Nickel  and copper were  p la ted  according to ac-  
cepted methods (9).  Nickel  was deposi ted from a 
convent ional  l ow-pH W a t t s - t y p e  bath.  Copper  cya-  
nide and copper sulfate  baths  were  used to deposit  

Table II. Weathering of tin : nickel-alloy coatings at Bayonne 
Exposed  on  A S T M - t y p e  racks  f a c i n g  s o u t h ;  t y p e  of s tee l :  m i ld ,  co ld - ro l l ed ;  size of p a n e l s :  4x6 in . ;  da te  of exposu re :  3-24-55. 

Type  and  t h i c k n e s s  R a t i n g  
of coa t i ng  {mils) 6 M o n t h s  12 M o n t h s  24 M o n t h s  29 M o n t h s  

Cu  Ni  S n - N i  Cr  R a t i n g  Defec ts  R a t i n g  Defec t s  R a t i n g  Defec ts  R a t i n g  Defec t s  

I-1 
1-11* 
I-7" 
I-5 

M-14 
M-4 

M-5 

M-11 
M-3 

M-12 
M-2 
M-13 
M-1 
I-2 
1-12" 
I-8" 
I-6 
M-18 
M-9 
M-10 
M-15 

M-8 
M-16 
M-7 

M-17 
M-6 

0.75B 0.01 3 xpR,xRs 1 xpR,xRs 2/0 xpR,xRs 2/0 
0.25B 0.5 0.01 8 icR 7 icR,iRs 8/8 scR 6/4 

0.25B 0.5 0.01 8 vsSp,icR 8 vsSp,icR 8/8 scR 9/7 
0.25B 0.5 7 scR,xecR 4 scR,xecR 6/6 icR,xecR 5/3 

1.0B 0.01 7 ipR,iRs 2 xRs,iSp,ipR 1/0 vxRs 1/0 
1.0 3 iRs,xcR 2 xcR,xRs 3/3 xcR,xecR 2/1 

0.01 1.0 9 vscR 9 vscR 9/9 vscR 9/7 

0.25B 0.75B 0.01 4 xpR,iRs 4 iRs,iS,ipR 3/1 xpR,xSp,xRs 2/0 
0.25 0.75 9 vscR,vsRs 8 vscR,vsRs 8/8 scR 7/5 

0.5B 0.50B 0.01 3 xpR,Rs,xS 2 xS,xpR,xRs 2/0 xpR,xSp,xRs 1/0 
0.5 0.5 6 sSp,icR,sZ 6 sS,scR,sRs 4/4~ icR,xRs,ipR 3/2t 
0.75B 0.25B 0.01 3 xpR,xSp,scR,iRs 1 xRs,xS,xpR,icR 1/0 xpR,xSp,xRs 0/0 
0.75 0.25 5 sRs,icR 4 iRs,icR 4/4~ icR,iRs,ipR 4/2t 

1.25B 0.01 7 ipR,xRs 7 spR,sRs 2/1 xpR,xRs 3/1 
0.25B 1.0 0.01 8 icR 7 icR,iRs 7/7 icR 5/3 

0.25B 1.0 0.01 9 scR 9 vscR 9/9 vscR 10/8 
0.25B 1.0 10 10 10/9 sSp 10/8 

1.5B 0.01 8 iSp,spR 5 ipR,iRs 2/1 xpR,xRs 1/0 
1.5 0 xRs 0 xRs 0/0 xRs 0/0 

0.01 1.5 8 iZ,sRs 8 iZ,iRs 8/7 ipR,iZ, iB,sS 7/3t 
0.5B 1.0B 0.01 8 iSp,spR,sS 6t iS,sRs,sSp 4/2 ipR,iZ,xS 5/2 

0.5 1.0 9 vspR,vsSp 9 vspR,vsSp 9/9 vspR 10/8 
0.75B 0.75B 0.01 7 ipR,iSp 5 iS,sRs,ipR 3/2 xpR,xS 3/0 
0.75 0.75 9 vspR,vsZ 8 iS,iZ,vscR 9/9 spR 8/6 

1.0B 0.5B 0.01 7 spR,xSp 3 xpR,sRs,iS 3/1# xpR,xRs 4/3t 
1.0 0.5 9 sSp,ipR,sS 7 vscR,vsRs,iS 8/8 spR 7/5 

xcR,xRs,xpR 
icR,xLS 
scR,xLS 
icR,xLS, 
vxecR. 
vxRs,xpR 
xcR,xecR, 
xRs,xLS. 
vscR,vsSp, 
ieR, xLS. 
xpR,xcR,xRs 
scR,iRs,ipR, 
xLS. 
xpR,xcR,vxRs 
icR,xRs,xLS 
xcR,xRs 
icR,xRs,xLS 
xcR,xRs,xpR 
icR,xLS 
xLS 
xLS 
xpR,xRs,iMS 
xRs 
icR,iZ, iRs,xLS 
ipR,xRs,xMS, 
iW 
xLS 
xpR,xRS,xSp 
vscR,ipR, 
iRs,xLS. 
ipR,xRs,iSp 
spR,iRs,xLS 

N O T E S :  * A l l  t h e  c h r o m i u m  a p p l i e d  to t he  t i n - n i c k e l  coa t ings  h a d  c o m p l e t e l y  f laked off in  less t h a n  6 m o n t h s .  Th i s  is  no t  cons ide red  
in  r a t i n g  n u m b e r s .  R a t i n g s  are  an a v e r a g e  fo r  t he  lot.  
t = f o l l o w i n g  r a t i n g  i nd i ca t e s  a sp read  g r e a t e r  t h a n  two  r a t i n g  n u m b e r s  f r o m  a v e r a g e  g iven .  
B = buffed.  
Lo t s  d e s i g n a t e d  w i t h  pref ix  " I "  w e r e  p r e p a r e d  by  t h e  I n t e r n a t i o n a l  N i c k e l  Co. 
Lo t s  w i t h  pref ix  " M "  w e r e  p r e p a r e d  b y  the  M e t a l  and  T h e r m i t  Corp.  
A b b r e v i a t i o n s  used  to desc r ibe  de fec t s  a re  iden t i f i ed  in  Tab le  I I I .  
R a t i n g s  fo r  6 a nd  12 m o n t h s  w e r e  m a d e  w i t h  s i n g l e - n u m b e r  sys t em.  R a t i n g s  fo r  24 m o n t h s  and  29 m o n t h s  w e r e  m a d e  w i t h  
t w o - n u m b e r  sys tem.  F i r s t  n u m e r a l  deno tes  p r o t e c t i v e  v a l u e ;  s econd  n u m e r a l ,  g e n e r a l  appea rance .  
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copper .  Th i cknes s  of coa t ing  on each  p a n e l  was  
d e t e r m i n e d  w i t h  a M a g n e - G a g e  at  s e v e r a l  p r e d e -  
t e r m i n e d  points .  P a n e l s  w e r e  r e j e c t e d  if  a n y  m e a s -  
u r e m e n t  d e v i a t e d  b y  m o r e  t h a n  10% f r o m  t h e  
de s i r ed  th ickness .  

T i n - n i c k e l  a l l oy  was  p l a t e d  f r o m  the  b a t h  o r i g -  
i n a l l y  r e c o m m e n d e d  b y  P a r k i n s o n  (1) .  Th icknesses  
of coa t ings  ove r  coppe r  w e r e  m e a s u r e d  w i t h  a 
M a g n e - G a g e .  By  m e a s u r i n g  the  t i m e  and  c u r r e n t  
d e n s i t y  r e q u i r e d  to depos i t  a p r e s c r i b e d  t h i cknes s  
of the  a l loy  ove r  copper ,  a p l a t i n g  r a t e  was  d e t e r -  
mined .  This  r a t e  was  u sed  to ca l cu l a t e  p l a t i n g  t imes  
for  the  v a r i o u s  t h i cknes se s  ove r  n ickel .  

A l l  n i c k e l  and  coppe r  coa t ings  w e r e  buffed.  T h e  
t i n - n i c k e l  a l l oy  r e q u i r e d  color  buffing or  w i p i n g  to  
r e m o v e  a s l igh t  "haze"  p r e s e n t  in t he  a s - p l a t e d  
coat ing.  

C h r o m i u m  was  d e p o s i t e d  as a f inal  flash coa t ing  
on pane l s  of some lots.  Th ickness  of c h r o m i u m  d e -  
pos i t s  was  m e a s u r e d  on t r i a l  p a n e l s  b y  an  anod ic  
so lu t ion  me thod .  A l t h o u g h  the  c h r o m i u m  coa t ings  
on t i n - n i c k e l  a p p e a r e d  sound  in i t i a l ly ,  t h e y  p o w -  
d e r e d  soon a f t e r  exposu re .  

Exposure sites and conditions.--Panels w e r e  e x -  
posed  a t  t h r e e  sites,  one m a r i n e  and  two  i n d u s t r i a l ,  
as fo l lows.  

K u r e  Beach,  N . C . :  t he  tes t  lot,  800 f t  f r o m  the  
ocean,  of t he  I n t e r n a t i o n a l  N i c k e l  C o m p a n y ' s  a t -  
m o s p h e r i c  e x p o s u r e  s ta t ion .  The  a t m o s p h e r e  is 
p u r e l y  mar ine ,  t h e r e  b e i n g  l i t t l e  or  no i n d u s t r y  
n e a r b y .  

Bayonne ,  N. J. :  t he  t es t  lo t  a t  t he  l a b o r a t o r i e s  of 
the  I n t e r n a t i o n a l  N icke l  C o m p a n y .  This  is a h e a v i l y  
i n d u s t r i a l i z e d  area ,  w i t h  m u c h  c h e m i c a l  i n d u s t r y ,  
gaso l ine  ref ining,  and  s m a l l  f o u n d r i e s  a n d  sme l t e r s ,  
in the  i m m e d i a t e  ne ighbo rhood .  

P i t t s b u r g h ,  Pa. :  t he  roof  of a d o w n t o w n  office 
bu i ld ing .  This  a r e a  is too w e l l - k n o w n  to r e q u i r e  
desc r ip t ion .  The  r e su l t s  of t h e  P i t t s b u r g h  e x p o s u r e  
a r e  no t  i n c l u d e d  in t he  t ab le s  or  d i scuss ion :  t r e n d s  
of d e t e r i o r a t i o n  a n d  r e l a t i v e  m e r i t  of t he  v a r i o u s  
pane l s  p r o v e d  to be  t he  s a m e  at  P i t t s b u r g h  as a t  
B a y o n n e  e x c e p t  t h a t  P i t t s b u r g h  was  less  cor ros ive .  
(The  I - s e r i e s  of  p a n e l s  was  no t  i n c l u d e d  in  t he  
P i t t s b u r g h  exposu re . )  

A l l  p a n e l s  w e r e  e x p o s e d  on s t a n d a r d  A S T M - t y p e  
r acks  f ac ing  sou th  at  an  ang le  of  30 ~ to t he  h o r i z o n -  
tal .  The  p a n e l s  w e r e  no t  c l e aned  e x c e p t  w h e n  l i g h t  
b r u s h i n g  or  r i n s ing  b e c a m e  n e c e s s a r y  d u r i n g  i n -  
spec t ions  to d i s t i n g u i s h  b e t w e e n  defec t s  and  d i r t .  

Methods of inspection and rating.--Panels w e r e  
r a t e d  as n e a r l y  as p o s s i b l e  in a cco rdance  w i t h  m e t h -  
ods used  b y  A S T M  C o m m i t t e e  B-8  (10) .  I n  th is  
s y s t e m  a r a t i n g  n u m b e r  is a s s igned  c o r r e s p o n d i n g  
to the  p e r c e n t a g e  of t h e  a r e a  w h i c h  is cove re d  b y  
defec t s  (see Tab le  I I I ) .  In  a d d i t i o n  to t he  n u m e r i c a l  
r a t ing ,  de sc r ip t i ons  of t he  t y p e  of de fec t  e n c o u n t e r e d  
a r e  no ted  in  s h o r t h a n d  a b b r e v i a t i o n s ,  t he  m e a n i n g s  
of w h i c h  a r e  e x p l a i n e d  in  t he  t ab le .  

D u r i n g  the  t i m e  these  pane l s  w e r e  on exposure ,  
one of t he  au tho r s  (F .A .L . )  b e g a n  e x p e r i m e n t i n g  
w i t h  a modi f ied  scheme  for  a s s ign ing  r a t i n g  n u m -  
be r s  w h i c h  is now b e i n g  t r i e d  out  b y  C o m m i t t e e  
B-8.  This  i nvo lves  t h e  s e p a r a t i o n  of defec t s  in to  
two  ca tegor ies :  those  w h i c h  cause  or  a r e  caused  b y  
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bas is  m e t a l  co r ros ion  ( r u s t i n g )  a n d  those  w h i c h  
affect  on ly  t h e  coat ing .  In  t he  f irst  c a t e g o r y  a r e  a l l  
f o rms  of  ru s t ing ;  in  t h e  second  a re  such  defec t s  as  
su r f a c e  p i t t ing ,  f l ak ing  or  p e e l i n g  of t opcoa t s  w h i c h  
does  no t  p e n e t r a t e  to t he  s teel ,  t a rn i sh ,  a n d  the  l ike .  
Two r a t i n g  n u m b e r s  a r e  a s s igned  to t he  pane l ,  one  
for  each  c a t e g o r y  of defect ,  s e p a r a t e d  b y  a s lash ;  
t hus  10/5 w o u l d  i nd i ca t e  a p a n e l  f r ee  of r u s t  (f i rs t  
n u m b e r )  b u t  d o w n - g r a d e d  to  5 ( second  n u m b e r )  
for  one or  a n o t h e r  su r f a c e  de fec t  a f fec t ing  i ts  
a p p e a r a n c e .  

T h e  fac t  t h a t  r a t i n g  m e t h o d s  w e r e  c h a n g e d  d u r i n g  
the  course  of th i s  e x p o s u r e  i n e v i t a b l y  i n t r o d u c e s  a 
c o m p l i c a t i o n  in to  t h e  o r d e r l y  i n t e r p r e t a t i o n  of the  
resu l t s .  N e v e r t h e l e s s  th is  c o m p l i c a t i o n  is m o r e  a p -  
p a r e n t  t h a n  r e a l :  m e a n i n g f u l  c o m p a r i s o n s  a m o n g  
v a r i o u s  g roups  of pane l s  can  be  d r a w n  and  s ignif i -  
can t  conc lus ions  r eached .  

A f u r t h e r  c o m p l i c a t i o n  is i n t r o d u c e d  b y  t h e  
t e n d e n c y  of t i n - n i c k e l  coa t ings ,  u n p r o t e c t e d  b y  a 
c h r o m i u m  finish, to a c qu i r e  in  the  a t m o s p h e r e  a f i lm 
w h i c h  m i g h t  be  v a r i o u s l y  d e s c r i b e d  as l i gh t  s ta in ,  

Table III. Identification of rating numbers and symbols used in 
Tables I and II 

N u m e r i c a l  r a t i n g  % of A r e a  D e f e c t i v e  

10 0 
9 0-0.1 
8 0.1-0.25 
7 0.25-0.5 
6 0.5-1.0 
5 1.0-2.5 
4 2.5-5.0 
3 5.0-10.0 
2 10.0-25.0 
1 25.O-50.0 
0 over  50.0 

Where  two number  sys tem is used, first number  
denotes  pro tec t ive  value,  second number  denotes  gen- 
era l  appearance .  

"Shor thand"  symbols  used in ra t ing  exposure  panels  

S y m b o l  Meaning 

R 

Rs 

S 
Sp 

B 
Z 
P 
C 

e 
S 

i 
X 

f 
m 
V 

L 
M 
H 

Rust ing of the  basis me ta l  ( pe rmanen t  or mas-  
sive type  of rus t  such as tha t  in pinholes,  ba re  
or f laked areas,  or in c ra te rs  or b roken  bl is ters) .  
Rust  s ta ining which  can be  r emoved  read i ly  
wi th  a damp cloth or chamois and mi ld  ab ra -  
sives revea l ing  a sound, b r igh t  surface.  
Stains  or spots o ther  than  obvious rust stains. 
Surface  pits  (corrosion pits  p robab ly  not  ex-  
t ending  th rough  to the  basis meta l :  i.e., ab-  
sence of obvious basis  me ta l  corrosion products  
b leeding  the re f rom) .  
Bl is ter  
Crazing 
P inpoin t  
Cra te r  or "pus tu la r"  
Edge 
Sl ight  or smal l  
In t e rmed ia t e  or  modera t e  
Excessive or severe,  or la rge  
Few 
Many 
Very  (to modi fy  above adjec t ives)  

L igh t  ] Used to denote  degree 
Medium f of s ta in ing 
Heavy  
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mild tarnish,  sl ight discoloration, or the  like. Be-  
cause the ta rn i sh  is r ead i ly  removable  by  l ight  ab ra -  
sion, this defect  was a rb i t r a r i l y  assigned a pena l ty  
of only two points in the  appearance  (second num-  
ber)  rat ing,  e.g., a p a n e l o t h e r w i s e  perfect  but  ex-  
h ibi t ing the  aforesaid  l ight  s ta in would  be ra t ed  
10/8. This p rope r ty  of t in -n icke l  is discussed fu r the r  
below. 

A character is t ic  of the ra t ing  method should be 
borne in mind in appra is ing  and in te rp re t ing  the 
results .  Since the numbers  are  based  on a loga-  
r i thmic  scale, differences in absolute  a rea  defect ive 
are  far  g rea te r  be tween two adjacent  numbers  at  the 
low than  at  the high end of the scale. In spi te  of this, 
however,  differences at  the high end of the scale are 
far  more significant p rac t i ca l ly  and commercial ly .  
This is because panels  wi th  ra t ings  below about  5 
have  de te r io ra ted  beyond any prac t ica l  ut i l i ty ,  so 
tha t  i t  is of l i t t le  rea l  in teres t  whe the r  they  ra te  3 
or 1. On the other  hand,  there  is a significant differ-  
ence be tween a 10 and a 9: the former  has no defects 
at  all, whi le  the  la t te r  is beginning to exhibi t  some 
fai lure.  

Replication.--Nine panels  of each lot (Tables  I 
and II)  we re  prepared ,  so tha t  exposures  at  each of 
the three  sites were  in t r ipl icate .  Since i t  would 
undu ly  complicate  the  tables  of resul ts  to include 
ra t ings  for  al l  panels, lot  ra t ings  were  a r r ived  at  by 
s imply averaging  the ind iv idua l  rat ings.  (Where  the 
t w o - n u m b e r  sys tem is used, each number  is t r ea ted  
separa te ly . )  

When the th ree  panels  were  wi th in  --+2 numbers  
of the lot average,  the figure in the tables  is given 

wi thout  comment.  When one or more panels  di f -  
fered by more than  two numbers  f rom the  lot ave r -  
age, a dagger  in the table  so indicates. The prac t ica l  
significance of this  nota t ion is tha t  too much re l iance 
should not be p laced on the pa r t i cu la r  ra t ing:  wi th  
only th ree  repl ica tes  one is not  justified in discarding 
any resul t  no ma t t e r  how divergent .  

R e s u l t s  

The ra t ings  of the lots on exposure  at  Kure  Beach 
are given in Table I; those at  Bayonne in Table  II. 
As a l ready  explained,  de ta i led  resul ts  for the  P i t t s -  
burgh  exposure  are  omitted.  The Kure  Beach ex-  
posure  has been discontinued;  panels  are  st i l l  out 
at  Bayonne and Pi t t sburgh.  

The ra t ings  given in the tables  are p lot ted  in 
Fig. 1 and 2. Where  the t w o - n u m b e r  sys tem was 
used, the value  used for the  plot  is the second 
number  since it corresponds closely to the  ra t ing  
tha t  would resul t  f rom the s ing le -number  method.  
The va lue  of graphica l  presenta t ion  is twofold:  it  
offers a read i ly  ass imila ted s um m a r y  of the results,  
and it enables calculat ion of an index of pe r fo rm-  
ance which is essent ia l ly  more meaningfu l  than  the 
ra t ing  numbers  themselves,  viz., the useful  service 
life of a given coating system. This may  be defined 
as the t ime on exposure  before  a panel  has de te r i -  
ora ted  to a given rat ing.  

As wil l  be seen from an inspection of the  graphs, 
occasionally panels  seem to improve  be tween inspec-  
tions instead of deter iora t ing.  This anomaly  is ex-  
pl icable  on the basis tha t  the subject ive  e lement  has, 
unfor tunate ly ,  not been en t i re ly  e l imina ted  from the 
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Fig. 1. Rating vs. time at Kure Beach. Solid lines, tin-nickel coatings; dashed lines, nickel/chromium coatings. 
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r a t i n g  sys t em;  each  i n spec t ion  is i n d e p e n d e n t  and  
in  m a n y  cases  d i f f e ren t  i n spec to r s  w e r e  invo lved .  
A n o t h e r  f ac to r  m a y  b e  the  occu r r ence  of h e a v y  r a in  
i m m e d i a t e l y  be fo re  inspec t ion ,  h a v i n g  the  effect  of 
c l ean ing  t h e  p a n e l s  and  caus ing  t h e m  to i m p r o v e  
in  a p p e a r a n c e .  Discussion 

I t  is a p p a r e n t  t h a t  the  r e l a t i v e  m e r i t  of t he  v a r i -  
ous lots  is qu i t e  d i f fe ren t  u n d e r  t h e  two  cond i t ions  
of exposu re .  I t  t h e r e f o r e  becomes  n e c e s s a r y  to d i s -  
cuss t h e  K u r e  B e a c h  and  the  B a y o n n e  r e su l t s  
s e p a r a t e l y .  

Marine atmosphere (Kure  Beach) . - -A l l  t h e  pane l s  
in t he  p r e s e n t  p r o g r a m  d e t e r i o r a t e d  r e l a t i v e l y  r a p -  
id ly .  F o r  l o n g - t i m e  se rv i ce  in such  a loca t ion ,  t h i c k e r  
coa t ings  t h a n  w e r e  used  in  th i s  p r o g r a m  w o u l d  be  
r e q u i r e d .  
Tin -n icke l . - -The  use fu l  s e rv i ce  l i fe  of the  t i n - n i c k e l  
coa t ings  in  th is  t e s t  was  a l m o s t  i n d e p e n d e n t  of 
t h e  t h i c k n e s s  or  n a t u r e  of the  u n d e r c o a t  ( w i t h  one 
e x c e p t i o n  no ted  b e l o w ) .  In  o r d e r  to o b t a i n  r e a s o n -  
a b l y  good p e r f o r m a n c e  a t  l e a s t  1.0 m i l  of t i n - n i c k e l  
a p p e a r s  to be  r e q u i r e d ,  b u t  i t  does  not  s e e m  to 
m a t t e r  a p p r e c i a b l y  w h e t h e r  th i s  is p l a t e d  ove r  0.01, 
0.25, or  0.5 mi l s  of coppe r  ( T a b l e  I, Lo ts  M-5 ,  I -6 ,  
M - 8  a n d  Fig .  3) .  S i m i l a r l y  0.5 m i l  t i n - n i c k e l  c o a t -  
ings  f a i l ed  f a i r l y  r a p i d l y  w h e t h e r  t h e y  w e r e  on  0.25, 
0.5, or  1.0 ra i l  of coppe r  (Lo t s  I -5 ,  M-2,  M - 6 ) .  

In  sp i t e  of t he  e a r l y  p o w d e r i n g  off of t he  c h r o -  
m i u m  f r o m  the  c h r o m i u m - p l a t e d  t i n - n i c k e l  coa t ings ,  
t he  p e r f o r m a n c e  of these  pane l s  was  n o t i c e a b l y  b e t -  
t e r  t h a n  t h a t  of n o n c h r o m i u m  p l a t e d  ones.  (Th i s  has  
been  n o t e d  in o t h e r  t es t s  no t  r e c o r d e d  he re . )  

Fig. 3. Effect of thickness of tin-nickel on the protective 
value at Kure Beach. Total thickness of coatings: top row, 
1.0 mil; bottom row, 1.5 rail. Lot M-l,  0.75 Cu/0.25 Sn:Ni; 
Lot M-5, 0.01 Cu/1.0 Sn:Ni; Lot M-7, 0.75 Cu/0.75 Sn:Ni; 
Lot M-10, 0.01 Cu/1.5 Sn:Ni. 

T i n - n i c k e l  p l a t e d  d i r ec t  on s tee l  f a i l ed  v e r y  r a p i d -  
ly,  b u t  even  a v e r y  t h in  f lash of  copper  w a s  suff icient  
to effect  a d r a m a t i c  i m p r o v e m e n t  in p e r f o r m a n c e  
(Lots  M-4,  M-5 ,  M-9,  M - 1 0 ) .  
Tin-nicke l  vs. n i cke l / chromium. - -Resu l t s  for  t he  
t h i n n e r  coa t ings  a r e  no t  e n t i r e l y  cons is ten t ,  some 
s h o w i n g  t i n - n i c k e l  to be  super io r ,  o the r s  showing  an  
a d v a n t a g e  for  n icke l .  In  t he  h e a v i e r  coa t ings ,  t he  
two  a p p e a r  to be  r o u g h l y  e q u i v a l e n t  in  p e r f o r m a n c e .  
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Some  f u r t h e r  g e n e r a l i z a t i o n s  can  be  m a d e  w h i c h  
a r e  a p p l i c a b l e  to the  B a y o n n e  r e su l t s  as  w e l l  and  
a r e  t h e r e f o r e  cons ide r ed  l a t e r .  

Industrial atmosphere ( Bayonne ).--The i n d u s t r i a l  
a t m o s p h e r e  of B a y o n n e  a p p e a r s  in  t h e s e  tes t s  to be  
of t he  s ame  o r d e r  of co r ros iveness  t o w a r d  n i c k e l /  
c h r o m i u m  or  c o p p e r / n i c k e l / c h r o m i u m  coa t ings  as  is 
t he  m a r i n e  a t m o s p h e r e  of K u r e  Beach.  D u p l i c a t e  
sets  of t he se  pane l s  f a i l ed  a t  a b o u t  t he  s a m e  r a t e  in  
bo th  exposures .  But  t h e  i n d u s t r i a l  a t m o s p h e r e  was  
f a r  less co r ros ive  t o w a r d  the  t i n - n i c k e l  coa t ings  t h a n  
was  the  m a r i n e .  As  a consequence ,  t h e  t i n - n i c k e l  
coa t ings  cons i s t en t ly  o u t p e r f o r m e d  the  n i c k e l / c h r o -  
m i u m  coa t ings  at  Bayonne .  This  is i l l u s t r a t e d  in  
Fig .  4. This  is t r u e  of  a l l  the  tests ,  so t ha t  d e t a i l e d  
c o n s i d e r a t i o n  of the  r e su l t s  is no t  necessa ry .  

As  at  K u r e  Beach,  for  a g iven  coa t ing  t h i cknes s  
p e r f o r m a n c e  i m p r o v e s  as t he  p r o p o r t i o n  of t he  t o t a l  
w h i c h  is t i n - n i c k e l  i nc r ea se s  and  the  p r o p o r t i o n  of 
t he  coppe r  u n d e r c o a t  decreases .  This  s t a t e m e n t  is 
m a d e  p r i n c i p a l l y  on the  bas is  of t he  d a t a  for  t he  
1 m i l  coa t ings .  A l t h o u g h  a s i m i l a r  t r e n d  is o b s e r v -  
ab le  in  t he  1.5 m i l  coa t ings ,  d e t e r i o r a t i o n  has  no t  
p r o c e e d e d  fa r  enough  to p e r m i t  def in i te  con f i rma t ion  
(see Fig.  5) .  The  excep t ion ,  as  be fore ,  is t he  case  of 
no u n d e r c o a t  a t  a l l :  t i n - n i c k e l  d i r e c t  on s tee l  fa i l s  
v e r y  qu i ck ly ;  b u t  t he  i n se r t i on  of a m e r e  flash of 
coppe r  i m p r o v e s  the  cor ros ion  r e s i s t ance  m a n y  fold.  
T h e r e  is l i t t l e  to choose  b e t w e e n  n i c k e l  a n d  coppe r  
as u n d e r c o a t s  fo r  t i n - n i c k e l ;  s l igh t  d i f fe rences  in  
c o m p a r a b l e  lots  f a v o r  copper .  

Results at both locations.--There r e m a i n  to be  d i s -  
cussed  two  d i f fe rences  in t he  b e h a v i o r  of t i n - n i c k e l  
coa t ings  as c o m p a r e d  w i t h  n i c k e l / c h r o m i u m  coa t -  
ings, wh ich  b e c a m e  e v i d e n t  a t  bo th  loca t ions  a n d  
w h i c h  a r e  not  obv ious  f r o m  the  r a t i n g s  and  d e s c r i p -  
t ions  in Tab les  I and  II.  

1. T y p e  of f a i lu re .  W h e n  a n i c k e l / c h r o m i u m  a n d  
a t i n - n i c k e l  p l a t e d  p a n e l  h a v e  f a i l ed  to the  s a m e  

June 1958 

Fig. 5. Effect of thickness of tin-nickel on the protective 
value at Bayonne. Total thickness of coatings: top row, 1.0 
rail; bottom row, 1.5 mil. Lot M-2, 0.5 Cu/0.5 Sn:Ni; Lot 
M-3, 0.25 Cu/0.75 Sn:Ni; Lot M-7, 0.75 Cu/0.75 Sn:Ni; 
Lot M-8, 0.5 Cu/1.0 Sn:Ni. 

e x t e n t  as m e a s u r e d  b y  the  r a t i n g  n u m b e r s ,  t h e y  wi l l  
in a l l  p r o b a b i l i t y  no t  be  s i m i l a r  in a p p e a r a n c e .  
N icke l  coa t ings  n o r m a l l y  f a i l  in  a m u l t i t u d e  of s m a l l  
spots  (p inho le  r u s t i n g ) ,  of w h i c h  m o r e  a n d  m o r e  
a p p e a r  as d e t e r i o r a t i o n  p roceeds  u n t i l  a t y p i c a l l y  
l o w - r a t e d  p a n e l  is a lmos t  cove red  w i t h  t h o u s a n d s  
of s m a l l  r u s t  spots ;  some of t he se  spots  m a y  of course  
become  e n l a r g e d  a n d  deve lop  into  c r a t e r s  or  p u s t u l e s  
of rus t .  P i n h o l e  r u s t i n g  is, on the  o t h e r  hand ,  a 
r e l a t i v e l y  r a r e  de fec t  in t i n - n i c k e l  coa t ings .  Most  
o f t en  f a i l u r e  s t a r t s  in a f ew  spots  w h i c h  t h e n  g r a d -  
u a l l y  g r o w  in size, so t h a t  a t y p i c a l l y  l o w - r a t e d  

Fig. 4. Weathering of the various coatings at Bayonne. 
Total thickness of coatings: 1.0 rail. Lot M- l ,  0.75 Cu/0.25 
Sn:Ni; Lot M-S, 0.01 Cu/1.0 Sn:Ni; Lot M-13, 0.75 Cu/0.25 
Ni/0.01 Cr; Lot M-14, 1.0 Ni/0.01 Cr. 

Fig. 6. Differences in the type of failure of tin-nickel and 
copper-nickel-chromium coatings. Kure Beach exposure. Total 
thickness of coatings: top row, 1.0 rail; bottom row, 1.5 mil. 
Lot M-2, 0.5 Cu/0.5 Sn:Ni; Lot M-12, 0.5 Cu/0.5 Ni/0.01 
Cr; Lot M-6, 1.0 Cu/0.S Sn:Ni; Lot M-17, 1.0 Cu/0.5 
Ni/0.01 Cr. 
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t i n - n i c k e l  p a n e l  m a y  h a v e  r e l a t i v e l y  few v e r y  l a r g e  
rus t  c ra te r s ,  w i t h  l a r g e  a r e a s  of t h e  p a n e l  be ing  
e n t i r e l y  f ree  of defects .  This  t y p e  of f a i l u r e  is 
i l l u s t r a t e d  in  Fig .  6. 

2. S t a i n  and  d i sco lora t ion .  I f  t he  t y p i c a l  " b l u e "  
color  of b r i g h t  c h r o m i u m  is t a k e n  as " s t a n d a r d "  for  
a d e c o r a t i v e  finish, t h e  t i n - n i c k e l  coa t ings  f a i l  to 
m e e t  t h a t  s t a n d a r d  a f t e r  a r e l a t i v e l y  sho r t  t i m e  of 
exposure .  The  a l l oy  coat ings ,  w h i c h  a r e  even  as 
p l a t e d  of a s o m e w h a t  d i f ferent ,  m o r e  r e d d i s h  hue  
t h a n  c h r o m i u m ,  g r a d u a l l y  d a r k e n  in color,  p r e s u m -  
a b l y  b y  the  f o r m a t i o n  of an  ox ide  or  o t h e r  film. 
V e r y  soon the  color  d i f fe rence  is suff ic ient ly  obv ious  
so t h a t  a m e r e  g lance  is e n o u g h  to p i c k  ou t  t he  t i n -  
n i cke l  p a n e l s  on a r a c k  f r o m  the  c h r o m i u m  p l a t e d  
pane l s .  

The  f o r m a t i o n  of  th is  f i lm posed  a p r o b l e m  in the  
in spec t ion  a n d  r a t i n g  of t he  pane ls ,  a p r o b l e m  w h i c h  
was  h a n d l e d  d i f f e r en t l y  b y  d i f f e ren t  inspec tors .  I t  
canno t  be  cons ide red  a se r ious  de fec t  and  s ince  i t  
u s u a l l y  covers  the  w h o l e  pane l ,  v a r i o u s  i n spec to r s  
e i t he r  i g n o r e d  i t  e n t i r e l y  or  p e n a l i z e d  one or  two  
points .  I t  has  been  t e n t a t i v e l y  dec ided  t h a t  w h e r e  
t he  t a r n i s h  f i lm is l ight ,  two  po in t s  w i l l  be  a t t r i b u t e d  
to th is  defect .  

This  b e h a v i o r  was  e x p e c t e d  f rom p r e v i o u s  e x p e -  
r i ence  and  p r o m p t e d  t h e  inc lus ion  in  t he  p r e s e n t  t e s t  
of s e v e r a l  lo ts  of t i n - n i c k e l  pane l s  w i t h  a f inal  f lash 
coat  of c h r o m i u m .  U n f o r t u n a t e l y ,  as a l r e a d y  s ta ted ,  
t he  c h r o m i u m  soon f laked  off these  pane l s  so t h a t  t he  
ques t ion  w h e t h e r  t i n - n i c k e l  can  be  p r o t e c t e d  f r o m  
t a r n i s h i n g  b y  the  c o n v e n t i o n a l  c h r o m i u m  o v e r l a y  
r e m a i n s  u n a n s w e r e d  so f a r  as the  p r e s e n t  t e s t  is con-  
cerned .  See  the  r e m a r k s  b e l o w  on a s u p p l e m e n t a r y  
t es t  r e c e n t l y  in i t i a t ed .  

Supplementary program.--The r e su l t s  a b o v e  r e -  
p o r t e d  pose  two  p r o b l e m s :  

1. The  n a t u r e  of the  co r ros ion  of t i n - n i c k e l  
s t r o n g l y  sugges t s  t h a t  i t  is qu i t e  n o b l e  and  t h a t  
co r ros ion  t a k e s  p l a c e  t h r o u g h  po res  a l r e a d y  p re sen t .  
If  these  po re s  can  be  avo ided ,  t he  p e r f o r m a n c e  
shou ld  be  g r e a t l y  i m p r o v e d .  

2. F u r t h e r  efforts  to  c h r o m i u m  p l a t e  t i n - n i c k e l  
shou ld  be  m a d e  in  an  a t t e m p t  to avo id  the  t a r n i s h i n g  
and  d i s co lo ra t i on  a l r e a d y  noted .  

To i n v e s t i g a t e  these  ques t ions ,  f u r t h e r  p a n e l s  w e r e  
p r e p a r e d  and  exposed  a t  K u r e  Beach  and  N e w a r k ,  
N . J .  The  p l a t i n g  sys t ems  a n d  r e su l t s  a r e  s h o w n  in 
Tab les  IV a n d  V. 

This  s u p p l e m e n t a r y  p r o g r a m  has  o b v i o u s l y  no t  
p r o c e e d e d  fa r  enough  to p e r m i t  s w e e p i n g  conc lu -  
sions. But  even  a t  th is  e a r l y  d a t e  t he  fo l lowing  can  
be  said.  

L o t  S-1  ( v e r y  s i m i l a r  to L o t  M - 5 )  is f a i l i ng  a t  
a b o u t  t he  s a m e  r a t e  as ]VI-5, so far .  

L o t  S -2 :  c h r o m i u m  has  no t  f l aked  in  6 m o n t h s ;  
p r e v i o u s l y  c h r o m i u m  f laked  in  a few weeks .  T h e  
p r o b l e m  of c h r o m i u m  p l a t i n g  ove r  t i n - n i c k e l  a p -  
p e a r s  n e a r e r  so lu t ion .  

Lo t  S -3 :  so f a r  i nd i ca t e s  e x c e l l e n t  p e r f o r m a n c e  b y  
the  use  of t he  " d o u b l e  p l a t e "  t echn ique ,  t e n d i n g  to 
conf i rm susp ic ions  t h a t  co r ros ion  of  t i n - n i c k e l  p l a t e d  
s tee l  t a k e s  p l a c e  p r i n c i p a l l y  t h r o u g h  p r e e x i s t i n g  
pores .  

Table IV 
Kure Beach, Exposed 2/14/57 

Thickness ,  m i l s  
Lo t  Cu  TN Cr 4 M o n t h s  10 M o n t h s  

S-1 0.1 0.9 - -  8/8 v f l a r g e  7 / 4 v f l a r g e  
cR, xeR cR, iS 

S-2 0.1 0.9 .01 9/9 vscR 9/9 vf large  
cR 

S-3 0.i 0.5 n u 0.4* - -  i0110 10/10 

* Buf fed  a f t e r  0.5 Tbl, t h e n  r e p l a t e d  w i t h  a d d i t i o n a l  0.4 " D o u b l e  
p l a t e " .  

Table V 
Newark, Exposed 2/28/57 

L o t  7 M o n t h s  12 M o n t h s  

S-1 10/10 10/8 iS 
S-2 lOl l0  10/10 
S-3 10/10 10/8 iS  

Conclusions 

The  p r i n c i p a l  r e s u l t  of  th is  e x p o s u r e  p r o g r a m  is 
to show t h a t  t he  t i n - n i c k e l  depos i t  g ives  e x c e l l e n t  
r e s i s t ance  to corros ion,  in  w h i c h  r e s p e c t  i t  is qu i t e  
c o m p a r a b l e  to W a t t s '  n i c k e l  p lus  a f lash of c h r o -  
m i u m .  I t  is r o u g h l y  e q u i v a l e n t  to n i c k e l  in  m a r i n e  
b u t  de f in i t e ly  s u p e r i o r  to i t  in  i n d u s t r i a l  a t m o s p h e r e s .  

The  t i n - n i c k e l  a l l oy  shou ld  no t  be  a p p l i e d  d i r ec t  
to s tee l  for  c o r r o s i o n - r e s i s t a n t  service .  Copper ,  even  
if  on ly  as a f lash coat ing ,  b e t w e e n  t h e  s tee l  and  t i n -  
n ickel ,  i m p r o v e s  p e r f o r m a n c e  m a n y  fold.  O t h e r  
u n d e r c o a t s  i n c l u d i n g  n i c k e l  and  b r o n z e  m a y  be  used.  

The  co r ros ion  of t i n - n i c k e l  a l loy  coa ted  s tee l  t a k e s  
p l ace  in  a d i f f e ren t  m a n n e r ,  p r o b a b l y  d e n o t i n g  a 
d i f fe ren t  m e c h a n i s m ,  f r o m  tha t  of n i c k e l  coa t ings .  

A l t h o u g h  i t  has  e x c e l l e n t  p r o p e r t i e s  as a d e c o r a -  
t i v e - p r o t e c t i v e  coat ing ,  t i n - n i c k e l  f o r m s  on ou tdoo r  
e x p o s u r e  a t a r n i s h  f i lm w h i c h  m a y  be  c ons ide r ed  
o b j e c t i o n a b l e  in  a p p e a r a n c e  even  t h o u g h  i t  can  be  
ea s i l y  r e m o v e d .  P r e l i m i n a r y  ind ica t ions  f r o m  a r e -  
c e n t l y  b e g u n  and  s t i l l  c on t i nu ing  e x p o s u r e  p r o g r a m  
a re  t h a t  th is  ob j ec t ion  can  be  o b v i a t e d  b y  the  a p p l i -  
ca t ion  of a f inal  t h in  c h r o m i u m  p la t e ;  e a r l y  p r o b l e m s  
e n c o u n t e r e d  in success fu l ly  p l a t i n g  b r i g h t  c h r o m i u m  
ove r  t i n - n i c k e l  a p p e a r  to h a v e  been  so lved .  
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ABSTRACT 

The hyd rodynamic  flow nea r  ver t ica l  e lectrodes in e lectrolysis  wi th  na tu r a l  
convection was s tudied optical ly.  The veloci ty  d is t r ibut ion  was measured  for  
var ious  expe r imen ta l  conditions. The flow velocit ies a re  ca lcula ted  for  the  
case of a constant  cur ren t  dens i ty  along the e lect rode by  the yon K~rm~n-  
Pohlhausen  in tegra l  method and compared  wi th  the expe r imen ta l  data.  In  the  
theore t ica l  der iva t ion  var ious  assumptions  are  made  concerning the shape of 
the veloci ty  and concentra t ion profiles, and thei r  influence on the computed  
values  of the m a x i m u m  flow velocit ies is discussed. 

Mass  t r a n s f e r  to or  f r o m  the  e l ec t rodes  p l a y s  an  
i m p o r t a n t  r o l e  in e lec t ro lys i s .  I t  is a c c o m p l i s h e d  in  
g e n e r a l  b y  diffusion,  m i g r a t i o n ,  and  convec t ion .  

A h y d r o d y n a m i c  flow is u s u a l l y  p r e s e n t  even  in  a 
so lu t ion  w h i c h  is no t  a r t i f i c i a l ly  s t i r r ed .  This  flow 
is ca l l ed  n a t u r a l  o r  f r ee  convec t ion .  I t  is d u e  to t h e  
d e n s i t y  d i f fe rences  b e t w e e n  the  e l ec t rode  l a y e r  and  
the  b u l k  of the  ba th ,  w h i c h  cause,  w i t h  v e r t i c a l  
e lec t rodes ,  an  u p w a r d  or  d o w n w a r d  flow of t he  
solu t ion ,  d e p e n d i n g  on w h e t h e r  t he  d e n s i t y  of t h e  
e l e c t r o d e  l a y e r  is s m a l l e r  or  g r e a t e r  t h a n  in  t he  
bu lk .  

Ve loc i ty  d i s t r i b u t i o n  n e a r  t he  e l e c t r o d e  is shown  
s c h e m a t i c a l l y  in  Fig.  1. The  v e l o c i t y  is zero  a t  t he  
e l ec t rode  surface ,  i nc r ea se s  u n t i l  a m a x i m u m  is 
r eached ,  t h e n  dec reases  aga in .  T h e  c o m p a r a t i v e l y  
s m a l l  r eg ion  n e a r  t he  i n t e r f a c e  in  w h i c h  t h e  u p w a r d  
or  d o w n w a r d  flow occurs  p r i m a r i l y  is ca l l ed  the  
h y d r o d y n a m i c  (or  ve loc i t y )  b o u n d a r y  l aye r .  S i m i -  
l a r ly ,  t he  d i f fus ion  l a y e r  is def ined  as the  r eg ion  in  
w h i c h  t h e  c o n c e n t r a t i o n  is s ign i f i can t ly  d i f f e ren t  
f r o m  t h a t  in  t he  bu lk .  

T I 

c~ . . . .  E 

c, 

5 

Fig. 1. Concentration and velocity distribution n e a r  the 
electrode (schematic). 

The  t h e o r y  of  mass  t r a n s f e r  b y  n a t u r a l  convec -  
t ion  to p l a n e  v e r t i c a l  e l e c t rode s  has  r e c e i v e d  m u c h  
a t t e n t i o n  in  r e c e n t  y e a r s  ( 1 -7 ) .  T h e  l i m i t i n g  c u r -  
r en t  and  the  t h i ckness  of t he  d i f fus ion  l a y e r  u n d e r  
f ree  convec t ion  cond i t ions  h a v e  been  s t ud i ed  e x -  
p e r i m e n t a l l y  b y  v a r i o u s  a u t h o r s  ( 7 -13 ) .  H o w e v e r ,  
no i n v e s t i g a t i o n  of t h e  convec t ive  f low i t se l f  has  
been  m a d e  so far .  In  t h e  p r e s e n t  p a p e r ,  m e a s u r e -  
m e n t s  of the  h y d r o d y n a m i c  b o u n d a r y  l a y e r  a t  p l a n e  
v e r t i c a l  e l e c t rode s  a r e  r e p o r t e d  and  c o m p a r e d  w i t h  
the  theory .  The  ve loc i t i e s  of t h e  flow a re  ca l cu -  
l a t e d  acco rd ing  to t he  m e t h o d  of  von  K ~ r m ~ n -  
P o h l h a u s e n  (28, 27) .  G e n e r a l i z e d  c o n c e n t r a t i o n  and  
v e l o c i t y  prof i les  a r e  used  in  t he  ca lcu la t ion ,  and  
some  g e n e r a l  a spec t s  of t he  a p p l i c a t i o n  of von  K ~ r -  
m ~ n - P o h l h a u s e n ' s  m e t h o d  a r e  d iscussed .  

Theoretical 
Mass  t r a n s f e r  ca l cu l a t i ons  a r e  u s u a l l y  c a r r i e d  ou t  

a long  the  s a m e  l ines  as h e a t  t r a n s f e r  c ompu ta t i ons ,  
s ince  the  bas ic  'd i f fe ren t ia l  equa t i ons  of  t h e  p r o b l e m  
a r e  f o r m a l l y  t h e  s a m e  in  b o t h  cases.  I n  o r d e r  to  b e  
ab l e  to c a r r y  ou t  the  i n t e g r a t i o n  of these  equa t ions ,  
h o w e v e r ,  t he  b o u n d a r y  cond i t ions  m u s t  be  k n o w n .  
In  t he  case  of h e a t  t r a n s f e r  to a v e r t i c a l  p l a t e  i t  is 
u s u a l l y  a s s u m e d  t h a t  t he  t e m p e r a t u r e ,  a n d  t h e r e -  
fo re  t he  d e n s i t y  of t he  fluid,  is t h e  s a m e  a long  t h e  
su r f a c e  of  t h e  p la te .  In  t he  e l ec t ro ly s i s  p r o b l e m  a 
cons t an t  f luid d e n s i t y  m e a n s  t h a t  t he  c o n c e n t r a t i o n  
of the  b a t h  r e m a i n s  t h e  s a m e  a long  the  su r f ace  of 
t he  e lec t rode .  This  cond i t i on  is r e a l i z e d  in  t he  case  
of the  l i m i t i n g  cu r ren t ,  where ,  in  a ca thod ic  process ,  
t h e  c o n c e n t r a t i o n  of  t h e  ions  r e d u c e d  a t  t h e  e l ec -  
t r o d e  is p r a c t i c a l l y  zero  e v e r y w h e r e  a t  t h e  su r f ace  
of t he  e lec t rode .  I t  fo l lows  f r o m  t h e  t h e o r y  t h a t  
u n d e r  such cond i t ions  t h e  loca l  c u r r e n t  d e n s i t y  
shou ld  v a r y  f rom t h e  l o w e r  to t he  u p p e r  edge  of 
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a ver t ica l  electrode;  this has been confirmed by the 
exper iment  (1).  However,  when the current  densi ty  
is smal ler  than about  one half  of the l imi t ing value,  
the local cur ren t  densi ty  ( r a the r  than  the  concentra-  
t ion) was found to r ema in  constant  f rom bot tom to 
top (15, 29). These exper imen ta l  resul ts  are  in 
agreement  wi th  a recent  calculat ion made by  Wag-  
ner  (2).  In electrolysis  problems,  therefore,  two 
typica l  cases may  be dist inguished,  according to 
whether  the l iquid densi ty  or the  cur ren t  densi ty  
is the same along the interface.  

Constant L iquid  Density 
The veloci ty  of the flow for a constant  l iquid 

densi ty  has been ca lcula ted  by  var ious  authors  
(1, 5, 7). The m a x i m u m  veloci ty  u~ (see Fig. 1) in 
the di rect ion pa ra l l e l  to the e lectrode is given by  
(for the case of a me ta l  deposi t ion f rom a pu re  salt  
solution, wi thout  addi t ion  of suppor t ing  e lec t ro-  
ly te)  : 

u~ = K ( gaDx(c _c~  ) )~l~ (I)  
p 

where  g is the  grav i ta t iona l  accelerat ion,  D the 
diffusion coefficient, ~ the k inemat ic  viscosity, and 
x the dis tance f rom the lower  end of the cathode, a 
is the densification coefficient ~ [a = ( l / p ) ( a lp~ t i c ) l ,  
and C o -  co is the concentra t ion difference be tween  
the electrode surface (co) and the  bu lk  of the solu-  
tion (co). In the case of the l imi t ing  current ,  ce is 
zero. K is a numer ica l  constant,  the value  of which 
depends somewhat  on the k ind  of the approx imat ion  
used in the  der iva t ion  of Eq. ( I ) .  Keulegan  (5) has 
in tegra ted  the basic different ia l  equations of con- 
vect ive mass  t ransfe r  wi th  the help of P rand t l ' s  
bounda ry  layer  simplifications in a way  s imi lar  in 
pr incip le  to that  used by  Pohlhausen  for heat  t r ans -  
fer [see (16)] ,  whereas  Wagner  (1) and Wilke,  
Tobias, and Eisenberg  (7) employed the von K~r -  
m~n-Pohlhausen  in tegra l  method  (22a, b ) .  Values 
of K der ived  f rom the calculat ion of these authors  
are  shown in Table  I. 

Ostrach (14) has in tegra ted  the different ial  equa-  
tions of na tu ra l  convection hea t  t ransfe r  by  means  
of an IBM Card P r o g r a m m e d  Electronic Calcula tor  
and has thus obta ined  the most nea r ly  r igorous 
solution ava i l ab le  at  present.  Owing to the analogy 
be tween  hea t  and mass t ransfe r  Ostrach 's  resul ts  for 
high P r a n d t l  numbers  can be used to calculate  the  
flow velocit ies involved in mass t ransfe r  in aqueous 
solutions. The value  of K thus obtained has also 
been en te red  in Table  I. 

If  the  cur ren t  dens i ty  is smal le r  than  the l imi t ing  
one, c , -  c~ is not known and must  be calcula ted 
from the mean  cur ren t  densi ty  i over  the whole 

1 A s u m m a r y  of  t h e  s y m b o l s  u sed  a n d  o f  %he c o r r e s p o n d i n g  d i -  
m e n s i o n s  is g i v e n  a t  t h e  end  of t he  paper .  

Table I. Values of K and K p 

K K '  M e t h o d  

1.83 1.99 
0.82 0.99 
0.98 1.15 
0.77 0.90 
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Wagner (1) 
Keulegan (5) 
Ostrach (14) 
Wilke, Tobias, and Eisenberg (7) 

e lectrode surface. If the  re la t ion  connecting c , - - c e  
wi th  i is combined wi th  Eq. (I)  the fol lowing re la -  
t ion is obta ined 

( gain~ y/5 Dl~xl~hl,,o 
um ~- K' \ z-~-~-~ 1 ( I I )  

where  F means F a r a d a y ' s  constant,  z the valence  of 
the cations reac t ing  at the electrode,  nA the t r ans -  
ference number  of the anion, and h the to ta l  height  
of the electrode. The values  of the numer ica l  con- 
s tant  K' depend again on the method used in the 
in tegra t ion  of the  basic d i f ferent ia l  equat ions of the  
problem and are  also indica ted  in Table  I. 

Relat ion (II)  is again va l id  for the case of a con- 
s tant  l iquid density.  This condition, as has been 
pointed out above, is in genera l  not rea l ized at  cur -  
ren t  densit ies well  below the l imit ing.  

Constant Current Density 

The case of a constant  cur ren t  dens i ty  ( in the  
electrolysis  p rob lem)  and of a constant  heat  flux (in 
the corresponding heat  t ransfe r  p rob lem)  has been 
considered by Wagner  (2) ~ and by  Spar row (17, 18), 
respect ively.  They have not calculated,  however ,  the 
velocit ies of the hydrodynamic  flow at high P rand t l  
numbers .  

The fol lowing der iva t ion  wil l  be car r ied  out  for  
the case of a cathodic deposi t ion f rom a pure  salt  
(wi thout  addi t ion of suppor t ing  e lec t ro ly te ) . '  I t  can, 
however ,  be easi ly ex tended  to other  cases, espe-  
cial ly to tha t  of an anodic process. 

In the der iva t ion  the von K~rm~n-Poh lhausen  
in tegra l  method (28, 27) as used by Ecker t  (22a, b ) ,  
Wagner  (2, 1), Wilke,  Tobias, and Eisenberg  (7) 
wi l l  be employed.  In this method one ref ra ins  f rom 
fulfi l l ing P rand t l ' s  boundary  layer  equat ions for 
each infini tesimal volume e lement  of the bounda ry  
l aye r  and fulfills them ins tead only as a mean over  
the whole  b read th  of the boundary  layer .  

A volume of l iquid l imi ted  by the control  planes  
shown in Fig. 2 is considered. P lane  ABCD is p a r a l -  
lel  to the e lect rode surface and is located at  dis tance 
1 f rom the e lec t rode  where  the veloci ty  of the flow 
can be assumed to be zero. The vo lume is fu r the r  
l imi ted  by the surface A'B'C'D' located at  the in te r -  
face electrode solution and by  the two hor izonta l  
planes of uni t  wid th  BCB'C' and ADA'D'  separa ted  
by  the smal l  ver t ica l  dis tance dx (x means  in the  

e The  a u t h o r s  a re  i n d e b t e d  to C. W a g n e r  for  h a v i n g  k i n d l y  s en t  
t h e m  the  m a n u s c r i p t  of t h i s  paper .  

3 F u r t h e r  a s s u m p t i o n s ,  w h i c h  m u s t  be  m a d e  i n  t he  d e r i v a t i o n ,  a re  
d i scussed  la te r ,  t o g e t h e r  w i t h  t he  poss ib i l i t i e s  to  rea l i ze  t h e m  expe r i -  
m e n t a l l y .  

C '  

B i 
I 
I 
I 
I , 

f 
x r" A' 

LJ' 

C 

[7J ,-1 
! ,4 

Fig. 2. Control volume for theoretical derivation 
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following the vertical direction, y the direction 
perpendicular to the electrode surface).  

Under s teady-state  conditions the change in mo- 
mentum per unit time of all the liquid particles 
entering and leaving the volume thus defined must 
be equal to the external forces acting on the vol- 
ume, i.e., the buoyancy force and the shear stress 
at the electrode surface. This leads to the equation: 

5 ~x  u ~" dy = ag Ody-- ~ -~y ~ (III)  

with 
O : c o - - C  

where u and c mean the velocity in the x direction 
and the concentration at the distance y from the 
electrode, respectively. (du/dy)o is the velocity 
gradient at the interface. 

The corresponding equation for mass transfer is 
obtained by equating the rates at which the cations 
reacting at the electrode enter and leave the vol- 
ume. This gives the relation: 

d x  u O d y = - - D  ~ ~ (IV) 

where (dO/dy)~ is equal to - - (dc/dy)~,  i.e., to the 
negative concentration gradient  at the interface. 

To carry out the integration some assumptions 
must be made concerning the velocity and concen- 
tration profile. In the application of the von Kfir- 
mAn-Pohlhausen method to natural  convection heat 
and mass transfer the concentration (or tempera-  
ture) distribution has been usually approximated 
by (1, 7, 18, 22b) 

( : o 1 -  ( v )  

where  in our case O means the concentration re-  
duction at the interface (o : co -- c~). 8 is the thick- 
ness of the diffusion layer, i.e., the distance at which 
the concentration is equal to the value in the bulk 
solution. 

Concerning the velocity distribution the two fol- 
lowing assumptions have been hitherto made (1, 7, 
18, 22b) 

u =  U~[2 y$ -- ( Y y ]  for o < y < 8  (VI) 

u =  U~-~- 1 - - ~ -  for o < y < ~  (VII) 

In the first case [Eq. (VI) ]  it is postulated that 
the velocity reaches its maximum at the outer limit 
of the diffusion layer (at y = 8) and falls off very  
slowly afterward. The assumption is therefore 
made, that  the thickness 1 of the hydrodynamic 
boundary layer is much greater than that of the 
diffusion layer. In the case of Eq. (VII) the velocity 
reaches its maximum at y = 8/3 and is equal to zero 
at y : $. This means that the thicknesses of the dif- 
fusion layer and of the hydrodynamic  boundary  
layer are now supposed to be the same. 

In the case of a constant liquid density along the 
interface the values obtained for the maximum 
velocities when using Eq. (VI) (1 > >  8) are more 

than twice as large as those computed with Eq. 
(VII) (1 = $)? The limiting current is also sub- 
stantially different in both cases. Substantially dif- 
ferent values for the maximum flow velocities are 
similarly obtained in the case of a constant local 
current density depending on whether  one assumes 
1 > >  8 or 1 = 8. This can be easily derived from the 
calculations made below. 

Theoretical considerations (1) show that it is 
very  likely that the hydrodynamic  boundary  layer 
is much thicker than the diffusion layer and this 
has been confirmed by the authors '  experiments 
(19). Nevertheless, the maximum velocities (and 
also the limiting currents) calculated with Eq. (VII) 
(1 : 8) fit the experimental  data much better than 
those obtained with Eq. (VI).  The unsatisfactory 
situation therefore arises that the wrong assumption 
leads to results which are in better agreement with 
the experiment. 

In order to get a better insight into the influence 
exerted by the velocity and concentration profiles 
assumed in the derivation, the following calculation 
is carried out with profiles represented by more 
general functions than those given by Eqs. (V) to 
(VII) .  The velocity distribution is approximated by 

u = U ~ [  x y - - z  ( Y ) ~ ]  f ~ 1 7 6  = (VIII)  

and 

u = U ~ [ 1  y - - z ]  (X--l) f o r , ~ y = < ( e + l ) z  (IX) 
CT 

where r means the distance at which the maximum 
velocity is located (see Fig. 1). 

The concentration profile is approximated by 

~ : O  ( 1 - - Y ~  ~ with ~ z = 8  (X) 
\ / ~p- 

e, n, X, and co are parameters  whose variation allows 
the assumed profiles to change considerably. ~ in- 
fluences the shape of the concentration distribution. 
Variation of X allows the shape of the velocity pro- 
file to change up to the maximum velocity [whose 
value is given by u~ = U, ( X -  1)].  For values of y 
greater than z the velocity profile is assumed to be 
a straight line, whose slope depends on the value of E. 
Finally, variation of v allows the position of the 
velocity maximum to' change with respect to ~. 

Insertion of Eqs. (VIII)  to (X) into the momen-  
tum equation (III)  yields upon integration ~ 

d ag~zo ,UIX 
- -  (AU-~z) -- - -  (XI) 
dx ~ +  1 z 

with 
x ~ 

A- -  
3 

2X 1 E 
X + ~  + 2X -t---------1 § -3  ( X -  1/2 (XIa) 

In the same way one obtains from Eq. (IV) (for 
values of ~? ~ 1) 

d D~O 
- -  ( U l o ~ )  - - -  

dx .qz 

I t  is  i n t e r e s t i n g  to  no t e  t h a t  w h e n  u s i n g  F_,q. (VII)  t he  yon  Kfir -  
m f i n - P o h l h a u s e n  m e t h o d  y i e l d s  v a l u e s  w h i c h  d i f fe r  b y  less t h a n  10% 
f r o m  those  c a l c u l a t e d  by  K e u l e g a n  (5), w h o  e m p l o y e d  a m o r e  in -  
v o l v e d  m e thod ,  b u t  a lso a s s u m e d  1 = 8. 

Fo r  de ta i l s ,  s e e  Mii l l e r  (20). 



V o l .  105,  N o .  6 

wi th  

] | = - - .  1 
~(~o+ 1) ( ~ + 2 )  ~,r ~, (~?--1) 

-~*~ B., (x+ l ,~+ l )  (Xli) 
where  

B ~ ( b , c )  =- f~  t ~-~ (1 - -  t)*-~ d t  

means  the  incomple te  be ta  func t ion ,  whose n u -  
mer ica l  va lues  have  been  t a b u l a t e d  by  Pea r son  (21) .  

Let  j~ deno te  the  mass  t r a n s f e r  r a t e  per  u n i t  a rea  
due to diffusion at the  in te r face  

j .  = --  D ( X l I I )  

Values  of r, U1, and  o m u s t  be  de te rmined .  In  a w a y  
s imi la r  to tha t  used in  the  case of a cons t an t  l iqu id  
dens i ty  a long  the in te r face  [ s e e ,  for ins tance ,  Ecker t  
(22b) ] we  t ry  solut ions of the  fo rm 

u~ c~ x m ( X l V )  

~- = C~ x" (XV) 

o = C~ x"  (XVI)  
o~D 

Equa t ion  (XVI)  takes  in to  account  tha t  in  our  case 
the local  c u r r e n t  densi ty ,  and  the re fo re  j~, is con-  
s t an t  over  the whole  e lect rode surface.  

S t a n d a r d  ca lcu la t ing  procedures  lead t h e n  to the  
resul t  

m =  3/5 n =  1/5 

u.~ = U~ ( ~ - -  1) = ( k - -  1) C ~ x  "~/~ = 

Sc + - -  
5~X 
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Table II. Numerical values of A, E, and the auxiliary function ~b for 
various combinations of the parameters e, vl, X, co 

( X V l I )  

7coA 
Sc + - -  

r = C ~ x  ~/:'= . (co+l ) t Jk  ~/~ 5vq~X ~/~ </x~/~ 
- r *1 '~ S c  / ~gaJ ,  / 

u 

(X V I I a )  

where  S c  = v / D  = Schmid t  n u m b e r .  E q u a t i o n  
(XVII )  re la tes  the  m a x i m u m  veloc i ty  u~ to the  
mass t r a n s f e r  r a t e  jD and  to the  he ight  x at  which  it  
is measured .  I t  a l lows one  to ca lcu la te  u~ for v a r i -  
ous va lues  of the p a r a m e t e r s  E, ~, k, ~0. 

E q u a t i o n  (XVII )  holds t r u e  too for the  case of 
heat  t r a n s f e r  wi th  a u n i f o r m  hea t  flux if  a is r e -  
placed by  the  t h e r m a l  expans ion  coefficient (de-  
grees-~), D by  the  t h e r m a l  d i f fus ivi ty  (cmVsec)  and  
j D / D  by  q / k  w h e r e  q means  the  hea t  flux ( c a l / c m  ~ 
sec) and  k the  t h e r m a l  conduc t iv i ty  ( c a l / c m  sec 
degree) .  

If S c  is g rea te r  t h a n  abou t  1000, as is u s u a l l y  the 
case for mass  t r ans f e r  in  aqueous  solut ions  ( in  our  
e x p e r i m e n t s  S c  was ca. 2800) 7/5 (~A)/(Vq~X) can 
be neglec ted  aga ins t  S c  for all  the  va lues  of e, v, ~, o 
ind ica ted  in  Tab le  II (except  for the last  l i ne ) .  

w k ~ e r A E 

2 1.2 1.8 7 0.078 0.71 2.03 
3 2 1.8 7 0.227 1.41 2.24 
2 1.2 1 7 0.032 1.08 3.42 
2 2 1 7 0.133 1.87 2.86 
3 1.2 1.8 7 0.052 0.88 2.72 
2 2 1.8 7 0.347 1.19 1.64 
2 2.5 1.8 7 0.511 1.29 1.58 
2 2.5 2.5 7 0.802 1.05 1.19 
3 2.5 2.5 7 0.539 1.29 1.60 
2.5 1.8 2.2 7 0.306 1.10 1.65 
2.5 1.5 2.2 7 0.199 0.96 1.74 
2.5 1.8 1.9 7 0.248 1.21 1.88 
2.5 1.8 1.5 7 0.174 1.31 2.32 
2 1.8 2.2 7 0.378 0.98 1.40 
3 1.8 2.2 7 0.253 1.20 1.89 
2.5 1.8 2.2 12 0.306 1.10 1.65 
2.5 1.8 2.2 20 0.307 1.10 1.65 
2.5 2.5 2.5 7 0.639 1.19 1.40 
2.3 1.7 2.1 10 0.277 1.04 1.63 
5 5 5 10 2.02 1.28 1.24 
5 1.5 1.5 10 0.049 1.9 4.24 
2 1.5 5 10 0.648 0.55 0.74 
2 5 1.5 10 0.876 1.84 1.83 
5 5 1 10 0.119 4.10" 6.4* 

* I n  t h i s  case 7/5 (r162 is no t  n e g l i g i b l y  s m a l l  i n  c o m p a r i -  
son to Sc and  A '  [Eq. (XVII)  ] i n s t e a d  of A [Eq. ( x v I n )  ] is  to  b e  
used  to  ca l cu l a t e  urn. The  v a l u e s  i n d i c a t e d  i n  the  t ab l e  a re  i n  t h i s  
case A "  i n s t e ad  of  A a n d  E" [Eq. (XVIIa)  ] i n s t e a d  of  E [Eq. (XIX) ], 
f o r  a S c h m i d t  n u m b e r  of  1000. 

F u r t h e r m o r e ,  in  the  case of electrolysis  jD is con-  
nec ted  wi th  the c u r r e n t  dens i ty  i by  the r e l a t ion  

i nx  
j D  ~ " 

z F  
where  z me a ns  the  va lence  of the  ca t ion  deposi ted 
and  nA is the  t r a n s f e r e n c e  n u m b e r  of the  anion.  

Equa t i on  (XVII )  thus  takes  the  fo rm 

u , , = ( k - - 1 )  r \ - - ~ v i  D'/SxS/' (XVII I )  

The flow veloc i ty  is p ropor t iona l  to the  (2 /5 )  'h 
power  of the  c u r r e n t  dens i ty  and  to the  (3 /5)  <h 
power  of the height .  

The  d is tance  r f rom the  e lect rode at  which  the  
veloci ty  m a x i m u m  is located is g iven  b y  

.r = l x ':~ ( X l X )  
ep ~?~ g~in~ 

In  Table  II  A a nd  E have  been  ca lcu la ted  for v a r i -  
ous va lues  of e, ~, k, a nd  ~. I t  is seen tha t  the as-  
sume d  profiles have  a grea t  in f luence  on the  resu l t s  
ob ta ined  by  the yon  K ~ r m ~ n - P o h l h a u s e n  method.  
Re la t ive ly  sma l l  changes  in  ~, X, and  co a l te r  u~ and  
to a r a the r  grea t  ex tent .  The  va lue  of e, however ,  is 
no t  cri t ical .  The re fo re  it  can be  said t ha t  the  resu l t  
of the  ca lcu la t ion  is s t rong ly  affected by  the  re l a t ive  
locat ion of the  ve loc i ty  m a x i m u m  (v) a nd  b y  the  
shape of the  ve loc i ty  profile up  to the  m a x i m u m  
0,) ,  bu t  no t  by  the  slope of the  profile b e y o n d  the 
m a x i m u m  ( t ow a r d  the  b u l k  so lu t ion) .  

The  veloci ty  profiles e x p e r i m e n t a l l y  d e t e r m i n e d  
in  this  s tudy  (Fig. 7 and  8) are  in  a p p r o x i m a t e  
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agreement  wi th  the fol lowing values  of e, n, and  k: 
~, = 1.2-2; ~ = 1.4-2.2; e = 5-15. The in t e r f e romet -  
r ica l ly  measured  concentra t ion profile corresponds 
to a v a l u e  of w of 2-3 (12). 

Use of the fol lowing profiles is suggested in the 
appl ica t ion  of the yon K~rm~n-Pohlhausen  method 
to the  un i form mass t ransfe r  ra te  p rob lem 

~ =  2.3 

~ ? : 2 . 1  O = O ( 1  Y Y'~ - / ( x x )  

~----1.7 u=U~ 1.7~---.-~- for o_--<y=<r (XXI)  

e=10 u=0 .7  U~ 1 - -  10r for r < y < l l r  (XXII)  

These profiles are  in reasonable  agreement  wi th  the  
measured  profiles and  the values  of u,, and r ca l -  
cula ted  wi th  Eqs. (XX) to (XXII )  fit the exper i -  
men ta l  da ta  fa i r ly  well .  

For  the comparison with  the exper imen t  it  is 
convenient  to wr i te  Eqs. (XVIII )  and (XIX)  in 
dimensionless  form 

U,~ X 

D 
- -  = A ( S c  Gr *) "/~ (XXIIa) 

T 
= E(Sc  Gr~)  -~t" (XXIIb )  

X 

where  
jDgax" gain~x 4 

Gr ~ ---- ~ ---- (XXII I )  
2 D 2zFv ~ D 

The dimensionless  Group Gr * is the modified 
Grashof  number ,  which plays  the same role in the 
case of a uni form mass t ransfe r  ra te  as the  usual  
Grashof  number  in the case of a uniform fluid den-  
sity. 

Experimental 
E x p e r i m e n t a l  P r o c e d u r e  ~ 

Flow velocit ies were  measured  by  means of a sus- 
pension of a sui table  f ract ion of colophonium, whose 
par t ic les  hovered in the solution wi thout  sed iment -  
ing. The colophonium fract ion was p repa red  by  
sedimenta t ion  analysis.  

The par t ic les  dragged along by  the s t ream were  
made  vis ible  by  a da rk  field method shown in Fig. 3. 
Because of the small  ex tent  of the hydrodynamic  
bounda ry  l aye r  and the re la t ive ly  low l igh t - in t en -  
s i ty of the small  moving part icles,  lens D must  p ro-  
vide (in p lane  B) an image of great  br ightness,  good 
correction, and sui table  magnificat ion (about  10 

% t 

Fig. 3. Exper imental  ar rangement  for the study of the 
hydrodynamic  boundary layer. B = image plane (camera); 
D = microlens (f ~ 46, 25, or 16 ram); F = electrolysis cell; 
G = l iquid heat f i l ter  (6 cm CuSO4 0.1 m); H = condenser; 
J = l ight  source (6 v, 6 A  lamp). 

Fig. 4. V isua l izat ion of f low velocit ies. Both pictures were 
obta ined with cell No. ] 4 rain af ter  the beginning of electra- 
lysis (i = 1 m a / c m  s, exposure t ime 1 sec). Height:  (a) (left) 
x = 7 cm; (b) (r ight) x = t .5  cm. 

t imes) .  Special  care in the optical  a r r angemen t  had 
to be given to prevent  reflections of the i l lumina t ing  
l ight  beam. 

The par t ic les  appear  as b r igh t  spots on a da rk  
background.  F low veloci ty  can be measured  ei ther  
v isual ly  wi th  the help of a sui table  scale or photo-  
g raphica l ly  f rom the length  of the lines obta ined on 
the photographic  p la te  and the exposure  t ime (Fig. 
4). Under  op t imum i l lumina t ing  condit ions the 
velocit ies in the exper iments  of Fig. 6 to Fig. 8 could 
be de te rmined  down to an e lect rode dis tance of 0.01 
mm. At  h igher  cur rent  densit ies the la rge  r e f rac -  
t iv i ty  grad ien t  wi th in  the diffusion l aye r  causes a 
b lu r r ing  of the  par t ic les  and a changed magnif ica-  
t ion wi thin  the  diffusion layer  in comparison to tha t  
of the bulk  solution. The measurements  in the v i -  
cini ty of the  e lect rode are  then  more  difficult and 
less accurate.  

Because of the  fr ict ion of the l iquid at  the cell 
wal ls  the  velocities must  be measured  at  some dis-  
tance from the la t te r  (and therefore  at  some dis-  
tance f rom the  edge of the e lec t rode) .  The electrode 
posit ion cannot then in genera l  be precisely  located 
on the image in B wi thout  the  help of addi t ional  de-  
vices. One of these consisted of a sheet of acryl  glass 
of sui table  design whose sharp edge was pressed 
against  the  e lec t rode  surface. The glass sheet was 
p rov ided  wi th  a scale which allowed, by  ex t rapo-  
lation, the location of the e lectrode surface wi th in  a 
hundred th  of a ram. 

A t  great  cur ren t  densi t ies  the  velocit ies a re  high 
and the par t ic les  d i sappear  r ap id ly  f rom the  field 
of view, so that  measurements  by the visual  method 
become tedious. This difficulty can be c i rcumvented  
by  the use of two cyl indr ica l  lenses wi th  axes pe r -  
pendicu la r  to each other, ins tead of the spher ical  
lens D. This al lows different  magnifications in the  
ver t ica l  and horizontal  directions, pe rmi t t ing  the 
use of a hor izonta l  magnif icat ion l a rge  enough for 
an accurate  de te rmina t ion  of the e lectrode dis tance 
and reducing the ver t ica l  magnificat ion to such an 
extent  tha t  the  veloci ty  can be measured  conven-  
iently.  

Al l  the exper iments  were  car r ied  out wi th  pure  
0.6M CuSO4 solutions (pH = 3.35) wi th  p lane  cop- 
per  cathodes and anodes. The e lect rode a r r angemen t  
and the cell  fo rm were  in pr inc ip le  the same as in 
a previous  s tudy (10), but  the dimensions were  
different  (Table  I I I ) .  Fur the rmore ,  in cells 3 and 5 
the  upper  and lower  edge of the  e lectrode did not  
reach the free l iquid surface and the  cell bottom, 
respect ively.  
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Table III. Dimensions of electrolysis cells (in mm) 
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I n s i d e  d i m e n s i o n s  w i t h  E lec t rode  
Ce l l  e l ec t rodes  m o u n t e d  in  cel l  d i m e n s i o n s  E l ec t rode  
No. W i d t h  Bread th*  H e i g h t  W i d t h  H e i g h t  p o s i t i o n  

1 5 48 140 5 140 Fills whole 
cross sec- 
t ion 

2 18 54 140 18 140 Fills whole 
cross sec- 
tion 

3 20 170 450 20 150 At mid 
height 

4 5 3, 15, 45 30 5 30 Fills whole 
cross sec- 
tion 

5 4 12 150 4 30 At various 
heights 

* i.e., d i s t ance  ca thode -anode .  

Some m e a s u r e m e n t s  were  m a d e  at the anode  bu t  
all  the e x p e r i m e n t s  r epor ted  he rea f t e r  were  car r ied  
out at the cathode. 

Deviat ions  f r o m  the 1deal F low Pa t t e rn  

In  the theore t ica l  cons idera t ions ,  ideal ized flow 
condi t ions  are assumed.  In  the  first pa r t  of the  a u -  
thors '  e x p e r i m e n t a l  w o r k  dev ia t ions  f rom these  
ideal ized condi t ions  w e r e  s tudied  and  the c i r c um-  
s tances  u n d e r  which  the  a s sumpt ions  m a d e  in  the  
theory  are fulfi l led were  inves t iga ted .  

1. In  the  theory  it  is pos tu la ted  tha t  the  elec-  
t rodes are inf in i te ly  large, i.e., t ha t  the  f r ic t ion  a t  
the  cell wal ls  as wel l  as the inf luence  of the free 
l iqu id  sur face  and  of the cell bo t tom can be n e -  
glected. F u r t h e r m o r e ,  it is admi t t ed  tha t  the  flow 
at the  anode  does not  affect tha t  at the cathode. The  
inf luence  of these factors was s tud ied  w i th  the  help  
of var ious  electrode a r r a n g e m e n t s  and  cells of v a r i -  
ous d imens ions  (see Tab le  I I I ) .  

F i g u r e  5 shows veloc i ty  profiles m e a s u r e d  wi th  
cells of va r ious  widths .  6 It  is seen tha t  down  to a 
cell w id th  of 5 m m  no s ignif icant  difference is ob-  
served. F u r t h e r  m e a s u r e m e n t s  showed tha t  at a 
d i s tance  f rom the wa l l  of 1 m m  the veloci ty  is p rac -  
t ica l ly  the  same as in  the  midd le  of the  cell. 

The free l iqu id  surface  causes a b a c k w a r d  s t r e a m -  
ing, which  s ta r t s  some t ime  af ter  the  b e g i n n i n g  of 
electrolysis  and  subs t an t i a l l y  changes  the  shape of 
the whole  h y d r o d y n a m i c  b o u n d a r y  layer .  This  effect 
has been  descr ibed  in  more  de ta i l  in  an  ear l ie r  
paper  (19) [see also (20) ] .  

The  inf luence  of the  cell b r e a d t h  was  s tud ied  w i t h  
cell No. 4. 

2. In  the  theory  in  its p r e sen t  s tate  on ly  s t eady-  
s tate  condi t ions  are considered.  The t ime  wh ich  
elapses a f te r  swi tch ing  on the c u r r e n t  un t i l  s t eady-  
state condi t ions  are reached  increases  w i th  he ight  
and  decreases  wi th  c u r r e n t  densi ty .  F igu re  6 shows 
veloci ty  profiles m e a s u r e d  at va r ious  t imes  af ter  the  
b e g i n n i n g  of electrolysis.  In  this  case the  s teady 
state  was  reached  af ter  2 min .  

3. In  the  theory  it is a s sumed  t h a t  the  l iqu id  is at  
res t  w h e n  no electr ic  c u r r e n t  passes t h rou gh  the  

6 I n  Fig .  5 to 10 x m e a n s  t he  h e i g h t  (over  t h e  l o w e r  c a thode  edge)  
a t  w h i c h  the  v e l o c i t y  is  m e a s u r e d .  

U mm/sec 
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cell. This  is no t  s t r ic t ly  rea l ized in  pract ice.  Even  
hours  a f te r  the  so lu t ion  has been  filled in to  the cell 
a no t  neg l ig ib le  mot ion  of the  l iqu id  is gene ra l l y  ob-  
served. It  is due  to smal l  i nhomogene i t i e s  in  dens i ty  
caused by  var ious  reasons  ( evapora t ion  of the  so lu-  
t ion, va r i a t i ons  of the  room t e m p e r a t u r e ) .  E v e n  
smal l  bu t  r ap id  va r i a t i ons  of the  room t e m p e r a t u r e  
can give rise to flow veloci t ies  as la rge  as 0.5 m m /  
sec. By careful  e l i m i n a t i o n  of evapora t ion  and  all  
causes of t e m p e r a t u r e  inhomogenei t ies ,  it was  pos-  
sible to r educe  the re s idua l  mot ion  of the  so lu t ion  
(i.e., the  mot ion  p resen t  w i t h o u t  electr ic  c u r r e n t )  to 
0.005 to 0.05 mm/ se c .  Al l  the  e x p e r i m e n t s  repor ted  
in  Fig. 5 to 10 were  car r ied  out  u n d e r  such con-  
dit ions.  

4. F ina l ly ,  a l a m i n a r  flow is pos tu la t ed  in  the  
de r iva t ion  of sect ion on Cons t an t  C u r r e n t  Densi ty .  
I t  was  found  tha t  this  condi t ion  is no t  rea l ized at  
h igh  c u r r e n t  densi t ies  and  grea t  heights .  A t u r b u -  
lence of the n a t u r a l  convec t ive  flow (c lea r ly  differ-  
en t  f rom the b a c k w a r d  s t r e a m i n g  m e n t i o n e d  above)  
was for i n s t ance  observed  in  cell No. 3 a t  a he ight  of 
80 mm,  w h e n  the  c u r r e n t  dens i ty  was  g rea te r  t h a n  
20 m a / c m  ~. The  eddies which  t hen  fo rm are s imi la r  
to those which  are descr ibed  by  Ecker t  (22c) for 
hea t  t r ans f e r  to air. 

Quant i ta t ive  Resu l t s  and Discussion 

The e x p e r i m e n t s  of Fig. 7 to 10 were  car r ied  out  
wi th  cell No. 1. Condi t ions  were  such tha t  the  devi -  

U mm/sec / ~ mm 

I 2 
D/stance feom Cathode. mm 

Fig. 7. Velocity profiles at heights of 15, 25, 70, and 
110 ram; i ~--- 1 ma/cm 2. 

i F 
i 

0 5  

I 
2 

Dzstance from Cathode. mm 

Fig. 5. Ve loc i t y  prof i les  measured wi th  cells o f  var ious  
widths wi th  i ~ ] mo/cm2;  sol id line, cell No. 1, x ~ 70  
ram; ~ open circle, cell No. 2, x ~ 67 ram; solid circle, cell 
No. 3, x ---- 67 ram. 

1 2 
Distance from Cathode. mm 

Fig. 6. Velocity profiles measured 0.5 (curve 1), 1 (curve 
2), and 2 (curve 3) rain after the beginning of electrolysis;  
cell No. 1, x = 70 ram, i = I ma/cm 2. 
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at ions  f rom the ideal  flow p a t t e r n  discussed in  the 
p reced ing  section were  as smal l  as possible. 

F igu re  7 shows the  veloci ty  profiles for va r ious  
heights  at a c u r r e n t  dens i ty  of 1 m a / c m  ~ and  Fig. 8 
shows profiles for va r ious  c u r r e n t  densi t ies  at a 
he ight  of 70 mm.  

The r ep roduc ib i l i t y  of the  m e a s u r e m e n t s  de-  
pended  to some e x t e n t  on the  locat ion in  the  cell. 
It  was somewha t  be t t e r  at  mid  he ight  t h a n  at the  
top or bo t tom of the  electrode.  I t  was also be t t e r  
nea r  the m a x i m u m  t h a n  in  the  outer  pa r t  of the 
b o u n d a r y  l ayer  ( t oward  the b u l k  so lu t ion) .  In  the 
case of the outer  b o u n d a r y  this was  p r o b a b l y  due  to 
the smal l  r e m a i n d e r s  of the  r e s idua l  flow m e n -  
t ioned  above.  

The m a x i m u m  veloci ty  and  the  d i s tance  of the 
veloci ty  m a x i m u m  are g iven  in  Fig. 9-10 a nd  in  
Tab le  IV for var ious  heights  and  c u r r e n t  densi t ies .  
The d imens ion less  groups  ( u , , x ) / D  and  T/X are 
plot ted loga r i t hmica l ly  aga ins t  Sc and  the  modif ied 
Grashof  n u m b e r  Gr* in  Fig. 9 and  10. Ca lcu la ted  
values  were  computed  f rom Eqs. (XXI Ia )  and  
( X X I I b )  wi th  A and  E equa l  to 1.04 and  1.63, r e -  
spect ive ly  ( c o l u m n  4 of Tab le  IV, fu l l  l ines  of Fig.  9 
and  10). These va lues  of A and  E are those which  

Fig. 
0.5, 1, 

u 

mm/sec 

0 . 5  

3mdlcm 2 

7 

! 2 
O/Mance from Cathode, mm 

8. Veloci ty profi les at current densities of 0,05, 0.1, 
and 3 m a / c m 2 ;  x : 70 mm. 

5 
~-~-~= ,.o4 iSr /" .i.:.. "~'" " 

4.5 \ - , I .  I" 

x 

3.5 
lO 11 t2 13 log (ScGP*) 

Fig. 9. General correlot ion of  the maximum flow velocity; 
x = measured values. 

__r 

x x  T 1 6 ,  . t  
0 . 0 2  • 

x ~ ' ~ - - . k  7 = . 3rScGr ' ) -~  ~ o.oo1 . . . . . . .  ~ 

0.006 . . . .  ..... 
0.004 ..... " ~ -  ~t----,~ .~ 

0.002 "- 

o.ool {=,.o8 (ScGq';-'/~ 
I0 11 12 13 log S c G r *  

Fig. 10. General correlat ion of  the distance of the velocity 
maximum from the electrode; x = measured values. 

Table IV. Maximum flow velocities 

um (mm/sec )  
ca l cu l a t ed  f r o m  

i x um (mm/sec )  Eq. (XXIIa )  
(ma/cm~) (cm) m e a s u r e d  w i t h  A = 1.04 

0.05 7 0.22 0.24 
0.1 7 0.32 0.31 
0.5 7 0.60 0.59 
1 7 0.83 0.78 
3 7 1.2 1.21 
1 1.5 0.36 0.31 
1 2.5 0.44 0.42 
1 11.0 1.02 1.02 

Tota l  e lec t rode  h e i g h t :  14.0 cm. 

are  ob ta ined  w h e n  the profiles r ep re sen t ed  by  Eqs. 
(XX)  to (XXI I )  are used in  the  von  K ~ r m ~ n - P o h l -  
hausen ' s  i n t eg ra l  method.  The  dot ted  l ines  were  cal-  
cu la ted  wi th  A and  E va lues  of 0.84 and  1.08, re -  
spect ively,  which  cor respond to the profiles g iven  by  
Eqs. (V) and  (VII ) .  It  is seen tha t  the  va lues  cal-  
cu la ted  w i th  the  profiles suggested above  [Eqs. 
(XX)  to ( X X I I ) ]  fit the e x p e r i m e n t a l  da ta  bet ter .  7 
F ina l ly ,  a r a the r  poor a g r e e m e n t  is observed w h e n  
the profiles of Eqs. (V) a nd  (VI) are used in  the  
von  K & r m ~ n - P o h l h a u s e n  method.  T h e n  u~ is about  
two t imes  g rea te r  and  T is abou t  1.7 t imes  grea te r  
t h a n  the  e x p e r i m e n t a l  values .  

The  phys ica l  p roper t ies  of CuSO, 0.6 m at  20~ 
used in  the  above computa t ions  were  z = 2, D = 
4.74 X 10 -~ cm~/sec [ i n t r a po l a t e d  f rom da ta  of 
Oeholm (24) ] ,  v = 1.33 X 10 -~ cm~/sec [ i n t r apo la t ed  
f rom data  f rom (23) ] ,  a = 140 cm~/mole [ca lcu-  
la ted  f rom the densi t ies  g iven  in  (25 ) ] ,  and  nA = 
0.71 (26).  

Manuscript  received Aug. 19, 1957. This paper was 
prepared for del ivery before the Cleveland Meeting, 
Sept. 30-Oct. 4, 1956. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in  the December 1958 
JOURNAL. 

7 In the case of u.~ the difference, however, is not large. 

A , A ' , E , K , K "  = 
c =  

ce = 
co 
D =  
F =  
g =  

Gr* = 

h =  
i =  

jD = 

l =  
nA  
SC = 
U =  

Um = 

[11 = 

X =  

y =  

Z =  

6 =  
y =  
p =  
0 =  
O =  
" r =  

r  = 

e, ~, X, Co = 

Notation 

n u m e r i c a l  coeff icients  (see t ex t ) .  
c o n c e n t r a t i o n  (moles/cm3) a t  d i s t ance  y, 
c o n c e n t r a t i o n  (moles/cm~) a t  t h e  e l ec t rode  surface ,  
c o n c e n t r a t i o n  (moles/cm~) i n ' t h e  b u l k  so lu t ion .  
d i f fus ion  coeff ic ient  (cme/sec) .  
F a r a d a y ' s  c o n s t a n t  ( c o u l o m b / g r .  e q u i v . ) .  
a cce l e r a t i on  of g r a v i t y  (cm/sece) .  

g c e i n A x  ~ 
mod i f i ed  G r a s h o f  n u m b e r  = - -  

z F v 2 D  
to t a l  h e i g h t  of  c a thode  {cm). 
c u r r e n t  dens i t y  ( amp/cme) .  
mass  t r a n s f e r  r a t e / cm~ due  to d i f fu s ion  ( m o l e s / c m  2 
sec) .  
t h i c k n e s s  of h y d r o d y n a m i c  b o u n d a r y  l a y e r  (cm) .  
t r a n s f e r e n c e  n u m b e r  of an ion .  
S c h m i d t  n u m b e r  = v / D .  
v e l o c i t y  of h y d r o d y n a m i c  f low in  x d i r e c t i o n  ( c m /  
see) .  
m a x i m u m  v e l o c i t y  of  h y d r o d y n a m i c  f iow in  x d i -  
r ec t ion  ( cm/ sec ) .  
p r o p o r t i o n a l i t y  fac to r  in  a s s u m e d  v e l o c i t y  prof i le  
(Eqs. (VI) to ( I X ) ] ,  
d i s t ance  f r o m  l o w e r  end  of  ca thode  {coordina te  in  
the  v e r t i c a l  d i r ec t ion )  (cm) .  
d i s t ance  f r o m  t h e  e l ec t rode  ( coo rd ina t e  in  t he  d i -  
r e c t i on  p e r p e n d i c u l a r  to  t he  e lec t rode  surface)  (cm) .  
v a l e n c e  of depos i t ed  ca t ion  (gr. e q u i v . / m o l e ) .  
dens i f i ca t ion  coeff ic ient  (cm3/mole)  = 1/p ( d p / d c ) .  
t h i c k n e s s  of d i f fu s ion  l a y e r  (era) .  
k i n e m a t i c  v i s cos i t y  {cm~/sec).  
dens i t y  (g/cmS).  
c o - - c .  
c o - - c e  = c o n c e n t r a t i o n  r e d u c t i o n  a t  in te r face .  
d i s t ance  of v e l o c i t y  m a x i m u m  f r o m  e lec t rode  (cm).  
a u x i l i a r y  f u n c t i o n s  de f ined  by  Eq. (XIa)  a n d  ( X I I ) ,  
r e spec t ive ly .  
v a r i a b l e  p a r a m e t e r s  ( s e e  t e x t ) .  
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The Preparation of Uranium Metal by the Electrolytic Reduction 
of its Oxides 

l .  W. Niedrach l and B. E. Dearing 

Knolls Atomic Power Laboratory, ~ General Electric Company, Schenectady, New York 

ABSTRACT 

The background  work  is descr ibed for  a new continuous process for the  
product ion  of u ran ium by e lect rolyt ic  reduct ion  of its oxides in fused salt  
e lectrolytes .  Unl ike  pas t  e lec t ro ly t ic  processes for  u ran ium product ion,  the  
presen t  one is opera ted  at t empera tu re s  which  are  above the mel t ing  point  of 
the  metal .  The effect of current ,  sal t  ba th  composition, and other  var iab les  on 
efficiency and cell  opera t ion  are  discussed. 

An  electrolysis  ba th  conta ining 20 mole  % UF~ di lu ted  with  a 50:50 mole  
% mix tu re  of BaFd and MgF~ was found to be sat isfactory.  With  this ba th  
anode cur ren t  densi t ies  as high as 3.6 a m p / c m  -~ are  feasible  wi thout  encounter-  
ing "anode effect." A n y  of the  oxides of u ran ium can be used as the  feed, but  
UO~ appears  to be preferable .  The advantages  of the  new process a re  out-  
lined, and the areas  requ i r ing  addi t ional  deve lopment  work  are  indicated.  

A l t h o u g h  e l e c t r o c h e m i c a l  r e d u c t i o n  of u r a n i u m  
ha l i de s  and  UO~-UF4 m i x t u r e s  was  e m p l o y e d  for  t he  
p r e p a r a t i o n  of t he  in i t i a l  U used  on the  M a n h a t t a n  
P r o j e c t  (1, 2),  th is  p rocess  was  soon s u p e r e e d e d  by  
the  b o m b  r e d u c t i o n  of UF,  w i t h  Mg m e t a l  (3) .  The  
l a t t e r  p rocess  is s t i l l  in ac t ive  use  and  e l e c t r o c h e m -  
ical  m e t h o d s  h a v e  n e v e r  s e r i ous ly  t h r e a t e n e d  to d i s -  
p l a c e  i t  as the  p r o d u c t i o n  me thod .  This  is a t  l eas t  
p a r t i a l l y  r e l a t e d  to t h e  fac t  t ha t  t he  e l e c t r o c h e m i c a l  
p r o c e d u r e  and  o t h e r  s i m i l a r  p r o c e d u r e s  (4 -7 )  h a v e  
been  o p e r a t e d  at  t e m p e r a t u r e s  b e l o w  the  m e l t i n g  
po in t  of U. The  bu lky ,  d e n d r i t i c  deposi ts ,  w h i c h  a r e  

1 P r e s e n t  Addre s s :  Resea rch  L a b o r a t o r y ,  G e n e r a l  E lec t r i c  Co., 
Schenec t ady ,  N. Y. 

'-' Ope ra t ed  by  the  G e n e r a l  E lec t r i c  C o m p a n y  for  the  U. S. A t o m i c  
E n e r g y  C o m m i s s i o n  u n d e r  Contrac t  No. W-31-109 Eng-52.  

p r o d u c e d  b y  such processes ,  t r a p  l a r g e  qua n t i t i e s  of 
the  sa l t  ba th ,  and  a se r ies  of s teps  is r e q u i r e d  be fo re  
the  m e t a l  can  be  s e p a r a t e d  f r o m  the  sa l t  a n d  c o m -  
pac ted .  These  s teps  a r e  i n h e r e n t l y  e x p e n s i v e  for  
l abor ,  and  r e su l t  in losses and  c o n s i d e r a b l e  r e cyc l e  
of m a t e r i a l  to t he  e l ec t ro lys i s  cell .  

In  sp i te  of t he  success  of the  H a l l  p rocess  for  
p r o d u c i n g  m o l t e n  A1 f r o m  i ts  oxide ,  no se r ious  effort  
a t  d e v e l o p i n g  a s i m i l a r  p rocess  for  U has  been  r e -  
po r t ed .  The  a t t r a c t i v e n e s s  of such a p rocess  has  been  
r ecogn ized  before ,  b u t  on ly  a few i so l a t ed  e x p e r i -  
m e n t s  h a v e  been  r e p o r t e d  in w h i c h  UO.~ was  elec- 
t r o l y z e d  success fu l ly  at  t e m p e r a t u r e s  a b o v e  t h e  
m e l t i n g  po in t  of U to p r o d u c e  beads  of  m e t a l  (8, 9) .  
These  r e su l t s  w e r e  n e v e r  e x p l o i t e d  fu r the r .  
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Fig. 2. Details of feed mechanism 

Fig. 1. Details of the electrolysis cell arrangement 

I t  is w i th  the  d e v e l o p m e n t  of a H a l l - t y p e  process 
for U tha t  the  p r e sen t  w o r k  has been  concerned.  
Studies  of the  va r i ab le s  connec ted  w i th  the  elec- 
t ro lys is  step i tself  are  de ta i led  in  this  paper .  A n  
eng inee r i ng  eva lua t i on  of the  fu l l  process has b e e n  
descr ibed in  a separa te  repor t  (10) .  

Experimental  
Equipment and materials.--The pr inc ipa l  fea tures  

of the  e lectrolysis  cell and  its enc losure  are  shown  
in  Fig. 1, and  add i t i ona l  detai ls  r e l a t ing  to the  
e q u i p m e n t  are s u m m a r i z e d  in  Tab le  I. Not  shown  
in  de ta i l  in  the  d r a w i n g  is the  me t a l  p la te  cover ing  
the top of the cell enclosure .  V a c u u m  seals a t t ached  
to this  p la te  p e r m i t t e d  the  i n se r t i on  of a powder  
chute  for cha rg ing  solids to the  cell and  the  1/4 in. 
s ta inless  steel  suppor t  rods used  for the  electrodes,  
r ad ia t ion  shield, and  o ther  m o v e a b l e  parts .  Cool ing 
fans were  pos i t ioned  a r o u n d  each jo in t  to p ro long  
the  l ife of the gaskets.  Whi l e  severa l  a l t e rna t e  cell 
designs were  employed  d u r i n g  the  course of the  
inves t iga t ion ,  all  were  e v e n t u a l l y  discarded.  

D u r i n g  a r u n  i ne r t  gas was  used  to b l a n k e t  the  
cell and  sweep gaseous reac t ion  p roduc t s  a w a y  f rom 

Table I. Cell Specifications 

Material  of construction 

Diameter  of crucible, in. 
Height of crucible, in. 
Operat ing temperature,  ~ C 
Sparge gas 
Sparge gas flowrate, l / r a i n  
Power supply 

Heating uni t  
Cell l iner  

Cathode 
Anode 

Graphite,  National  Carbon 
AUC Grade 

3 
4.5 
1200~176 
He or A 
1 
Opad selenium rectifier 
0-12 v at 150 amp 
Ajax 6 kw induct ion heater  
Morganite recrystall ized 

a lumina  
Molten u r an ium pool 
Graphi te- -1  in. diameter  

the cell for s amp l ing  a nd  analysis .  F l o w m e t e r s  we re  
ins ta l led  in  both  the in le t  and  out le t  l ines,  and  su i t -  
able  a r r a n g e m e n t s  were  p rov ided  for ob t a i n i ng  grab 
samples  of the  exhaus t  gases. 

In  some of the  p r e l i m i n a r y  r u n s  oxide was  fed 
to the  cells i n t e r m i t t e n t l y ,  bu t  in  mos t  of the  work  
a con t inuous  feed was used. The  posi t ive  d isplace-  
m e n t  m e c h a n i s m  shown in  Fig. 2 was employed  for 
this purpose.  W h e n  the  oxide was loaded into the 
rese rvo i r  it was  t a m p e d  f r e q u e n t l y  to i n su re  u n i -  
form packing.  Feed ra tes  were  t hen  found  to be 
u n i f o r m  to w i t h i n  5%. The v i b r a t i n g  screen was  
r equ i r ed  across the  face of the  d i scharg ing  oxide in 
order  to ob ta in  the  u n i f o r m  feed rate.  Othe rwise  the  
oxide broke  a w a y  in  packed  l umps  a nd  feed ing  was  
ve ry  i r regu la r .  

Al l  chemicals  o ther  t h a n  the  U compounds  were  
s t anda rd  C.P. mater ia l s .  The U compounds  were  
ana lyzed  ma te r i a l s  ob ta ined  f rom AEC sources. Al l  
salts used in  the p r e p a r a t i o n  of the  ba ths  were  p re -  
dr ied  by  hea t ing  in  vacuo to about  350~ The 
oxides were  used w i t hou t  f u r t h e r  t r e a tmen t .  

Operating procedure.--The graphi te  c ruc ib le  and  
its l i ne r  were  first degassed at  1200~ in  vacuo  to 
r emove  vola t i le  products .  Sufficient U was t hen  
added to form a 0.5 cm th ick  l ayer  in  the cell and  
me l t ed  at  low pressure,  p r e f e r a b l y  less t h a n  10 ~. 
Af te r  fi l l ing the sys tem wi th  an  ine r t  gas, a m i x t u r e  
of the d ry  salts was  sif ted into the hot c ruc ib le  and  
mel ted.  The cell was t hen  cooled and  the sys tem 
was c leaned because  a t h i n  opaque  l ayer  of salt  
dus ted  and  spa t te red  onto the wal ls  of the  f u rnace  
enve lope  d u r i n g  the  salt  cha rg ing  p rocedure  and 
in t e r f e r ed  w i th  obse rva t ion  of the  cell. 

The sys tem was aga in  evacua ted  and  then  filled 
wi th  an ine r t  gas a tmosphere ,  the  feed hopper  was  
a t t ached  to the  feed chute  over  the  cell, and  the  cell 
was  hea ted  and  placed into operat ion.  At  r egu la r  
i n t e rva l s  d u r i n g  the  electrolysis ,  g rab  samples  of 
the off-gases were  t a k e n  for mass spec t romet r ic  
analys is .  

At  the  comple t ion  of a run ,  the  e lectrolysis  c i r -  
cui t  was opened,  the  electrodes were  ra ised out of 
the salt  bath ,  the  feed flow was stopped, and  the cell 
was a l lowed to cool s lowly  to room t e m p e r a t u r e .  
W h e n  cold, the  cruc ib le  was  opened,  the  conten ts  
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w e r e  e x a m i n e d ,  and  a p p r o p r i a t e  s a m p l e s  w e r e  
t a k e n  for  ana lys i s .  

Results and Discussion 
W h e n  m o l t e n  U is d e s i r e d  as  t he  p roduc t ,  t h e  

s e v e r i t y  of t he  o p e r a t i n g  cond i t ions  i m p o s e d  b y  the  
h igh  m e l t i n g  p o i n t  and  the  c h e m i c a l  r e a c t i v i t y  of 
t he  U m e t a l  l i m i t  the  n u m b e r  of o p e r a t i n g  p a r a m e -  
t e r s  t h a t  can  be  v a r i e d  a p p r e c i a b l y .  Those  w h i c h  
w e r e  cons ide red  i m p o r t a n t  a n d  t h e r e f o r e  s t u d i e d  
in  d e t a i l  w e r e  c u r r e n t ,  b a t h  U conten t ,  a n d  the  
p r o p e r t i e s  of t he  o x i d e  feed.  

In  a d d i t i o n  some a t t e n t i o n  was  g iven  to the  b e -  
h a v i o r  of v a r i o u s  f luor ides  as b a t h  d i luen ts .  In  th is  
w o r k  NaF ,  L iF ,  BaF~, a n d  MgF2 w e r e  s tud ied .  The  
f o r m e r  was  u n s a t i s f a c t o r y  because  of Na  p roduc t i on ,  
a n d  L i F  was  f o u n d  to be  too vo la t i l e .  The  mos t  
s a t i s f a c t o r y  d i l uen t  m a t e r i a l ,  a n d  the  one used  in  a l l  
of  the  d e t a i l e d  s tudies ,  was  f o u n d  to be  a 50:50 m o l e  
% m i x t u r e  of BaF~ w i t h  MgF~. In  th is  s y s t e m  bo th  
c o m p o n e n t s  h a v e  low vo la t i l i t i e s ,  and  a w ide  r a n g e  
of l i q u i d u s  compos i t ions  ex is t s  a t  t he  o p e r a t i n g  t e m -  
p e r a t u r e  of 1200~ (11) .  

The  g r e a t e s t  d i f f icul ty  t h r o u g h o u t  the  cour se  of  the  
w o r k  was  a s soc ia t ed  w i t h  t he  low so lub i l i t y  of UO~ 
( the  on ly  i m p o r t a n t  ox ide  in  t h e  b a t h  because  a l l  
h i g h e r  ox ides  s p o n t a n e o u s l y  d e c o m p o s e d )  in  t he  sa l t  
ba ths .  So lub i l i t i e s  of t he  o r d e r  of 2 w t  % w e r e  
m e a s u r e d  in  two  w i d e l y  d i f f e ren t  b a t h s  con ta in ing  
9 and  84 w t  % UF4, respec t ive ly . "  Coup l ed  w i t h  th i s  
low so lub i l i ty ,  t he  h igh  d e n s i t y  of t he  ox ide  r e s u l t e d  
in r a p i d  se t t l i ng  so t h a t  a dense  s ludge  t e n d e d  to 
fo rm in t he  b o t t o m  of t he  cell .  This  i n t e r f e r e d  w i t h  
c o a g u l a t i o n  of t h e  p r o d u c t  me ta l .  As  a resu l t ,  i t  
g e n e r a l l y  was  not  poss ib le  to p r o d u c e  a m a s s i v e  
a g g l o m e r a t e .  Ins tead ,  t he  p r o d u c t  m e t a l  was  u s u a l -  
ly  in t he  fo rm of s m a l l  beads  e m b e d d e d  in a m a t r i x  
of sa l t  and  oxide .  T y p i c a l  e x a m p l e s  of such b e a d s  
a r e  s h o w n  in  Fig .  3. In  a d d i t i o n  to t h e  m a t e r i a l  
s h o w n  a c o n s i d e r a b l e  q u a n t i t y  of f iner  m a t e r i a l  was  
also a l w a y s  p re sen t .  

In  o r d e r  to o b t a i n  t he  a g g l o m e r a t e d  p r o d u c t  w h i c h  
is shown  in t he  b o t t o m  of Fig .  3, spec ia l  p r e c a u t i o n s  
w e r e  needed .  In  th is  case  t h e  p r o d u c t  m e t a l  was  
co l l ec ted  in a s u s p e n d e d  b a s k e t  pos i t i oned  in such  a 

T h e  a u t h o r s  a r e  i n d e b t e d  to I t .  R. H o e k s t r a  a n d  I. S h e f t  of  t h e  
C h e m i s t r y  D i v i s i o n  of A r g o n n e  N a t i o n a l  L a b o r a t o r y  f o r  t h e s e  a n a l y -  
ses. T r e a t m e n t  of t h e  s a m p l e s  w i t h  B r F a  a n d  K B r F 4  w a s  e m p l o y e d  
to r e l e a s e  t h e  02  w h i c h  w a s  t h e n  m e a s u r e d  m a n o m e t r i c a l l y  (12) .  
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way that no unreacted oxide feed could settle in the 
basket. The cell design was considered too elaborate 
to be practical, and work with this type of cell was 
not pursued further. 

Effects o~ Current and Salt Bath Uranium Content 

The  effects of c u r r e n t  a n d  sa l t  b a t h  U con ten t  as 
v a r i a b l e s  w e r e  i n v e s t i g a t e d  c o n c u r r e n t l y .  In  th is  
w o r k  t h e  50:50 m o l e  % m i x t u r e  of MgF2 a n d  BaF.o 
was  used  as the  b a t h  d i luen t .  T h e  UF,  con ten t  of 
the  b a t h s  was  v a r i e d  f r o m  10 m o l e  % up  to 40 mo le  
%. Mic ron i zed  UO2, w h i c h  w a s  used  as  t h e  feed,  
was  a d d e d  con t inuous ly .  The  f eed  was  a d j u s t e d  to 
s u p p l y  o x i d e  a t  a r a t e  such t h a t  i t s  c o m p l e t e  e l e c t r o -  
r e d u c t i o n  could  be  a c c o m p l i s h e d  b y  50% of t h e  c u r -  
r en t  f lowing in t he  cell .  I t  was  h o p e d  in th is  w a y  to 
c i r c u m v e n t  the  ox ide  s e t t l i ng  p r o b l e m  b y  d r i v i n g  the  
r e d u c t i o n  r e a c t i o n  m o r e  t o w a r d  comple t ion .  

A f a m i l y  of  cu rves  r e l a t i n g  a n o d e  eff iciency to 
s a l t - b a t h  compos i t i on  and  e l ec t ro ly s i s  c u r r e n t  (F ig .  
4) shows  t h a t  t he  eff iciency inc reases  as t h e  UF,  
con ten t  of t he  b a t h  is r educed .  This  m a y  w e l l  be  
r e t a t e d  to t h e  fac t  t h a t  t h e  U ion  can  ex i s t  in  s e v e r a l  
d i f fe ren t  v a l e n c e  s ta tes .  Then,  w h e n  p r e s e n t  a t  h igh  
c o n c e n t r a t i o n s  one  m i g h t  e x p e c t  a f a i r  p o r t i o n  of 
t he  e l ec t ro lys i s  c u r r e n t  to b e  c a r r i e d  b y  cycl ic  ox i -  
d a t i o n  and  r e d u c t i o n  b e t w e e n  two  such v a l e n c e  
s ta tes ,  p r e s u m a b l y  U § a n d  U*t The  U con ten t  of t he  
b a t h  canno t  be  r e d u c e d  indef in i t e ly ,  h o w e v e r .  W h e n  
the  U c o n c e n t r a t i o n  becomes  r e l a t i v e l y  low,  one  
finds t h a t  i t  is imposs ib l e  to o p e r a t e  w i t h  h igh  c u r -  
r en t s  because  of  the  p o l a r i z a t i o n  t ha t  occurs .  This  is 
i l l u s t r a t e d  b y  the  cu rves  in  Fig.  5 ( p o l a r i z a t i o n  
cu rves  for  30 and  40 m o l e  % UF,  b a t h s  a r e  e s sen -  
t i a l l y  i d e n t i c a l  w i t h  tha t  fo r  the  20 m o l e  % b a t h  and  
w e r e  t h e r e f o r e  o m i t t e d  for  c l a r i t y ) .  

P o l a r i z a t i o n  is a t t r i b u t e d  to the  " a n o d e  effect"  
o f t en  o b s e r v e d  d u r i n g  e l ec t ro ly s i s  of f luor ide  b a t h s  
(13) .  N o r m a l l y  ox ide  is a d d e d  to a b a t h  to  e l i m i n a t e  
t he  effect, b u t  a d e p o l a r i z e r  such as U +", w h i c h  can 
be ox id i zed  to a h i g h e r  v a l e n c e  s t a t e  w i t h o u t  p r o -  
duc t i on  of a gaseous  p roduc t ,  shou ld  also p r e v e n t  i ts  
occurrence. I t  is p r o b a b l y  t h r o u g h  the  l a t t e r  m e c h -  
a n i s m  t h a t  t h e  a n o d e  effect is e l i m i n a t e d  in  t h e  b a t h s  
con t a in ing  t h e  h i g h e r  c o n c e n t r a t i o n s  of UF~. 

I t  is e v i d e n t  f rom Fig .  4 t h a t  the  c u r r e n t  has  a 
s o m e w h a t  l e s se r  effect on the  anode  eff iciency t h a n  
t ha t  of  the  b a t h  compos i t ion .  The  a p p a r e n t  m a x i -  
m u m  o c c u r r i n g  at  50 a m p  does no t  a p p e a r  to  be  rea l ,  
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Fig. 3. Typical examples of product metal as produced in 
cell. 
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Fig. 5. Polarizat ion curves--c i rc le  with dot 10, square with 
dot 15, tr iangle with dot 20 mole % UF4 in bath. 

bu t  is r e la ted  to the fact  t ha t  the  da ta  for opera t ion  
at  50 amp were  a lways  ob ta ined  at the s tar t  of a 
series of tests wi th  a n e w  bath.  As a resu l t  a ny  
oxide o r ig ina l ly  p resen t  in  the salt  ba th  as an  i m-  
p u r i t y  was also ava i l ab le  for r educ t ion  at tha t  t ime  
and  added  to the  a p p a r e n t  efficiency of opera t ion .  
The data  for the  o ther  cu r r en t s  are, however ,  re -  
l iable,  and  there  is a rea l  a d v a n t a g e  to opera t ing  at  
the h igher  cu r r en t s  in  p re fe rence  to opera t ion  at  
25 amp. 

In  add i t ion  to the i r  effect on efficiency, the  inf lu-  
ence of c u r r e n t  and  ba th  composi t ion  on the compo-  
si t ion of the off-gases was examined .  In  all  cases, 
except  tha t  emp loy ing  the  10 mole % UF, bath,  CO 
and  COs were  the m a j o r  gaseous products  wi th  the 
CO con ten t  fa l l ing  in  the  range  75-82%. In  the  r u n  
wi th  the 10 mole  % UF~ ba th  the  CO con ten t  a ve r -  
aged 50%. Whi le  CO2 was aga in  the  other  m a j o r  
cons t i tuen t ,  i n  this case CF~ conten ts  b e w e e n  5 and  
10% were  also found.  The  CF~ con ten t  of the  gas 
f rom the r u n  wi th  the 15 mole  % UF~ ba th  ave raged  
s l ight ly  less t h a n  1%, and  in  all  o ther  cases the 
CF~ con ten t  of the off-gases was  equa l  to or less t h a n  
0.1%. Nei the r  O= nor  F~ were  ever  detec ted  in  the 
off-gases. 

For  prac t ica l  purposes,  ope ra t ing  condi t ions  can 
be optimized.  In  order  to avoid po la r i za t ion  effects 
at the anode as wel l  as to m i n i m i z e  CF, format ion ,  
UF~ ba th  conten ts  in excess of 15 mole  % are de-  
sirable.  On the  o ther  hand,  because  h igh UF,  con-  
ten ts  resu l t  in  decreased efficiencies, it would  appea r  
tha t  a ba th  con ta in ing  abou t  20 mole  % UF,  wou ld  
be a prac t ica l  compromise .  

Since there  seemed to be no serious decrease in  
efficiency associated w i th  cell opera t ion  up  to 90 
amp (about  1.5 a m p / c m  =) and  since h igher  c u r r e n t  
densi t ies  resu l t  in  sma l l e r  cell sizes, it  was of in -  
teres t  to d e t e r m i n e  the  m a x i m u m  c u r r e n t  dens i ty  
tha t  could be to le ra ted  at the  anode  w i th  a 20 mole  
% UF4 bath.  This was  found  to be  3.6 a m p / c m  ~. 

Behavior of Several Oxides in the Process 
The h is tory  of a U oxide has a m a r k e d  effect on its 

ease of convers ion  to UF~ (14).  To tes t  whe t he r  a 
s imi la r  effect is p resen t  in  the  e lec t ro reduc t ion  of U 
oxide, a n u m b e r  of r u n s  were  pe r fo rmed  wi th  oxide 

feeds h a v i n g  va r i a t ions  in  phys ica l  and  chemical  
character is t ics .  For  this  purpose  var ious  samples  of 
UO~, U~Os, and  UO~ were  used. It  was fel t  t ha t  the 
UO~ migh t  wel l  have  cons iderab le  a d v a n t a g e  over 
U308 or UO.~ as a feed because  it  is p r e p a r e d  f rom 
u r a n y l  n i t r a t e  by  react ions  occur r ing  at lower  t e m -  
pe ra tu re s  t h a n  s u b s e q u e n t  r educ t ion  operat ions .  Re-  
ac t iv i ty  would  therefore  be expected to be h igher  
because  there  is less chance for s i n t e r i ng  to occur. 

This  series of runs  was  made  us ing  a con t inuous  
feed of oxide to the cell. On the  basis  of the  p rev ious  
data,  the  ba th  con t a in ing  MgF~, BaF2, and  20 mole  
% UF4 was used. Opera t ion  was  at  70 amp,  and  the  
oxide feed ra te  was aga in  ad jus t ed  to cor respond to 
about  50% c u r r e n t  efficiency. Wi th  the  except ion  of 
the short run with U30~, all were continued for a 
period of about 4 hr during which time approxi- 
mately 400 g of oxide was fed to the cell. A charge 
of U metal weighing about 250 g was added at the 
start of each run to serve as a molten metal cathode. 

Data obtained during runs with micronized UO~, 
peroxide U308, and denitration UO~ are plotted in 
Fig. 6 to give an indication of the efficiencies ob- 
tained as well as the stability of operating condi- 
tions. It was observed qualitatively that the oxide 
settling problem persisted in all cases, and the typi- 
cal sludge intermixed with metallic beads was found 
in the bottom of the cell at the end of each run. The 
CF~ con ten t  of the  off-gases was  i n v a r i a b l y  less t h a n  
0.1%. 

Some effort was  made  in  these r u n s  to d e t e r m i n e  
w h e t h e r  gross changes  in  ba th  composi t ion  occurred  
d u r i n g  ex tended  electrolysis.  Samples  of the  f rozen 
salts were  therefore  ana lyzed  at  the  end  of the  runs .  
Because  of segregat ion  tha t  occurred  d u r i n g  the  slow 
cooling of the melt ,  cons ide rab le  scat ter  in  the  data  
was observed.  On the average,  however ,  the  f inal  
concen t ra t ions  were  w i t h i n  10% of those at the s ta r t  
for each of the cat ions  in  the  bath .  

In  ca lcu la t ing  the effieieneies shown in  Fig. 6, a 
correc t ion  was first appl ied  to the  off-gas da ta  to 
a l low for any  gases p roduced  by  t h e r m a l  decomposi -  
t ion  of the  h igher  oxides. The r e m a i n d e r  of the  
anode gases were  t h e n  assumed to have  b e e n  formed 
d u r i n g  the  e lect rolyt ic  r educ t ion  of UO2 to metal .  
The efficiency then  corresponds  to the per  cent  of 
the  feed oxide tha t  was reduced  to metal ,  which  is 
the p a r a m e t e r  of grea tes t  in te res t  in  this work.  
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2 5  

F r o m  the  r e su l t s  for  t he  runs  w i t h  d i f fe ren t  oxides ,  
t h e r e  does no t  a p p e a r  to be a n y  s t rong  i nd i c a t i on  
t ha t  one is p r e f e r a b l e  to ano the r .  If  any th ing ,  t he  
d a t a  i nd i ca t e  t h a t  UO~ is a p o o r e r  feed  t h a n  the  o the r  
oxides .  S ince  this  was  not  expec ted ,  i t  is of i n t e r e s t  
to cons ide r  t he  efficiencies in t he  l i gh t  of the  p a r t i c l e  
size d i s t r i b u t i o n s  of the  t h r e e  oxides .  This  can  be 
done  b y  r e f e r r i n g  to Fig.  7. On each  of t he  cu rves  
a b a r  has  been  d r a w n  at  t he  p e r c e n t a g e  c o r r e s p o n d -  
ing  to the  a v e r a g e  eff iciency of  r e d u c t i o n  of the  feed  
to me ta l .  One can  t hen  m a k e  the  r e a s o n a b l e  a s s u m p -  
t ion  t h a t  the  s m a l l e r  p a r t i c l e s  a r e  r e d u c e d  r a p i d l y ,  
wh i l e  those  a b o v e  the  l ine  of d e m a r c a t i o n  a r e  r e -  
duced  m o r e  s l owly  and,  the re fo re ,  se t t l e  out  to f o r m  
the  s ludge.  W h e n  cons ide red  in  th is  l ight ,  t he  UO3 
does  a p p e a r  to h a v e  a d v a n t a g e s  ove r  t he  o the r  
ox ides  because  m u c h  l a r g e r  s ized pa r t i c l e s  w e r e  
p r e s e n t  in  the  feed  and  a h igh  p e r c e n t a g e  of t he  
l a r g e r  s ized pa r t i c l e s  was  a c t u a l l y  r educed .  

In  v i e w  of the  r e su l t s  ob ta ined ,  i t  w o u l d  a p p e a r  
d e s i r a b l e  to p e r f o r m  a ser ies  of e x p e r i m e n t s  e m p l o y -  
ing a s ing le  feed, b u t  w i th  d i f fe ren t  p a r t i c l e  size 
d i s t r i bu t i ons .  F o r  such  a ser ies ,  i t  m i g h t  be  u se fu l  
to feed  d i r e c t l y  f r o m  the  size r e d u c e r  in to  t he  cell .  
I t  m i g h t  also be use fu l  to c o r r e l a t e  efficiencies w i t h  
t he  r e a c t i v i t y  of t he  feed  as i n d i c a t e d  b y  some of t he  
c o m m o n  r e a c t i v i t y  tes t s  (15) .  

Puri ty  of Product Metal  

Six  r e p r e s e n t a t i v e  p r o d u c t  s amp le s  w e r e  ana lyzed .  
Of g r e a t e s t  i n t e r e s t  is t he  fac t  t h a t  low a n a l y s e s  for  
o x y g e n  (4 -6  p p m ) ,  b a r i u m  ( < 2 0 0  p p m ) ,  m a g n e s i u m  
(7-20 p p m ) ,  and  h y d r o g e n  ( < 1 p p m )  w e r e  o b t a i n e d  
because  a l l  w e r e  m a c r o  cons t i t uen t s  of the  ba ths .  
The  h y d r o g e n  w a s  p r e s e n t  as  a s m a l l  a m o u n t  of  
w a t e r  i m p u r i t y  in the  sa l t s  and  the  ox ide  feeds.  The  
m a j o r  i m p u r i t i e s  in  t he  s a m p l e s  w e r e  A1 a n d  Si  
(bo th  >1000 p p m ) ,  bu t  these  w e r e  u n d o u b t e d l y  o b -  
t a i n e d  f rom s t r u c t u r a l  m a t e r i a l s  and  could  be  a v o i d -  
ed. C a r b o n  con ten t s  of abou t  600 p p m  w e r e  fe l t  to 
be  r e a s o n a b l e  in v i e w  of t he  u se  of g r a p h i t e  cells.  

and Conclusions 
t h a t  e l e c t r o l y t i c  r e d u c t i o n  of 
t e m p e r a t u r e s  a b o v e  t h e  m e l t -  
A con t inuous  p rocess  shou ld  
W h i l e  U has  no t  been  p r o -  

Summary 
This  w o r k  sugges t s  

U ox ides  is f eas ib le  at  
ing p o i n t  of U me ta l .  
t h e r e f o r e  be  poss ib le .  

d u c e d  in h igh  y i e l d  b y  th is  me thod ,  sufficient  m e t a l  
has  been  o b t a i n e d  to i n d i c a t e  t h a t  such  p r o d u c t i o n  
is poss ib le .  H igher ,  m o r e  p r a c t i c a l  efficiencies shou ld  
be o b t a i n a b l e  in  l a r g e r  scale  o p e r a t i o n s  t h a n  w e r e  
r ea l i zed  in the  l a b o r a t o r y  o p e r a t i o n s  to da te .  Th i s  
is i n d i c a t e d  b y  the  fac t  tha t ,  in  t he  a l u m i n u m  i n d u s -  
t ry ,  effieiencies i n c r e a s e  as one i nc reases  t h e  spac ing  
b e t w e e n  e l ec t rodes  (16) ,  and  such inc reases  in  s p a c -  
ing  a r e  poss ib le  in  going  to l a r g e r  cells .  

The  m a j o r  r e m a i n i n g  p r o b l e m s  a re  a s soc ia t ed  w i t h  
the  s e t t l i ng  of the  ox ide  in t h e  e l ec t ro ly s i s  cel l  due  
to i ts  l ow  s o l u b i l i t y  and  h igh  dens i ty .  In  add i t ion ,  
m a t e r i a l s  of  cons t ruc t i on  for  the  e l ec t ro lys i s  cel l  
m u s t  be  t h o r o u g h l y  i nve s t i ga t e d .  A t  p resen t ,  g r a p h -  
i te  looks  su i tab le .  

The  p r e s e n t  w o r k  ind ica tes  t h a t  a b a t h  c on t a in ing  
MgF~, BaF~, and  UF~ is s a t i s f a c t o r y  as the  so lven t  
e l ec t ro ly t e .  F r o m  an  i n v e s t i g a t i o n  of such b a t h s  in 
t he  r a n g e  10 to 40 mole  % UF~, i t  is conc luded  t h a t  a 
b a t h  c on t a in ing  a b o u t  20 m o l e  % UF4 is mos t  s a t i s -  
f ac to ry .  L o w e r  UF~ c o n c e n t r a t i o n s  r e s u l t  in  p o l a r i -  
za t ion  effects a t  t he  a n o d e  w h i c h  p r e c l u d e  the  use  of 
h igh  cur ren t s .  H i g h e r  c o n c e n t r a t i o n s  of UF~ in t he  
b a t h  h a v e  r e s u l t e d  in low c u r r e n t  efficiencies for  the  
electrolysis process of interest. With the 20 mole % 
bath an anode current density of 3.6 amp/cm ~ has 
been used without difficulty. Such high current 
density seems desirable for good yields. Any of the 
major U oxides, UO~, U~O~, or UO..,, can be used as 
feed, but because UO~ is the direct product of de- 
nitration of uranyl nitrate it is the most desirable 
for a production process. 
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The Potential of an Electrode of a Voltaic Cell; 

A New Definition with Justification for the 

Use of Two Sign Conventions 

J. B. Ramsey (pp. 255-260, Vol. 104) 

A. J. deBethunel :  P r o f e s s o r  R a m s e y ' s  p a p e r  does 
t h r e e  th ings  of v a l u e  for  t he  e l e c t rochemis t :  ( A )  I t  
def ines e x p l i c i t l y  t he  t h e r m o d y n a m i c  s t a t e  of the  
electron i n t ended ,  b u t  n e v e r  p r e v i o u s l y  def ined,  in 
such f a m i l i a r  h a l f - c e l l  r e ac t i ons  as F e  = F e  ++ -{- 2e- 
or  A g  + + e- = Ag. I n  a l l  such h a l f - c e l l  reac t ions ,  t he  
t h e r m o d y n a m i c  s t a t e  of the  e l ec t rons  is t h a t  of e l ec -  
t rons  in  t he  m e t a l l i c  p h a s e  of t he  u s u a l  s t a n d a r d  
h y d r o g e n  e l ec t rode  (S .H.E. ) .  (B)  I t  i n t r oduc e s  t he  
concep t  of t h e  electron chemical potential ~ of a n y  
e lec t rode ,  def ined  as the  partial molal electrochem- 
ical free energy (electrochemical potential) of the  
e l ec t rons  in  t he  m e t a l l i c  p h a s e  of t h a t  e lec t rode ,  
d i v i d e d  b y  the  f a r a d a y .  This  concep t  p r o v i d e s  a 
p h y s i c a l l y  m e a n i n g f u l  and  v e r y  i l l u m i n a t i n g  d e -  
sc r ip t ion  of w h a t  is commonly ,  b u t  e r roneous ly ,  
k n o w n  as the  " A m e r i c a n  s ign c o n v e n t i o n "  ( the  Zn 
pos i t ive ,  Cu n e g a t i v e  c o n v e n t i o n ) ,  first  u sed  b y  
W a l t e r  N e r n s t  in G e r m a n y  in 1889. (C)  R a m s e y ' s  
p a p e r  also d iscusses  t he  e l ec t ro s t a t i c  p r o p e r t i e s  of 
e l ec t rodes  a n d  of  vo l t a i c  cel l  t e r m i n a l s  ( i g n o r e d  
in mos t  c h e m i s t r y  t e x t s )  and  thus  e s t ab l i shes  the  
e l ec t ro s t a t i c  def in i t ion  of the  e l ec t rode  po t en t i a l ,  
d e n o t e d  b y  G ibbs '  s y m b o l  V, w h i c h  l eads  to the  
oppos i t e  " E u r o p e a n  s ign c o n v e n t i o n "  ( the  Zn n e g a -  
t ive,  Cu pos i t i ve  c o n v e n t i o n ) ,  f irst  u sed  b y  W i l l a r d  
G ibbs  in A m e r i c a  in  1875-78 and  b y  W i l h e l m  
O s t w a l d  in  G e r m a n y  in 1887, a n d  i n t e r n a t i o n a l l y  
accep t ed  b y  the  I .U.P.A.C.  a t  S t o c k h o l m  in 1953. 

The  w h o l e - c e l l  a n d  h a l f - c e l l  e l e c t r o m o t i v e  fo rce  
E changes  i ts  s ign u p o n  a r e v e r s a l  of t he  cel l  r e a c -  
t ion  a n d  ce l l  d i a g r a m .  In  con t ras t ,  bo th  ~ and  V 
a re  s ign  i n v a r i a n t .  The  t h e r m o d y n a m i c  equa t ions  to 
be  used  in  c o n j u n c t i o n  w i t h  ~ and  V a r e  w o r t h  n o t -  
ing. T h e y  a re :  

w i t h  ~ w i t h  V 
for  ox ida t i ons  AF = - - n F ~  ---- -{-nFV 
for  r e d u c t i o n s  •  = -bnF~  ~ - -nFV 

F o r  who le -ce l l s ,  t h e  f ree  e n e r g y  is g iven,  as before ,  
b y  A F - - - - - - n F E ( c e l l ) ,  w h e r e  E ( c e l l )  - - - -~,e~t--~ . . . . .  
= Vri~ht - -  V,o~t, for  the  r e a c t i o n  w h i c h  a c c o m p a n i e s  
t he  pa s sage  of n f a r a d a y s  of pos i t i ve  e l e c t r i c i t y  
t h r o u g h  the  cel l  (as  w r i t t e n )  f r o m  lef t  to r igh t .  [See 
A. J. d e B e t h u n e ,  This Journal, 1{}2, 288C (1955) ;  
T. S. L i c h t  and  A. J. d eBe thune ,  J. Chem. Educ., 34, 
433 (1957) ] .  

1 Dept .  of C h e m i s t r y ,  B o s t o n  Col lege ,  C h e s t n u t  H i l l  67, Mass.  

M. O. Dav iesh  I w i sh  to s t a t e  e m p h a t i c a l l y  t h a t  I 
do not use the  l e f t - r i g h t  conven t ion .  This  c o n v e n -  
t ion  is not be ing  t a u g h t  a t  W e s t e r n  R e s e r v e  U n i v e r -  
s i ty  and  has  not  been  t a u g h t  he r e  for  yea r s .  A n y  
s t u d e n t s  who  wish  to use  i t  a r e  a l l o w e d  to do so. W e  
do no t  feel  t h a t  in the  n e a r  f u t u r e  a n y  one  sy s t em 
wi l l  be  used  and  a g r e e d  on b y  al l  sc ien t i s t s  t h r o u g h -  
out  t h e  wor ld .  

We fee l  t ha t  no  sub j e c t  shou ld  be  d i v o r c e d  f r o m  
p h y s i c a l  r e a l i t y  un less  def in i te  a d v a n t a g e s  a r e  to be  
o b t a i n e d  b y  so doing.  As  w e  see it, t he  l e f t - r i g h t  
c o n v e n t i o n  t e n d s  to confuse  the  i ssue  m o r e  of ten  
t h a n  i t  helps .  S t u d e n t s  t end  to use i t  as a c ru t ch  to 
avo id  t h i n k i n g  a b o u t  w h a t  t h e y  a r e  doing,  and  t hus  
a r e  o f ten  led  u n w i t t i n g l y  to fa l se  conclus ions .  

I t  is e s sen t i a l  in d i scuss ing  t h e  l e f t - r i g h t  c o n v e n -  
t ion  to cons ide r  w h a t  a r b i t r a r i n e s s  is i n v o l v e d  w h e n  
one a t t e m p t s  to d i v o r c e  t he  sub j e c t  of cel l  vo l t ages  
f r o m  p h y s i c a l  r ea l i t y .  Thus  I fee l  t h a t  t he  i l l u s t r a -  
t ions  p r e s e n t e d  b e l o w  a re  no t  t r i v i a l  c r i t i c i sms  of 
t he  l e f t - r i g h t  c onve n t i on  but ,  on the  o the r  hand ,  a r e  
e s sen t i a l  in show ing  w h a t  t r o u b l e s  a r e  i n v o l v e d  w i t h  
t he  conven t ion .  

L e t  us suppose  t ha t  as a t e a c h e r  you  a r e  i n t r o d u c -  
ing  the  sub jec t  of the  e x p e r i m e n t a l  d e t e r m i n a t i o n  
of cel l  vo l t ages  and  h a v e  p l a c e d  an e l e c t r o c h e m i c a l  
cel l  in f ron t  of you.  Your  l e f t  e l ec t rode  is t he  r i g h t  
e l e c t r o d e  to t h e  class and  thus,  ba sed  on the  p h y s i c a l  
p ic tu re ,  t h e y  w o u l d  ge t  t h e  oppos i t e  s ign  for  the  
cel l  vo l tage .  In  add i t ion ,  if  you  w e r e  to t u r n  t he  
cel l  ups ide  d o w n  and  the  con ten t s  of the  cel l  d id  
no t  sp i l l  out  onto  the  tab le ,  you  w o u l d  ge t  t he  s ign 
t h a t  t h e y  o r i g i n a l l y  o b t a i n e d  a n d  v ice  versa .  Yet  t he  
s ame  process  is s t i l l  t a k i n g  p l ace  ins ide  t h e  cell .  
F o r  a cell  cons i s t ing  of concen t r i c  c y l i n d r i c a l  e l ec -  
t rodes ,  some a d d i t i o n a l  d e s i g n a t i o n  is neces sa ry .  To 
avo id  such difficult ies,  the  l e f t - r i g h t  c onven t i on  
m u s t  d ivo rc e  i t se l f  f r om p h y s i c a l  r e a l i t y ;  but ,  in so 
doing,  i t  f inds a d d i t i o n a l  diff icult ies.  The  cel l  is r e p -  
r e s e n t e d  on pape r .  He re  en t e r s  t he  di f f icul ty  of h o w  
one looks  at  t h e  p a p e r .  

E x p e r i m e n t a l l y  d e t e r m i n e d  cel l  vo l t ages  (E)  in  
our  s y s t e m  a re  o b t a i n e d  w i t h o u t  sign. Some  of t he  
ques t ions  t h a t  h a v e  a r i s en  f rom m y  o r i g i n a l  com-  
m e n t s  h a v e  r e s u l t e d  be c a use  t he  w o r d s  " e x p e r i -  
m e n t a l l y  d e t e r m i n e d  cel l  v o l t a g e s "  h a v e  a p p a r e n t l y  
been  i n t e r p r e t e d  to m e a n  e x p e r i m e n t a l l y  d e t e r m i n e d  
open  c i r cu i t  ce l l  vo l tages .  In  o r d e r  to o b t a i n  c u r -  
r en t s  f rom an  e x p e r i m e n t a l  cell ,  i t  is e s sen t i a l  to 
h a v e  s p o n t a n e o u s  r eac t i ons  t a k i n g  p lace  w i t h i n  t h e  
cell .  A n e g a t i v e  cel l  v o l t a g e  w o u l d  have  no m e a n -  
ing  w h a t s o e v e r .  A n  open  c i rcu i t  ce l l  v o l t a g e  is r e a l l y  
n o t h i n g  m o r e  t h a n  a cel l  v o l t a g e  m e a s u r e d  u n d e r  
cond i t ions  w h i c h  r e d u c e  the  c u r r e n t  o u t p u t  to a 
s m a l l  va lue .  H o w e v e r ,  t he  cel l  is ac t ing  less  r e v e r s i -  
b l y  w h e n  i t  is b e i n g  m e a s u r e d  ( even  w i t h  a p o t e n -  
t i o m e t e r )  t h a n  w h e n  i t  is on t r u e  open  c i rcui t .  

2 M o r l e y  C h e m i c a l  Lab. ,  W e s t e r n  R e s e r v e  U n J v e r s i t y ,  C l e v e l a n d  6, 
Ohio.  
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W e  a l w a y s  m e a s u r e  t he  4- and  - -  t e r m i n a l s  of the  
cel l .  This,  p lus  t h e  cel l  v o l t a g e  (possess ing  no s i gn ) ,  
is c o m p l e t e l y  a d e q u a t e  to spec i fy  w h i c h  e l ec t rode  
has  a g r e a t e r  t e n d e n c y  to be  ox id i zed  or  r educed .  
T h e  absence  of a s ign  on the  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  open  c i rcu i t  cel l  vo l t age  is no t  e q u i v a l e n t  to 
t r e a t i n g  a $10.00 d e b i t  as t he  s a m e  t h i n g  as a $10.00 
credi t .  The  - -  l e ad  to the  p o t e n t i o m e t e r  ind ica t e s  
t h a t  t h e r e  is an  excess  of e l ec t rons  on the  e l ec t rode  
to w h i c h  i t  is connec t ed  and,  thus ,  t h a t  i ts  e l ec t rode  
r e a c t i o n  has  a g r e a t e r  t e n d e n c y  to p r o c e e d  in the  
o x i d a t i o n  sense  t han  the  e l ec t rode  r e a c t i o n  at  t he  
e l e c t r o d e  connec t ed  to t he  4- l e ad  of  t he  p o t e n -  
t i ome te r .  Cel l  vo l t ages  a r e  not  d e p e n d e n t  on w h e t h e r  
some  p a r t i c u l a r  h a l f - c e l l  is be ing  used  as an  anode  
or  as a ca thode .  If  t he  cel l  v o l t a g e  is the  s a m e  in 
m a g n i t u d e  a n d  the  r e s i s t ances  of the  c i r cu i t  a r e  the  
same, the same amount of current will flow, whether 
a given half-cell is acting as an anode or as a cath- 
ode. The + lead of the cell will be hooked up to 
the external circuit in the same way. 

It would be satisfying if all cell reactions (both at 
cathodes and anodes) were fully understood. This, 
unfortunately, is not the case. Often a cell is really 
nothing more than a black box with two terminals 
sticking out. For years, oxygen cathodes on active 
carbon in basic solutions were considered to be act- 
ing in accordance with the equation: 

O~ 4- 2H.~O 4- 4e--* 4OH- 

This misunderstanding led to many faulty interpre- 
tations of these electrodes. Actually, if the carbon 
does not possess a large ability to decompose perox- 
ides, it will follow the equation: 

O~ + H.~O + 2e--> OH- + O~H- 

If  the  c a r b o n  is a f a i r l y  good d e c o m p o s e r  of p e r o x -  
ides,  i ts  open  c i r cu i t  p o t e n t i a l  w i l l  l ie  s o m e w h e r e  
b e t w e e n  the  e x p e c t e d  p o t e n t i a l s  for  the  two  r e a c -  
t ions  quo t ed  above .  A n o t h e r  e x a m p l e  comes  f r o m  
m e t a l - m e t a l  ox ide  e lec t rodes .  T h e i r  po t en t i a l s  o f t en  
l ie  b e t w e e n  t h e  va lue s  e x p e c t e d  for  t he  m e t a l - m e t a l  
ion p o t e n t i a l  and  the  o x y g e n  e l ec t rode  po ten t i a l .  

W h e t h e r  or  not  y o u  k n o w  w h a t  cel l  r eac t ions  a r e  
go ing  on ins ide  t he  cel l  has  no inf luence  on t h e  m e a s -  
u r e m e n t  of i ts  vol tage .  As  I have  sa id  before ,  e x p e r -  
i m e n t a l l y  d e t e r m i n e d  cel l  vo l t ages  canno t  be  n e g a -  
t ive.  Thus,  in our  sys tem,  no s ign  need  be  a t t a c h e d  
to them.  A c t u a l l y ,  w e  cons ide r  t h e m  w i t h o u t  sign. 

In  o u r  sys tem,  thermodynamically d e t e r m i n e d  
p o t e n t i a l s  (~ )  a r e  a s soc ia t ed  w i t h  specific r eac t i ons  
only ,  and  these  p o t e n t i a l s  a p p l y  on ly  for  t he  r e a c -  
t ion  equa t i ons  as w r i t t e n .  The  t h e r m o d y n a m i c  d a t a  
a r e  used  n o r m a l l y  on ly  for  p r e d i c t i o n s  of w h a t  cel l  
vo l t age  to e x p e c t  u n d e r  g iven  conditions. In  o r d e r  
to do so, one m u s t  k n o w  w h a t  r eac t i ons  a r e  invo lved ,  
or  m a k e  r e a s o n a b l e  guesses.  As  s t a t e d  above ,  th is  is 
o f ten  no t  s imple .  On ly  w i t h  h y p o t h e t i c a l ,  t h e r m o -  
d y n a m i c a l l y  o b t a i n e d  h a l f - c e l l  or  cel l  r e a c t i o n  p o -  
t e n t i a l s  wi l l  t h e r e  be  s igns  a t t ached .  The  s ign to be  
a t t a c h e d  is t h a t  to be e x p e c t e d  f rom the  v a l u e  for  
t he  f r ee  e n e r g y  change  for  the  h a l f - c e l l  or  cel l  r e -  
act ion,  as w r i t t e n .  In  o t h e r  words ,  if  t he  r e a c t i o n  
as w r i t t e n  t ends  to p roceed ,  and  possesses  a n e g a t i v e  
f ree  e n e r g y  change ,  t hen  the  r e a c t i o n  p o t e n t i a l  is 
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g iven  a pos i t i ve  s ign  and  v ice  versa .  I f  one  o b t a in s  
for  t he  o v e r - a l l  ce l l  r eac t ion ,  as w r i t t e n ,  a n e g a t i v e  
v a l u e  for  3, th is  i nd i ca t e s  t h a t  t he  r e a c t i o n  in the  
cel l  p roceeds  in  the  oppos i t e  d i r ec t ion  to t h a t  i n d i -  
ca t ed  b y  the  w r i t t e n  equa t ions ,  and  t h a t  these  e q u a -  
t ions  shou ld  be  r e v e r s e d .  I a g r e e  w i t h  Dr.  d e B e t h u n e  
in s t a t i ng  t ha t  th is  a spec t  of  e l e c t r o c h e m i s t r y  is 
s o m e w h a t  a r b i t r a r y .  I need  to def ine w h i c h  d i r ec t i on  
a r e a c t i o n  is e x p e c t e d  to fo l low.  I feel ,  h o w e v e r ,  
t h a t  e x p e r i m e n t a l l y  d e t e r m i n e d  cel l  vo l t ages  need  
no t  be  d i v o r c e d  f r o m  p h y s i c a l  r e a l i t y  as is done  w i t h  
the  l e f t - r i g h t  convent ion .  I f  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  cel l  vo l t ages  a r e  t r e a t e d  b y  our  sys t em,  t h e y  
n e v e r  need  confuse  the  s t u d e n t  of p h y s i c a l  c h e m i s t r y  
as he is confused  b y  the  m u l t i p l e  s ign  conven t ions  
for  e x p e r i m e n t a l l y  d e t e r m i n e d  cel l  vo l tages .  W e  fee l  
t h a t  w e  have  r e m o v e d  as m u c h  a r b i t r a r i n e s s  as pos -  
s ib le  b y  t h e  a b o v e  a p p r o a c h  a n d  h a v e  a sound,  
w o r k a b l e  sys tem.  

I t  is the  m e r i t s  a n d  d e m e r i t s  of  a s y s t e m  t h a t  a r e  
i m p o r t a n t ,  no t  h o w  long  the  s y s t e m  has  been  used  
or  who  uses  it. S ince  I h a v e  been  a t t e m p t i n g  to 
e x p l a i n  t h e  s y s t e m  t h a t  I h o n e s t l y  be l i e ve  is best ,  
I h a v e  p u r p o s e l y  used  the  s y m b o l i s m  t h a t  I n o r m a l l y  
use:  E = the  e x p e r i m e n t a l l y  d e t e r m i n e d  cel l  v o l t -  
age;  ~ ---- the  t h e r m o d y n a m i c a l l y  d e t e r m i n e d  cel l  or  
h a l f - c e l l  r e a c t i o n  po ten t i a l .  No confus ion  need  a r i se  
ove r  th is  s y m b o l i s m  so long  as w h a t  i t  s ignif ies  is 
c l e a r l y  ind ica ted .  

Anodic Corrosion and Hydrogen and Oxygen 

Overvoltage on lead and Lead Antimony Alloys 

P. Ruetschi and B. D. Cahan (pp. 4~6-413, Vol. 104) 

Jeanne Burbankh ( A )  The  a u t h o r s  h a v e  f a i l ed  to 
c o m p r e h e n d  m u c h  p u b l i s h e d  i n f o r m a t i o n ,  a n d  have  
se r ious ly  m i s r e p r e s e n t e d  r e p o r t e d  work .  The  fo l -  
l o w i n g  l is t ing,  b y  no  m e a n s  comple te ,  g ives  a few 
e x a m p l e s  of  the  u n f o r t u n a t e  k i n d  of m i s r e p r e s e n t a -  
t ion  p r o f u s e l y  p r e s e n t  in t he  pape r .  

1. C o n t r a r y  to the  s t a t e m e n t  of Rue t sch i  a n d  
C a h a n  (R. and  C.) ,  t he  x - r a y  d i f f r ac t ion  p e a k s  of 
p u b l i s h e d  p a t t e r n s  for  a-PbO2 "-~ m a y  be  a c c o u n t e d  
for  by  the  s t a n d a r d  p a t t e r n s  of P b O  ( t e t r a g o n a l ) ,  
PbSO~, and  fi-PbO~. 8 P o s i t i v e  iden t i f i ca t ion  b y  d i f -  
f r a c t i o n  t echn iques  of ~-PbO2 in the  poss ib le  p r e s -  
ence  of these  o t h e r  m a t e r i a l s  m u s t  be  m a d e  w i t h  
care ;  o r i e n t a t i o n  effects a r e  p a r t i c u l a r l y  to b e  
avo ided .  

2. R. and  C. s t a t e  t h a t  " c o n v e n t i o n a l  cool ing  
r a t e s "  p r o d u c e  c o n s i d e r a b l e  sol id  so lu t ion  of a n t i -  
m o n y  in lead,  c i t ing  H o f m a n n ?  The  r e f e r e n c e  c l e a r -  
ly  s ta tes  t h a t  v e r y  l i t t l e  a n t i m o n y  is r e t a i n e d  in 
sol id  so lu t ion  in  a s - c a s t  l e a d  a n t i m o n y  a l loys ;  t h a t  
i n t e r d e n d r i t i c  s e g r e g a t i o n  is a p p a r e n t  in  a l loys  as 
l ow  as 0.1% Sb;  and  p r e s e n t s  a m i c r o g r a p h  to i l l u s -  
t r a t e  t h e  poin t .  

a N a v a l  Resea rch  Lab. ,  W a s h i n g t o n  25, D. C. 
4 N. K a m e y a m a  and  T. F u k u m o t o ,  J. Soy. Chem. Ind., Japan, 49, 

154 (1946}. 
T. Katz ,  Ann.  de Chim., 5, 5 (1950). 

6 A. I. Zas l avsk i i ,  1. D. K o n d r a s h e v ,  a n d  S. S. T o l k a c h e v ,  Dok-  
lady Akad .  N a u k  S.S.S.R.,  75, 559 (1950). 

A. I. Z a s l a v s k i i  a n d  S. S. T o l k a c h e v ,  J. Phys.  Chem. (U.S.S.R.) ,  
26, 743 (1952). 

s X - r a y  P o w d e r  Da ta  F i le ,  ASTM,  P h i l a d e l p h i a ,  Pa. 
W. H o f m a n n ,  " B l e i  u n d  B l e i l e g i e r u n g e n , "  p.  16, J u l i u s  S p r i n g e r ,  

B e r l i n  (1941). 
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3. L a r g e  h a r d  b l a c k  nodu le s  w e r e  not  o b s e r v e d  
b y  B u r b a n k  ~~ on gr ids  of s to rage  b a t t e r i e s  r e m o v e d  
f r o m  serv ice ,  and  no m e n t i o n  of such e x a m i n a t i o n  
a p p e a r s  in t h e  r e f e r e n c e  c i ted  b y  R. and  C. 

4. The  s tud ies  of  B u r b a n k  and  L a n d e r  ~~ on the  
anodic  cor ros ion  of l e a d  in su l fu r i c  ac id  c o m p r i s e  a 
d e t e r m i n a t i o n  of  t he  cor ros ion  k ine t ics ,  iden t i f i ca t ion  
of anod ic  p roduc t s ,  and  c o o r d i n a t i o n  of t h e r m o d y -  
n a m i c a l l y  poss ib le  r eac t i ons  at  def ined  anod ic  p o t e n -  
t ia ls .  R. and  C. h a v e  f a i l ed  to c o m p r e h e n d  the  m a n -  
n e r  in  w h i c h  the  w o r k  was  c a r r i e d  out,  and  the  i m -  
p o r t a n c e  of p o t e n t i a l  as  a con t ro l l i ng  f ac to r  in  e lec -  
t r o c h e m i c a l  reac t ions .  R. a n d  C. m i s r e p r e s e n t e d  the  
r e p o r t s  b y  s t a t i ng  t h a t  r e su l t s  w e r e  p r e s e n t e d  f rom 
e x p e r i m e n t s  o t h e r  t han  those  d e s c r i b e d  in t he  p u b -  
l i shed  pape r s .  

(B)  I t  is c o m m o n  a n a l y t i c a l  p r a c t i c e  to d e c o m -  
pose PbO2 b y  t h e  ac t ion  of ac ids  and  H~O~. W h a t  
"pu r i f i ca t ion"  was  o b t a i n e d  b y  t r e a t i n g  e l e c t r o p l a t e d  
a-PbO2 w i t h  such a m i x t u r e ?  

(C)  W a s  no  a n t i m o n y  p a t t e r n  o b s e r v e d  in  t he  x -  
r a y  d i f f r ac t ion  e x a m i n a t i o n  of the  a l loys?  N o r m a l l y  
a 10.98% Sb a l loy  w o u l d  be  e x p e c t e d  to g ive  a s t rong  
p a t t e r n  for  a n t i m o n y ,  and  t h e  s t ronges t  l ine  in t he  
p a t t e r n  of a n t i m o n y  m e t a l  l ies  v e r y  close to the  
s t ronges t  l ines  in x - r a y  p a t t e r n s  of a-PbO~ and  P b O  
( t e t r a g o n a l ) .  

(D)  W h a t  p o t e n t i a l  m e a s u r e m e n t s  a re  r e f e r r e d  to 
in  t he  n e x t - t o - l a s t  p a r a g r a p h  in c o l u m n  1, p. 408? 

1 . 1 .  Lander 'S:  The  p a p e r  is of v e r y  g r e a t  i n t e r e s t  
f r o m  both  p r a c t i c a l  a n d  t h e o r e t i c a l  v i ewpo in t s .  The  
p re sence  of a - P b O ,  in  the  co r ros ion  p r o d u c t  of l e a d  
a n d  l e a d  a l loys  m a y  be p a r t i c u l a r l y  s ignif icant .  

T h e r e  a r e  poss ib le  mi sconcep t ions  w h i c h  the  r e a d -  
e r  m i g h t  e n t e r t a i n  w i t h o u t  a fu l l  k n o w l e d g e  of some 
of t he  w o r k  r e f e r r e d  to in the  pape r .  Thus ,  in  t he  
i n t r o d u c t i o n  and  in  t h e  d i scuss ion  one  m i g h t  ge t  t he  
i dea  t h a t  t e t r a g o n a l  P b O  wi l l  no t  be  f o r m e d  as a 
cor ros ion  p r o d u c t  of l ead  in  ac id  solut ion.  The  w o r k s  
of Wol f  and  Boni l la ,  1' and  L a n d e r  ~ r e f e r r e d  to in  t he  
p a p e r  c l e a r l y  show t h a t  i t  can be  f o r m e d  u n d e r  
c e r t a i n  p o t e n t i a l  cond i t ions  w h i c h  a r e  d i f f e ren t  f rom 
those  o b t a i n i n g  in  the  p a p e r  u n d e r  d i scuss ion  and  in 
t he  w o r k  of W y n n e - J o n e s  and  c o - w o r k e r s  ~" also of 
r e f e r ence .  The  au tho r s ,  and  W y n n e - J o n e s  and  co-  
w o r k e r s ,  e m p l o y e d  c o n s t a n t  c u r r e n t  t e c h n i q u e s  
w h e r e b y  a f t e r  t he  f o r m a t i o n  of l e ad  su l f a t e  t he  
p o t e n t i a l  rose  b e y o n d  t ha t  for  t he  l e a d  d i o x i d e - l e a d  
su l fa t e  couple ,  i.e., a cond i t ion  u n d e r  w h i c h  t e t r a v a -  
l en t  r e a c t i o n  p r o d u c t s  w o u l d  be  p r e f e r r e d .  In  m y  
work ,  c o n s t a n t - v o l t a g e  t echn iques  w e r e  used  and  
the  v o l t a g e  was  h e l d  at  l eve l s  b e l o w  tha t  of t he  l e ad  
d i o x i d e - l e a d  su l fa t e  couple ,  a cond i t ion  w h e r e b y  
d i v a l e n t  l e a d  r e a c t i o n  p r o d u c t s  w o u l d  be  p r e f e r r e d ,  
as  w a s  b o r n e  ou t  b y  t h e  a p p l i c a t i o n  of F a r a d a y ' s  l a w  
to the  a m o u n t  of w e i g h t  loss. Moreover ,  e x a m i n a -  
t ion  of t he  co r ros ion  p r o d u c t s  s h o w e d  t h a t  l e ad  su l -  
f a t e  was  t he  s m a l l e r  pa r t .  

T h e  a u t h o r s  p o i n t  out ,  as I h a v e  a l r e a d y  done,  1~ 

lo J. B u r b a n k ,  This Journal,  103, 87 (1956). 
i t  $. j .  L a n d e r ,  This Journal,  98, 213 (1951). 
~ J .  J .  L a n d e r ,  This Journal,  ]03,  1 (1956). 

E lec t r i c  A u t o - L i t e  Co., To ledo  1, Ohio.  
i t  E. Wol f  a n d  C. Bon i l l a ,  Trans. Etectrochem. Soc., 79, 307 (1941). 
15 j .  j .  L a n d e r ,  This Journal,  98, 213 (1951). 
~6 W. W. Beck,  R. L i n d ,  a n d  ~V. F.  K. W y n n e - J o n e s ,  Trans. Fara- 

day Soc., 50, 147 (1954). 
17 j .  j .  L a n d e r ,  This Journal,  103, 1 (1956). 

t h a t  t he  f o r m a t i o n  of l e ad  d i o x i d e  is t h e r m o d y n a m i -  
ca l ly  poss ib l e  a t  p o t e n t i a l s  w e l l  b e l o w  t h a t  for  t he  
l e ad  d i o x i d e - l e a d  su l f a t e  couple .  H o w e v e r ,  I h a v e  
also p o i n t e d  out  tha t ,  if  i ts  f o r m a t i o n  o c c u r r e d  u n d e r  
such p o t e n t i a l  condi t ions ,  i t  w o u l d  be  t h e r m o d y n a m -  
i ca l ly  uns t ab l e ,  w h i c h  is p r a c t i c a l l y  a t t e s t e d  to b y  
the  a p p l i c a t i o n  of  F a r a d a y ' s  l aw,  a l r e a d y  me n t ioned .  
The  w o r k  in foo tno te  17 of th is  d i scuss ion  cons id -  
e r ed  r eac t ions  w h e r e b y  l e a d - d i o x i d e  f o r m e d  low p o -  
t en t i a l s  cou ld  go to d i v a l e n t  p roduc t s .  The  t ac i t  i m -  
p l i ca t ion  t h a t  the  x - r a y  a n a l y s i s  of co r ros ion  p r o d -  
uc ts  in  m y  work ,  w h i c h  s h o w e d  the  p r e s e n c e  of 
t e t r a g o n a l  PbO,  r e s u l t e d  f r o m  confus ion  or  i g n o -  
r a n c e  of the  p a t t e r n  for  a-PbO~ is, t he re fo re ,  u n -  
founded .  

The  a u tho r s  s t a t e  in t h e i r  d i scuss ion  t h a t  a-PbO~ 
occurs  as a g r id  cor ros ion  p r o d u c t  and  h a d  been  r e -  
p o r t e d  as t e t r a g o n a l  P b O  b y  m y s e l f  ~ and  o the r  
w o r k e r s .  M y  w o r k  of t he  r e f e r e n c e  was  conce rned  
on ly  w i t h  co r ros ion  of c o l d - r o l l e d  l e a d  shee t  a t  con-  
t r o l l e d  po ten t i a l s .  

The  a u t h o r s '  m e t h o d  of d e t e r m i n i n g  t o t a l  c o r r o -  
s ion b y  accoun t ing  for  t he  PbO~ p r e s e n t  b y  d i s -  
charge ,  s e l f -d i s c ha rge ,  a n d  t i t r a t i o n  of r e s i d u a l  PbO,  
is no d o u b t  good for  p u r e  lead,  b u t  m u s t  be  in  e r r o r  
for  l e a d - a n t i m o n y  a l loys  b e c a u s e  i t  can  t a k e  no ac -  
coun t  of the  a n t i m o n y  loss. This  w o u l d  be  e spec ia l ly  
t r u e  in a c o n s t a n t - c u r r e n t  s y s t e m  if  t he  a n t i m o n y  
co r ros ion  r e a c t i o n  w e r e  m u c h  f a s t e r  t h a n  t h e  l e a d  
cor ros ion  reac t ion .  Thus,  Fig.  5 in t he  a u t h o r s '  p a p e r  
w o u l d  ind ica t e  t h a t  t he  a n t i m o n y  e x e r t s  a p r o t e c t i v e  
func t ion  in t he  a l loy ;  h o w e v e r ,  i t  is open  to t he  v e r y  
obv ious  i n t e r p r e t a t i o n  t h a t  w i t h  i n c r e a s i n g  a n t i -  
m o n y  c o n c e n t r a t i o n  t h e  c o r r o d i n g  c u r r e n t  w e n t  
p r e f e r e n t i a l l y  to o x i d a t i o n  of the  a n t i m o n y  p h a s e  of 
t he  a l loy.  

Hans Bode18: W e  h a v e  f o u n d  t h a t  the  r h o m b i c  
modi f i ca t ion  of the  l e a d  d i o x i d e  (fl-PbO~) is f o r m e d  
in t he  f o r m a t i o n  p rocess  in the  pos i t ive  p la te .*  On 
the  sur face ,  on ly  t he  t e t r a g o n a l  f o r m  (a-PbO.~) is 
n e w l y  deve loped ,  w h e r e a s  bo th  f o r m s  (a-PbO~ a n d  
fl-PbO~) a r e  f o u n d  ins ide ,  in  a p r o p o r t i o n  of a b o u t  
50:50%. I t  seems  t h a t  t he  fi-PbO~ is f o r m e d  f r o m  the  
PbO,  and  the  a-PbO~ f r o m  the  l e a d  su l f a t e  or  the  
bas ic  l ead  su l fa te .  The  b e t a - m o d i f i c a t i o n  is the  m o r e  
s t a b l e  one. 

P.  Ruetschi and B. D. Cahan :  The  a u t h o r s  have  
r e a d  the  fo rego ing  c o m m e n t s  w i t h  g r e a t  in te res t .  

W i t h  r e g a r d  to J. B u r b a n k ' s  r e m a r k s ,  t h e  a u t h o r s  
a r e  a w a r e  t ha t  t he i r  l i s t  of r e f e r e n c e s  on x - r a y  d a t a  
of PbO.o is no t  comple te .  A l a rge  a m o u n t  of w o r k  
has  been  done  in th is  f ield b u t  m u c h  of t he  p u b l i s h e d  
d a t a  is u n c l e a r  and  c o n t r a d i c t o r y .  

T h e  a u t h o r s  h a v e  p o i n t e d  out  in  t h e i r  p a p e r  t ha t  
t he  m a j o r  p e a k  in t he  x - r a y  p a t t e r n s  of ~-PbO.~ co in -  
c ides  w i t h  a m a j o r  p e a k  of t he  p a t t e r n  for  t e t r a g o n a l  
PbO.  S i m i l a r l y ,  o the r  p e a k s  of t he  a - P b O ,  p a t t e r n  
a r e  obscured ,  as J. B u r b a n k  po in t s  out,  b y  the  p r e s -  
ence of o t h e r  l e a d  c o m p o u n d s  l i ke  PbSO~ and  
fi-PbO~. This  is e x a c t l y  t he  r e a s o n  w h y  a-PbO~ has  
r e m a i n e d  u n k n o w n  u n t i l  r ecen t ly .  T h e r e  exis t ,  
h o w e v e r ,  as p o i n t e d  ou t  in  t he  pape r ,  s e v e r a l  p e a k s  

lS Resea rch  Lab. ,  A c c u m u l a t o r e n - F a b r i k  A k t i e n g e s e l l s c h a f t ,  N e u e  
M a i n z e r  S t r a s se  54, F r a n k f u r t / M a i n ,  Wes t  G e r m a n y .  

* H. Bode  a n d  E. Voss,  Z. Elektrochem. ,  60, 1053 (1956). 
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of t he  a-PbO~ p a t t e r n  w h i c h  do no t  co inc ide  e x a c t l y  
w i t h  a n y  o t h e r  k n o w n  c o m p o u n d  of Pb .  F u r t h e r -  
more ,  some of the  peaks ,  w h i c h  do co inc ide  in  
a n g u l a r  pos i t i on  w i t h  p e a k s  of o the r  compounds ,  can  
be  d i f f e r e n t i a t e d  b y  r e l a t i v e  i n t e n s i t y  m e a s u r e m e n t s  
and  by  d i f fe rences  in  prof i le  of t he  d i f f rac t ion  peaks .  

The  second  po in t  of J. B u r b a n k  is not  we l l  t a k e n  
for,  a l t h o u g h  some s e g r e g a t i o n  of Sb  is i n d e e d  ob -  
s e r v e d  w i th  0.1% Sb  a l loys ,  th is  does  no t  p r o v e  t ha t  
w i t h  h i g h e r  Sb c o n c e n t r a t i o n s  a h i g h e r  c o n c e n t r a t i o n  
of Sb  does no t  r e m a i n  in  sol id  solut ion.  This  b e -  
comes  p a r t i c u l a r l y  e v i d e n t  if, e.g., a 2% a l loy  is 
h e a t - t r e a t e d  b e l o w  the  eu tec t ic  t e m p e r a t u r e ,  a t  
245~ in o r d e r  to a s su re  t h a t  a l l  the  Sb is h o m o -  
g e n e o u s l y  d i s t r i b u t e d  in  so l id  solu t ion .  Cool ing  th i s  
t e m p e r e d  a l loy  at  " c o n v e n t i o n a l "  r a t e s  does not  p r o -  
duce  a n y  p r e c i p i t a t i o n  of Sb. A c c o r d i n g  to H o f m a n n  
" is t  dies  in d e m  S inne  zu d e u t e n  dass  bet  L u f t a b -  
k i i h lung  h o m o g e n e r  L e g i e r u n g e n  a l les  Sb in  f e s t e r  
LSsung b l e ib t . "  In  a c t u a l  cas t ings  t h e r e  ex i s t s  a con-  
c e n t r a t i o n  g r a d i e n t  for  Sb  in the  sol id i f ied  l e a d  
g r a in s  such  t h a t  the  first  po r t i ons  to be  p r e c i p i t a t e d  
a re  low in Sb, a n d  the  cast  po r t i ons  a r e  r i ch  in Sb. 

W i t h  r e g a r d  to  J. B u r b a n k ' s  t h i r d  po in t  i t  shou ld  
be  m e n t i o n e d  t ha t  J. J. L a n d e r  [Ref .  (27) in  the  
a u t h o r s '  p a p e r ]  desc r ibes  a cond i t ion  of pos i t i ve  
p la tes ,  which had been cycled around the 
PbO, /PbSO4  potential, as follows: " W h e n e v e r  t he  
co r ros ion  f i lm h a d  b e e n  b u i l t  up  for  a w e e k  or  so, 
even  a f t e r  l ong  d i s c h a r g e  pe r i ods  t h e r e  e x i s t e d  a 
b lack ,  sh iny ,  ha rd ,  b r i t t l e ,  a d h e r e n t  f i lm u n d e r n e a t h  
the  ou te r  PbSO4 film. This  f i lm was  s h o w n  b y  x - r a y  
ana lys i s  to b e  PbO,  con t a in ing  s m a l l  a m o u n t s  of 
P b O . "  No m e n t i o n  of t he  ex i s t ence  of an  ~ -PbO,  is 
m a d e  in  the  c i ted  pape r .  J. J. L a n d e r  also has  r e -  
p o r t e d  [Ref.  (1)  in  t he  a u t h o r s '  p a p e r ]  t h a t  e lec -  
t r odes  w h i c h  h a d  been  a n o d i z e d  b e t w e e n  0.7 and  
1.6 v vs. H, ( th is  is b e l o w  the  P b O J P b S O ,  p o t e n t i a l  
w h i c h  is a t  1.7 v)  h a d  a " g r a y i s h - w h i t e  su r f ace  f i lm 
cons i s t ing  a lmos t  e n t i r e l y  of PbSO, .  I t  was  l oose ly  
a d h e r e n t  and  could  be  w i p e d  off w i t h  cotton,  w h e r e -  
u p o n  a b r o w n  to b l a c k  u n d e r f i l m  was  e x p o s e d  w h i c h  
x - r a y  a n a l y s i s  p r o v e d  to b e  t e t r a g o n a l  P b O . "  

We ag ree  w i t h  J. B u r b a n k  t h a t  Ref.  (4)  in  the  
a u t h o r s '  p a p e r  shou ld  be  o m i t t e d  at  the  p a r t i c u l a r  
p l ace  r e f e r r e d  to. The  a u t h o r s  fee l  t h a t  t h e r e  is no 
r ea son  for  J. B u r b a n k  to fee l  t h a t  h e r  r e su l t s  h a v e  
been  m i s i n t e r p r e t e d .  The  au tho r s  have  p o i n t e d  out  
t h a t  " the  ex i s t ence  of P b O  in a s t r ong  H,SO~ so lu t ion  
is diff icult  to p i c t u r e  t h e r m o d y n a m i c a l l y  or  k i n e t i -  
ca l ly  and  in  no case  has  any  t e t r a g o n a l  P b O  been  
d e t e c t e d  in th is  l a b o r a t o r y  by  x - r a y  d i f f rac t ion  of 
P b  c o r r o d e d  in  H~SO,." 

As  s t a t ed  in the  a u t h o r s '  pape r ,  the  cor ros ion  e x -  
p e r i m e n t s  w e r e  p e r f o r m e d  a t  p o t e n t i a l s  a b o v e  the  
PbO, /PbSO~  po ten t i a l .  H o w e v e r ,  t h e  a u t h o r s  a g r e e  
w i t h  J. B u r b a n k  t h a t  u n d e r  c e r t a i n  v o l t a g e  and  p H  
cond i t ions  P b O  can  ex i s t  u n d e r n e a t h  a p a r t i a l l y  p r o -  
t ec t ing  su l fa t e  l aye r .  The  a u t h o r s  a r e  a w a r e  of t he  
d i f fe rence  b e t w e e n  cons t an t  v o l t a g e  and  cons t an t  
c u r r e n t  t echn iques .  

The  a u t h o r s  also w o u l d  l i ke  to p o i n t  out  t h a t  in  
none  of J. J. L a n d e r ' s  or  J. B u r b a n k ' s  p a p e r s  on th is  
sub j ec t  (up  to t he  p u b l i c a t i o n  da t e  of t he  a u t h o r s '  
p a p e r )  has  t h e  ex i s t ence  of a-PbO~ as a modi f i ca t ion  

of PbO~ been  cons ide red .  In  1956, J. B u r b a n k  s t a t e d  
[Ref .  (4)  in  t he  au tho r s '  p a p e r ]  t ha t  " an  u n i d e n t i -  
fied m a t e r i a l  b e l i e v e d  to be  a fo rm  of l e ad  ox ide  
was  also p r e s e n t  in  some anod ic  coat ings .  U n p u b -  
l i shed  w o r k  w i t h  s e v e r a l  l e a d  m o n o x i d e s  i nd i ca t e s  
t h a t  th is  m a y  be  a fo rm  of l e ad  m o n o x i d e  r a t h e r  
t h a n  a h i g h e r  ox ide . "  S ince  the  p u b l i c a t i o n  of t he  
a u t h o r s '  pape r ,  J. B u r b a n k  has  r e p o r t e d  t h a t  th is  
u n k n o w n  m a t e r i a l  is a c t u a l l y  a -PbO, .  W i t h  r e g a r d  
to po in t s  (B) ,  (C ) ,  and  (D)  in  J. B u r b a n k ' s  c o m -  
ment ,  t h e  ac id  a n d  p e r o x i d e  t r e a t m e n t  was  a p p l i e d  
to r e m o v e  poss ib le  i m p u r i t i e s  of l o w e r  oxides .  S ince  
the  ~ - P b O ,  p l a t i n g  so lu t ion  at  t imes  c o n t a i n e d  a v e r y  
fine c r y s t a l l i n e  p r e c i p i t a t e  of Pb~O~ a n d  pos s ib ly  
other lead compounds, and since on washing the 
plating solution from the electrode some Pb(OH)~ 
was precipitated, the nitric acid-H,O2 treatment was 
intended to remove these surface impurities. No Sb 
patterns were observed on the anodized Pb-Sb al- 
loys. At the time of publication of the authors' 
paper, potentials for pure ~- and fl-PbO~ were not 
yet measured successfully. Since then the authors 
have reported values for a-PbO2 and fl-PbO~. Ac- 
cording to these measurements, the potential of ~- 
PbO~ is 7 mv higher than that of fl-PbO2 at 30~ in 
1.250 sp gr sulfuric acid. 

The authors are in complete agreement with the 
comments of J. J. Lander with regard to constant 
current and constant voltage techniques. He never 
mentions, however, the existence of a-PbO, in his 
papers. 

In reference to the last comment of J. J. Lander, 
it can be stated that the technique applied to deter- 
mine the amount of corrosion, measures indeed the 
amount of PbO, formed. However, no error is intro- 
duced by this condition. The corrosion of Sb and Pb 
must be strongly coupled since corrosion occurs only 
at the surface of the electrode. The Sb in the alloy is 
enclosed by lead and can only be attacked after the 
surrounding lead has been oxidized. It is not con- 
ceivable that Sb moves out of unattacked bulk 
electrode material. The actual depth of attack can 
be evaluated by taking into account the density of 
Pb-Sb alloys, as suggested in the authors' papers. 
The amount of electricity, applied during the con- 
stant current oxidation (at 3ma/cm ~) was orders 
of magnitude larger than the amount of electricity 
actually required to produce the corrosion film. Most 
of the current was used for gas production. If the 
oxidation of the Sb phase would be faster than the 
oxidation of the lead phase, the latter process would 
determine the penetration rate and the growth of 
the oxide film. In Fig. 5, the decrease in discharge 
time with increasing Sb concentration is due to an 
increased rate of self discharge. This is brought out 
in more detail in new papers which are in the course 
of publication. 

With regard to Dr. Bode's comment, the authors 
are in complete agreement with his experimental 
findings. However, the authors have reason to sus- 
pect that (orthorhombic) ~-PbO, is formed in the 
plates of storage batteries by nucleation with metal- 
lic lead particles, and (tetragonal) fi-PbO,., by oxida- 
tion of PbSO,. It would be helpful if the nomenclature 
for the tetragonal and orthorhombic modification of 
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PbO~ could be m a d e  un i fo rm.  The  authors ,  toge ther  
w i th  Zas lavsky,  et al., use the  t e r m  a-PbO~ for the  
o r tho rhombic  form,  wh i l e  Bode and  Voss use the  
n a m e  fi-PbO~ for this  modificat ion.  The  respec t ive  
des igna t ions  for a and  PbO~ were  o r ig ina l ly  chosen 
because  of the  pa ra l l e l i sm  to the  o r tho rhombic  and  
t e t r agona l  modif icat ions  of MnO~ which  have  been  
n a m e d  a and  fl, respect ively .  

High Temperature Oxidation of High Purity Nickel 

between 750 ~ and 1050~ 

E. A. Gulbronsen ond K. F. Andrew (pp. 451-454, Vol. 104) 

S t a n i s l a w  M r o w e c  and Teodor  Werber~h The 
m e c h a n i s m  of ox ida t ion  of n icke l  at h igh t e m p e r a -  
tu res  has been  the  subjec t  of m a n y  inves t iga t ions .  
A p p l y i n g  a sens i t ive  g r av ime t r i c  method,  G u l b r a n -  
sen and  A n d r e w  m e a s u r e d  the  r a t e  of n icke l  ox ida-  
t ion and  have  found  tha t  the heat  of ac t iva t ion  of 
this  process in  the a tmosphere  r ange  750~176 
a m o u n t s  to 41.2 ca l /mole .  In  this  region  no cracks 
were  observed  in  the n icke l  oxide layer  and  the  
parabol ic  r a t e  law was obeyed. This  va lue  does no t  
differ f rom the  fo rmer  one ob ta ined  by  the same 
au thors  for the t e m p e r a t u r e  r ange  400~176 
Using  theore t ica l  cons idera t ions  and  compar ing  the  
ac t iva t ion  ene rgy  of the  ox ida t ion  process w i th  the  
ac t iva t ion  ene rgy  of diffusion of n icke l  in  n icke l  
oxide (wh ich  was  d e t e r m i n e d  by  Moore -~ by aid of 
the  t racer  m e t h o d ) ,  G u l b r a n s e n  and  A n d r e w  as wel l  
as Moore ~1 conclude tha t  the  ox ida t ion  process p ro -  
ceeds only  by  the  o u t w a r d  diffusion of n icke l  ions 
and  e lec t rons  via  cat ion vacancies  and  e lec t ron  holes. 

The m e c h a n i s m  of the  ox ida t ion  of n icke l  at h igh 
t e m p e r a t u r e s  has been  inves t iga ted  also by  the  
m a r k i n g  m e t h o d ?  2-~ The  resul ts  of these  inves t iga -  
t ions canno t  be conci l ia ted  w i th  the n icke l  ox ida t ion  
m e c h a n i s m  proposed by  G u l b r a n s e n  and  A n d r e w  
and  Moore. 

L. Czerski  2: used as the m a r k e r  a p l a t i n u m  wire  
=1 .0  • 10 -: cm and  I l schner  and  Pfeiffer  -~ also a 

P t - w i r e  r = 0.3 • 10 -~ cm. Czerski,  Mrowec, and  
W e r b e r  2~ used p l a t i n u m  wire  ~b = 7 • 10 ~ cm a nd  
submicroscopic  l aye r s  of p l a t i n u m .  Nickel  spec imens  
were  w r a p p e d  wi th  p l a t i n u m  wi re  and  then  oxidized 
at t e m p e r a t u r e s  of 1000 ~ and  1200~ W h e n  s u b m i -  
croscopic p l a t i n u m  films were  used as markers ,  the  
spec imens  before  oxidiz ing were  covered w i th  a 
layer  of a m m o n i u m  ch lo rop la t ina te  which  i n s t a n -  
t aneous ly  decomposes in  the  t e m p e r a t u r e  of reac-  
tion, f o r m i n g  on the  sur face  of the  spec imen  an 
idea l ly  d ispersed p l a t i n u m  layer .  Af te r  the react ion,  
the  spec imens  were  cut  ve r t i ca l ly  to the  w i r e  axis, 
the cross sections pol ished and  mic ropho tographed .  
In  the  case of m a r k i n g  wi th  submicroscopic  p l a t i -  
n u m  layers ,  the i r  pos i t ion  in  the  scale was  de te r -  

19 Dept .  of G e n e r a l  C h e m i s t r y ,  Schoo l  of M i n i n g  a nd  M e t a l l u r g y ,  
A l e j a  Mick i ewicza  30, Cr~cov,  Po land .  

2o E. A. G u l b r a n s e n  a n d  K. F. A n d r e w ,  This Journal,  101, 128 
(1954). 

W. J. Moore  and  M. T. S h i m ,  J. Chem.  Phys. ,  26, 802 (1957). 
2e L. Czersk i  a n d  F. F r a n i k ,  Arch.  Gdrnictwa i Hutnic twa,  3, 43 

(1955). 
m B. I l s c h n e r  and  I-I. Pfe i f fer ,  Naturwissenscha]ten,  40, 605 (1953). 
~ L. Czerski ,  S. Mrowec ,  a n d  T. Werbe r ,  Arch.  Hutnic twa,  3, 25 

(1958). 
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m i n e d  by  spect ra l  analysis .  I t  was found  tha t  the  
pos i t ion  of the  m a r k e r s  does no t  depend  on the  type  
of m a r k e r  a nd  on the  t e m p e r a t u r e .  Af t e r  react ion,  
the  m a r k e r  is a lways  s i tua ted  in  the midd le  pa r t  of 
the  scale l ayer  on the  in te r face  b e t w e e n  two mic ro -  
scopical ly d i scern ib le  scale layers  w i th  di f ferent  
s t ruc ture .  This  posi t ion of the  m a r k e r  in  the scale 
indica tes  tha t  the  g rowth  of scale is a resu l t  of two 
s i m u l t a n e o u s  and  opposite processes consis t ing in  
diffusion of bo th  reagents :  n icke l  and  oxygen  
th rough  the  scale. The r e f r om it resu l t s  tha t  the  
e x t e r n a l  l ayer  grows owing  to the  o u t w a r d  diffusion 
of n icke l  ions and  the  i n n e r  one  owing  to the  i n w a r d  
diffusion of oxygen.  (As it  was stated,  the  plas t ic  
flow of the  scale m u s t  no t  be t a k e n  in to  account  in  
this case.) Q u a n t i t a t i v e  ca lcula t ions  have  p roved  
tha t  the  share  of the  i n w a r d  diffusion of oxygen  in  
the process of scale f o r ma t i on  a m o u n t s  to 50%. If 
the  scale should  grow owing  to the  o u t w a r d  diffu-  
sion of me t a l  on ly  (according  to the propos i t ion  of 
G u l b r a n s e n  a nd  Moore) the  m a r k e r  wou ld  be found  
at the in te r face  sca le /me ta l .  

Thus,  good con fo rmi ty  b e t w e e n  the  ac t iva t ion  en -  
ergies of diffusion and  of ox ida t ion  is not,  in  our  
opinion,  a sufficient condi t ion  for d r a w i n g  conc lu-  
sions abou t  the  m e c h a n i s m  of the  ox ida t ion  process 
of a g iven  meta l .  The inves t iga t ions  car r ied  out  by 
aid of m a r k e r s  are ve ry  necessary  since they  a l low 
one to s ta te  d i rec t ly  the ex t en t  of diffusion of the  
me t a l  and  of the  oxid iz ing  agen t  d u r i n g  the  process 
of scale format ion .  The m a r k e r  me thod  makes  it  
possible  to check the  correctness  of the supposed 
ox ida t ion  m e c h a n i s m  which  was proposed on the  
base of the  resul t s  of ind i rec t  inves t iga t ions  ( type  
of ion defect  of the  oxide f o r mi ng  the scale, parabol ic  
course of the ox ida t ion  process, etc.) 

E. A.  Gulbransen  and K. F. A n d r e w :  We are  ve ry  
p leased  to have  the  in t e re s t ing  commen t s  of Drs. 
Mrowec a nd  Werber .  The role of m a r k e r  exper i -  
m e n t s  in  ox ida t ion  processes on meta l s  needs  a 
t ho rough  e x a m i n a t i o n  for each metal .  In  pa r t i cu la r ,  
one needs to k n o w  the  th ickness  r ange  over  which  
the  parabol ic  r a t e  law can be appl ied  before  " b r e a k -  
a w a y "  condi t ions  occur. M a n y  worker s  app ly  
m a r k e r  tests for ox ida t ion  th icknesses  far  pas t  
" b r e a k a w a y "  w he r e  submicroscopic  c rack ing  and  
o ther  types  of fa i lu re  occur in  the  scale. One m u s t  
real ize  also tha t  ox ida t ion  is no t  the  f o r ma t i on  of a 
u n i f o r m  s t ruc tu re less  film cover ing  the  me t a l  surface.  

Let  us consider  the  app l ica t ion  of m a r k e r s  to the  
ox ida t ion  of n icke l  as p r e se n t e d  by  Drs. Mrowec and  
Werber .  The p l a t i n u m  wires  used r a n g e d  in  size 
f rom 7 • 10 -~ to 1.0 • 10 ̀5 cm whi le  the  p l a t i n u m  
film was of u n d e t e r m i n e d  thickness .  A 10 -~ cm wi re  
is 10 ~ A in  d iameter .  To m a k e  e xpe r i me n t s  us ing  a 
wi re  of such size one m u s t  oxidize the me t a l  to a 
scale th ickness  of 106 to 107 A. Here  the  wi re  th i ck -  
ness would  be 1/10 to 1/100 of the  oxide thickness .  
In  our  s tudy  on the  ox ida t ion  of nickel ,  we found  the  
parabol ic  r a t e  cons tan t s  to increase  at t e m p e r a t u r e s  
above 900~ for film th ickness  of the  order  of 
2 • 104 A. We concluded tha t  submicroscopic  c rack-  
ing  occur red  in  the film at  this  thickness .  Scales of 
over  7.6 X 10" A cracked a w a y  f rom the m e t a l  on 
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cooling. If submicroscopic cracks develop, oxygen 
penetrates to the new reacting interface. 

If oxidation consists in a diffusion-controlled 
mechanism operating below 2 • i0 ' A followed by 
cracking and re-oxidation, it would be impossible 
to study the initial reaction mechanism using wires 
I0 ~ A in diameter. When cracking occurs on ex- 
tended oxidation, one would expect to find the plati- 
num wire in the middle of the oxide scale no matter 
what the initial mechanism of oxidation. 

To use marker experiments to study the initial 
oxidation mechanism for nickel, the marker must 
be of the order of 2 • I0 ~ A or 1/50 of the size act- 
ually used. This would require electron microscope 
observations to locate the marker. 

The use of submicroscopic platinum films together 
with spectral analyses has much merit if the tech- 
nique were applied to experiments at 900~ and 
lower and for film thicknesses of less than 2 • i0 ~ A. 
However, the analytical difficulties in sectioning a 
film of this thickness have not been solved. If used 
on thick scales at I000 ~ and 1200~ the method 
suffers from the same criticism as given for the use 
of wires. 

We hope that marker experiments will be tried 
in the thinner film range of oxidation. With present 
techniques, we feel the macroscopic experiments 
may give a false idea as to the initial mechanism of 
oxidat ion.  

The Equilibrium between Titanium Metal, TiCI2, and 

TiCI,~ in NaCI-KCI  Melts 

W. C. Kreye and H. H. Kellogg (pp, 504-508, Vol. 104) 

Kai Grjotheim-~: The m e n t i o n e d  paper  is a we l -  
come c o n t r i b u t i o n  to those engaged  in  a s tudy  of 
equ i l ib r i a  i n v o l v i n g  a m e t a l  and  two of its salts of 
d i f ferent  va lency,  thus  l ead ing  to the poss ibi l i ty  of 
complex  fo rma t ion  b y  the  h igher  v a l e n t  ion in  sal t  
melts .  However ,  it m a y  be of in te res t  to c o m m e n t  
on some of the  s t a t emen t s  made  by  the authors .  
The i r  ca lcu la t ion  of the  e q u i l i b r i u m  cons tan t  for 
the  reac t ion:  

T iCL(so lu t ion)  -t- 1/2 Ti ~ (solid) 
= 3/2 TiCL(solution) (I) 

on a molecular basis, by putting: 

K,  = . [ Y T I C I 2 / ~ { ~ T [ C I  3 

where  N~ = mole f rac t ion  of (i) based  on the con-  
s t i tuen ts :  

TiCL, TiCI~, NaC1, and  KC1 

gives an  " e q u i l i b r i u m  cons tan t"  which  var ies  wi th  
the total  concen t r a t i on  of t i t a n i u m  dissolved in  the 
melt .  

A s s u m i n g  ideal  ionic melts ,  an  e q u i l i b r i u m  con-  
stant ,  K, for each of the  react ions:  

Ti  ~+ -~- 1/2 Ti ~ = 3/2 Ti ~+ (II)  

TiCI[ + 1/2 Ti ~ ---- 3/2 Ti ~+ -~- 4 C1- ( I I I )  

TiCI:- + 1/2 Ti ~ = 3/2 Ti -~+ -~- 6 C1- (IV) 

.o.~ Dept .  of M e t a l l u r g y ,  U n i v e r s i t y  of Toron to ,  Toron to ,  Ont. ,  
Canada .  

was also ca lcula ted  by  K r e ye  a nd  Kellogg,  bu t  the 
va lues  so obta ined,  however ,  s t i l l  showed the  same 
t r e nd  wi th  concen t r a t i on  d isp layed  by  K~. [It  m a y  
here  be r e m a r k e d  that ,  us ing  mola r  ion ic - f rac t ions ,  
the  cons tan t  for reac t ion  (II)  is n u m e r i c a l l y  i den t i -  
cal wi th  K~ and,  w i th  the smal l  concen t ra t ions  of 
t i t a n i u m  in  the  melts ,  the cons tan ts  of react ions  
( I I I )  and  (IV) have  a lmos t  the same n u m e r i c a l  
va lue  as for reac t ion  ( I ) . ]  

Mel lg ren  and  Opie ~ have  m e a s u r e d  the same equ i -  
l i b r i u m  be tween  TIC12, TiCL, and  Ti ~ in  the presence  
of SrCI,-NaC1 melts .  The i r  resul t s  ind ica te  tha t  
there  migh t  be  a s l ight  t e n d e n c y  for the " e q u i l i b r i u m  
cons tan t "  to increase  wi th  inc reas ing  tota l  t i t a n i u m  
con ten t  in  the melt .  Mel lg ren  and  Opie also meas -  
ured the effect of v a r y i n g  the  NaC1 to SrCI~ ratio,  
keeping  the tota l  a m o u n t  of dissolved t i t a n i u m  fa i r ly  
constant .  The e q u i l i b r i u m  was t hen  m a r k e d l y  effect- 
ed in a w a y  cor respond ing  to a decreas ing  K~ wi th  
inc reas ing  NaC1 con ten t  in  the melt .  

The obvious  conclus ion f rom both  these inves t iga -  
tions m u s t  be tha t  the  solut ions  are no t  ideal  w h e n  
considered  as s imple  mo lecu l a r  mix tures .  By a s sum-  
ing di f ferent  types  of complex -mo lecu l e  fo rma t ion  of 
the t i t a n i u m  chlorides,  the au thors  find tha t  r e l a -  
t ive ly  cons tan t  K va lues  m a y  be obta ined.  

However ,  it seems to be r a t h e r  wel l  es tab l i shed  
by  now  tha t  mo l t en  salts m a y  be cons idered  as com- 
p le te ly  ionized. ~-~ The  "best"  ideal  behav io r  would  
there fore  be expected by  t r ea t i ng  the  solut ions  as 
ionic mix tures .  W h e n  app ly ing  the ionic po in t  of 
v iew to these solutions,  however ,  it m u s t  be  r e m e m -  
bered  tha t  the ionic react ions  ( I I ) ,  ( I I I ) ,  and  (IV) 
are  t ak ing  place in  a mixed  ionic mi l ieu .  The  ideal  
ionic e q u i l i b r i u m  cons tan t  for these reac t ions  m u s t  
therefore  theore t i ca l ly  be expected  to v a r y  w i th  the 
composi t ion  of the  melts .  

A qua l i t a t i ve  e x p l a n a t i o n  of the  va r i a t i on  of this 
"cons tan t "  m a y  be g iven  in  the fo l lowing way.  W h e n  
a g iven  reac t ion  takes  place w i th  each c omponen t  i n  
its s t a n d a r d  state, the  change  in  the  Gibbs  func t i on  
is the s t a n d a r d  change,  AG ~ . B e t w e e n  the  t h e r m o -  
d y n a m i c  e q u i l i b r i u m  cons tan t  K (expressed  in  t e rms  
of act ivi t ies  of the  componen t s  at e q u i l i b r i u m )  and  
the  s t a n d a r d  change  in  Gibbs '  func t ion ,  one  has the 
w e l l - k n o w n  i m p o r t a n t  r e la t ionsh ip  AG ~ = --RT In K. 
The s t a n d a r d  states used in  equ i l ib r i a  i nvo lv ing  
mol t en  salts are  mos t  c o n v e n i e n t l y  selected as the  
pu re  mo l t en  salts at  the  g iven  t empe ra tu r e .  Reac-  
t ion  be t w e e n  s t a n d a r d  states can t hen  occur on ly  
be t w e e n  neutral molecules. 

For  reac t ion  ( I ) ,  therefore ,  the  dev ia t ion  f rom 
cons tancy  of the  ideal  e q u i l i b r i u m  cons t an t  ca lcu-  
la ted  wi th  use of mole  f rac t ions  obvious ly  shows 
tha t  the so lu t ion  is not  an ideal  molecu la r  mix tu re .  

Looking  on the ionic react ions,  however ,  the reac-  
t ion  be t w e e n  n e u t r a l  molecules  m a y  be f o r m u l a t e d  
in  d i f fe rent  ways  for v a r y i n g  concen t ra t ions  in  the 
m i x t u r e s  used by  K r e y e  a nd  Kellogg. 

For  the  ionic reac t ion  ( I I I ) ,  we m a y  assume tha t  

26 S. M e l l g r e n  and  W. Opie,  J. Metals, 9, 266 (1957). 
:~, P. H e r a s y m e n k o ,  Trans. Faraday Soc., 34, 1245 (1938). 
zs M. T e m k i n ,  Acta  Physicochim. U.I~.S.S., 20, 411 (1945). 
~) H. F lood ,  T. F b r l a n d ,  and  K. G r j o t h e i m ,  " T h e  P h y s i c a l  C h e m -  

i s t ry  of Me l t s , "  p. 46, I n s t i t u t i o n  of M i n i n g  and  M e t a l l u r g y ,  L o n d o n  
(1953). 
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t he  fo l lowing  r e a c t i o n s  b e t w e e n  n e u t r a l  mo lecu l e s  
a r e  t a k i n g  p lace :  

NaTiCL + 1/2 Ti = 3 /2  TiCI~ + NaCI  ( I l i a )  

w i t h  AG%,, a n d  

KTiCL q- 1/2 Ti  = 3/2  TiCk, q- KC1 ( I I I b )  

w i t h  AG%, and  

1/2 T i l ' (T i ' i 'CL)~  q- 1/2 Ti  = 2 TiCk. ( I I I c )  

w i th  • 

I f  e i t he r  AG".~.~ 4= AG% 

o r / a n d  ~G%, ~ ~G~ two or  a l l  t h r e e  of t he  t h e r m o -  
d y n a m i c  e q u i l i b r i u m  cons tan t s  K~,, K~ a n d  KTi m u s t  
differ  for  these  reac t ions .  

H o w e v e r ,  if i dea l  ionic  so lu t ions  a r e  a s sumed ,  the  
sa l t  ac t iv i t i e s  can  be  r e p l a c e d  b y  T e m k i n s '  a c t i v i t y  
t e r m s  for  i dea l  ionic  m i x t u r e s ,  as for  e x a m p l e  

o v e r v o l t a g e  of h y d r o g e n  is h i g h e r  on Sb t h a n  on  Fe ,  
co r ros ion  is l e s sened  as t he  d e p o s i t e d  Sb f i lm 
sp reads . "  

S u b s t i t u t e  in  i ts  p lace :  " I t  was  conc luded  t h a t  
m e t a l l i c  i ron  d i sp laces  a n t i m o n y  f r o m  these  so lu -  
t ions.  This  ac t ion  is in a c c o r d a n c e  w i t h  p r e d i c t i o n s  
w h i c h  m a y  be  m a d e  f r o m  a c o m p a r i s o n  b e t w e e n  the  
e q u i l i b r i u m  d i a g r a m  for  a n t i m o n y  (Fig .  4) and  the  
e q u i l i b r i u m  d i a g r a m  for  i ron  [see loc. cit. (1) ,  p. 89, 
Fig .  20b.] P i o n t e l l i  and  F a g n a n i  p o i n t e d  out  t h a t  
t he  i n h i b i t i n g  inf luence  is de c ide d  b y  t h e  s t r u c t u r e  
of t he  s e p a r a t e d  a n t i m o n y .  F o r  a g iven  c o n c e n t r a -  
t ion  of d i s so lved  a n t i m o n y ,  t h e  i n h i b i t i n g  ac t ion  
on ly  ex i s t s  in so lu t ions  suff ic ient ly  c o n c e n t r a t e d  in 

HC1 ( for  w h i c h  the  s e p a r a t i o n  of Sb  occurs  in t he  
fo rm of a p r a c t i c a l l y  i nv i s ib l e  b u t  u n i f o r m  f i lm) ;  
for  l o w e r  c o n c e n t r a t i o n s  of HC1, Sb  s e p a r a t e s  as a 
s p o n g y  coa t ing  w h i c h  does  n o t  e x e r t  a p r o t e c t i o n  
ac t ion ."  

ideal 2 

where the N's are the molar ionic-fractions. ~ Then 

Optical Measurement of Film Growth on 

Silicon and Germanium Surfaces in Room Air 

idea /  
K ~ Km~ 

for a l l  t h r e e  r eac t i ons  (III ,  a, b, and  c) ,  as we l l  as 
for  a r e a c t i o n  in a m i x t u r e  i n v o l v i n g  al l  of them,  
w i l l  h a v e  the  s ame  fo rm:  

8/2 
ideal N T i  e+ " J c l -  

K l n i  x - -  
g T i c i  4- 

s i n c e  the  ca t ion ic  f r ac t ions  (NN~, N~+ and  p a r t l y  
NTis+) of t he  "inactive" ca t ions  cance l  out.  Thus  in 
a m i x e d  m e l t  con t a in ing  bo th  N a  +, K +, a n d  Ti  "+ ca -  

t ions,  K~.~; ' m u s t  be  e x p e c t e d  to v a r y  w i t h  the  con-  
c e n t r a t i o n s  of t h e  cat ions .  Th is  is obvious  due  to t he  
v a r i a t i o n  in t he  s t a n d a r d  s t a tes  a c c o m p a n y i n g  con-  
c e n t r a t i o n  changes .  A c o m p l e t e  t h e r m o d y n a m i c  de~ 

i d e a l  
r i v a t i o n  of the  r e l a t i o n s h i p  b e t w e e n  K.,,~ and  the  
compos i t i on  of t he  m i x t u r e  is to b e  p u b l i s h e d  e l se -  
w h e r e ?  ~ 

Potential-pH Diagram of the Antimony-Water System; 

Its Applications to Properties of the Metal, 

Its Compounds, Its Corrosion, and Antimony Electrodes 

A. L. Pitman, Marcel Pourbaix, and Nina de Zoubov 
(pp. 594-600, Vol. 104) 

A. L. Pitman,  M. Pourbaix,  and N. de Zoubov: I t  
has  been  f o u n d  t h a t  e r r o r s  a p p e a r  in  t h e  r e f e r e n c e  
to the  p a p e r  of P i o n t e l l i  and  F a g n a n i  (22) on p. 598, 
co lumn  2, p a r a g r a p h  4, l ines  4-12. This  m a t e r i a l  is 
h e r e b y  d e l e t e d  f rom our  p a p e r ;  i.e., "It was  con-  
c luded  t ha t  m e t a l l i c  Sb  d i sp l aces  F e  in t he  s t r o n g e r  
so lu t ions  and  th is  ac t ion  is in a cco rdance  w i t h  p r e -  
d ic t ions  w h i c h  m a y  be  m a d e  f rom the  t h e r m o d y -  
n a m i c  emf  of t h e  process ,  a s t a t e m e n t  w h i c h  is r e a d -  
i ly  ver i f ied.  T h e y  p o i n t e d  out  t h a t  because  t he  

.~ K. O r j o t h e i m  and  J .  M. Togur i ,  To be  p u b l i s h e d .  

R. J. Archer, (pp. 619-622, Vol. 104) 

Arthur B. Winterbottom31: This  a p p l i c a t i o n  of t he  
p o l a r i m e t r i c  t e c h n i q u e  to the  s t u d y  of f i lms on Si  
a n d  Ge was  of spec ia l  i n t e r e s t  to the  d i scussor  as t h e  
poss ib i l i t i e s  of j u s t  th i s  k i n d  of s t u d y  h a d  b e e n  
r a i s ed  some t ime  ago b y  Dr.  J. O'M. Bockr i s .  ~-~ I t  was  
t h e n  fe l t  t ha t  for  a p ro f i t ab l e  a p p l i c a t i o n  i t  w o u l d  
be  d e s i r a b l e  to use  s ing le  c r y s t a l  sur faces ,  as, a l -  
t h o u g h  b o t h  ba se  and  f i lm m i g h t  b e  o p t i c a l l y  i so-  
t rop ic ,  t he  f i l m - f o r m i n g  r e a c t i o n  m i g h t  be  d e p e n d -  
en t  on o r i en ta t ion .  F u r t h e r ,  i t  was  c ons ide r e d  t h a t  
i t  shou ld  b e  poss ib le  to c o m p u t e  re f lec t ion  p a r a m e -  

t e r s  ~ and  ~ for  f i l m - f r e e  Ge su r faces  f r o m  the  o p t i -  
cal  cons tan t s  d e t e r m i n e d  b y  O ' B r y a n  ~8 fo r  v a c u u m -  
e v a p o r a t e d  coa t ings .  F r o m  such c o m p u t e d  p a r a m e -  
ters ,  t o g e t h e r  w i t h  d e t e r m i n a t i o n s  m a d e  on su r faces  
w i t h  g r o w i n g  films, i t  was  fe l t  t h a t  i n t e r p r e t a t i o n  
of o b s e r v a t i o n s  in  t e r m s  of  op t i ca l  cons t an t s  and  
t h i cknes s  of f i lm shou ld  be f ea s ib l e  on the  l ines  
e x p o u n d e d  in t he  d i scussor ' s  p a p e r s Y  I t  is t h e r e f o r e  
s o m e w h a t  puzz l ing  to no te  t h a t  the  a u t h o r ' s  t e n t a -  
t i ve  va lue s  for  t he  op t i ca l  cons t an t s  of Ge,  a p p a r e n t -  
ly,  b a s e d  on d e t e r m i n a t i o n s  w i t h  an  i m m e r s i o n  t e c h -  
n ique ,  d i f fer  c o n s i d e r a b l y  f r o m  O ' B r y a n ' s  d e t e r -  
m i n a t i o n s  on e v a p o r a t e d  Ge  su r faces  in  va c uum,  viz.,  
N ~ 3.47 a n d  K -~ 0.40. A n  i m m e r s i o n  t e c h n i q u e  i n -  
vo lv ing  m e a s u r e m e n t  on e v a p o r a t e d  m i r r o r s  t h r o u g h  
the  q u a r t z  s u p p o r t  was  used  b y  the  d i scussor  in  t h e  
case  of a l u m i n u m ,  ~ w h e n  i t  gave  r e su l t s  in  f a i r  
a g r e e m e n t  w i t h  f ron t  su r f a c e  d e t e r m i n a t i o n s  in  
vacuo  b y  O ' B r y a n  and  also b y  Hass.  As  t h e  a u t h o r  
po in t s  out ,  e r r o r s  in  op t i ca l  cons t an t s  of ba se  w i l l  
h a v e  a r e l a t i v e l y  m i n o r  effect  on the  i n t e r p r e t a t i o n  
of r e l a t i v e  changes  in  • in  t e r m s  of f i lm th ickness ,  
b u t  the  effect  on e s t i m a t e s  of  t o t a l  t h i cknes s  m i g h t  
be  cons ide rab le .  This  a l l  po in t s  to t he  neces s i t y  of 

a Dept .  of  M e t a l l u r g y ,  N o r w a y s  I n s t i t u t e  o f  T e c h n o l o g y ,  T r e n d -  
he im,  Norway .  

:~-~ P r i v a t e  c o m m u n i c a t i o n ,  J .  O'M. Boekr i s ,  Dec. 1956. 
z~I-I. M. O'13ryan, J .  Opt .  Soe. A~n., 26, 122 (1936). 
34 A. B. W i n t e r b o t t o m ,  KgL Norske  Videnskab.  Selskabs,  Skri]ter, 

N o .  1 (1954). 
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r e l i a b l e  e s t i m a t e s  of cons t an t s  for  f i l m - f r e e  sur faces .  
A n  a l t e r n a t i v e  to t he  i m m e r s i o n  t e c h n i q u e  w i th  
f i l m - c o v e r e d  su r f aces  and  d e t e r m i n a t i o n s  on e v a p -  
o r a t e d  m i r r o r s  in  vacuo  m i g h t  be  to m a k e  m e a s u r e -  
m e n t s  on c lean  s i n g l e - c r y s t a l  su r faces  (of  t he  o r i e n -  
t a t i on  exposed  b y  e t ch ing )  w h i l e  i m m e r s e d  in  d e -  
a e r a t e d  hyd ro f luo r i c  ac id  in a p l a s t i c  cel l  w i t h  P e r -  
spex  w i n d o w s .  In  t he  case  of Ge i t  is also poss ib l e  
t h a t  f i l m - f r e e  su r faces  m i g h t  be  o b t a i n e d  b y  s u i t a b l e  
v a c u u m  t r e a t m e n t s .  

W i t h  r e g a r d  to  t he  cu r ious  effect of r in ses  in  o r -  
ganic  l iqu ids ,  i t  s eems  s ign i f ican t  t h a t  the  i m m e d i a t e  
effect of t he  r inses  g r a d u a l l y  d i s a p p e a r s  w i t h  a lmos t  
c o m p l e t e  r e c o v e r y  to t he  o r ig ina l  t r e n d  of the  op t ica l  
da ta .  This  seems  r a t h e r  sugges t i ve  of a g r a d u a l  loss 
of loose ly  b o u n d  so lven t  f rom a swo l l en  film. 

R. J .  A r c h e r :  T h e r e  is in  p ress  ~ a p a p e r  b y  the  
w r i t e r  w h i c h  r e p o r t s  m e a s u r e m e n t s  of the  op t i ca l  
cons tan t s  of s i n g l e - c r y s t a l  Ge  b y  the  e l l i p so me t r i c  
t e c h n i q u e  t h r o u g h o u t  t he  w a v e - l e n g t h  r a n g e  of the  
v is ib le .  The  p a p e r  c o m p a r e s  these  r e su l t s  w i t h  the  
five p r e v i o u s  m e a s u r e m e n t s  in  t he  l i t e r a t u r e ,  i n -  
c l ud ing  O ' B r y a n ' s .  I t  is conc luded  t h a t  O ' B r y a n ' s  
va lues  r e p r e s e n t  l eas t  a c c u r a t e l y  the  op t i ca l  con-  
s t an t s  of s i n g l e - c r y s t a l  Ge.  This  fac t  is a t t r i b u t e d  
to a d i f fe rence  b e t w e e n  the  op t i ca l  p r o p e r t i e s  of his  
e v a p o r a t e d  f i lms a n d  b u l k  Ge. 

The  sugges t ion  t h a t  re f lec t ion  f rom Ge i m m e r s e d  

in hyd ro f luo r i c  ac id  w o u l d  y i e l d  A and  ,I~ is an  i n t e r -  
e s t ing  p o s s i b i l i t y  bu t  t h e r e  is some  ev idence  t ha t  
an  i n so lub l e  film, p o s s i b l y  a suboxide ,  fo rms  u n d e r  

these  condi t ions .  The  o the r  sugges t ion  t h a t  ~ a n d  
cou ld  be  m e a s u r e d  on a t o m i c a l l y  c l ean  su r f aces  in 
h igh  v a c u a  is a c u r r e n t  e x p e r i m e n t a l  p r o j e c t  of the  
wr i t e r .  One p r o b l e m  as soc ia t ed  w i t h  such m e a s u r e -  
m e n t s  is t h e  su r f ace  i r r e g u l a r i t i e s  t h a t  r e s u l t  f r o m  
the  seve re  c l ean ing  t echn iques  in c u r r e n t  use  (e.g., 
ion b o m b a r d m e n t ) .  Such  i r r e g u l a r i t i e s  w i t h  d i m e n -  
s ions s m a l l  c o m p a r e d  to the  w a v e  l e n g t h  of t he  r e -  
f lected l igh t  cons t i t u t e  a s u r f a c e  f i lm and  effect  a 

p e r t u r b a t i o n  in  ~ and  ~ F u r t h e r ,  t he  p r o b l e m  of 
s t r a in  doub le  r e f r a c t i o n  in w i n d o w s  is a source  of 
e r r o r  w h e n  c losed cei ls  a r e  used.  A l t h o u g h  p r o b l e m s  
of t he  n a t u r e  m e n t i o n e d  h e r e  a r e  no t  i n s u r m o u n t -  

able,  t h e y  m a k e  the  d i r ec t  m e a s u r e m e n t  of a and  
a diff icult  e x p e r i m e n t a l  u n d e r t a k i n g .  

Stoichiometric Numbers and Hydrogen Overpotential 

A. C. Makrides (pp. 677-681, Vol. 104) 

Roger Parsons~: I t  is u se fu l  to h a v e  a d e r i v a t i o n  
of the  s t o i ch iome t r i c  n u m b e r  (~) f r o m  the  g e n e r a l  
concept  of  t he  p r o p o r t i o n a l i t y  of  t he  r a t e  to t he  
aff ini ty  of t h e  reac t ion .  The  d i f f e rence  b e t w e e n  th i s  
and  p r e v i o u s  p r o c e d u r e s  ~'~ is p e r h a p s  m o r e  a p p a r e n t  
t h a n  rea l ,  for,  in the  l a t t e r ,  t he  e x t r a p o l a t i o n  f rom 
s ta tes  f a r  r e m o v e d  f r o m  e q u i l i b r i u m  is n e c e s s a r y  
on ly  in  p r a c t i c a l  d e t e r m i n a t i o n s  of e x c h a n g e  c u r r e n t  
f r o m  c u r r e n t - v o l t a g e  curves ,  not  in the  t h e o r e t i c a l  

a~ R. J.  A rche r ,  Phys.  Rev. ,  I n  press .  
~ D e p t .  of  P h y s i c a l  a n d  I n o r g a n i c  C h e m i s t r y ,  The  U n i v e r s i t y ,  

B r i s t o l  8, E n g l a n d .  
aT j .  Hor iu t i ,  J. Research Inst. Catalysis, Hokkaido Univ., 1, 8 

(1948). 
ssR.  Parsons ,  Trans. Faraday Soc., 47, 1332 (1951). 

d e r i v a t i o n  of the  r e l a t i o n  e q u i v a l e n t  to ( V I I )  in  t h e  
d i scussed  pape r .  

S e p a r a t i o n  of t he  t o t a l  w o r k  of t r a n s f e r  across  an  
i n t e r f a c e  in to  " e l e c t r i c a l "  and  " c h e m i c a l "  t e r m s  is 
poss ib l e  in t e r m s  of a m o d e l  ~ and  causes  no diffi- 
cul ty ,  p r o v i d e d  t h a t  these  q u a n t i t i e s  a r e  used  m e r e l y  
as an  a id  in  the  d e r i v a t i o n  of  equa t ions  r e l a t i n g  
m e a s u r a b l e  quan t i t i e s .  This  was  the  p r o c e d u r e  used  
in the  e a r l i e r  p a p e r .  ~ 

I t  is s a t i s fy ing  t h a t  the  conclus ions  r e a c h e d  for  
h y d r o g e n  o v e r p o t e n t i a l  in  t he  p r e s e n t  p a p e r  con-  
f i rm those  of the  p r e v i o u s  pape r .  ~ The  on ly  e x c e p -  
t ion  is t h a t  of t he  d u a l  m e c h a n i s m  4 ( b ) .  [Dua l  
m e c h a n i s m s  w e r e  spec i f ica l ly  e x c l u d e d  in  foo tno te  
38 and  t h e i r  s igni f icance  was  d i scussed  e l s e w h e r e ?  ~ 
H e r e  an  un jus t i f i ed  a p p r o x i m a t i o n  a p p e a r s  to h a v e  
been  m a d e :  t h a t  t h e  e x c h a n g e  ve loc i t y  V ~ of t he  
o v e r - a l l  r e a c t i o n  is equa l  to t h a t  of each  p a r t i a l  
r e a c t i o n  (V ~ and  Ve,l,) w h e n  these  a r e  equal .  In  
fact ,  in  th is  v e r y  spec ia l  case  V ~  Vei/2 = V~  
In  gene ra l ,  the  t h r e e  equa t ions  a t  the  b o t t o m  of t h e  
first  co lumn  of p. 681 of t he  d i scussed  p a p e r  can  be  
so lved  to ob t a in  

V~ V~.~ A 
V = - ( I )  

VCi "q-- Veiii R T  

N o w  t h e  q u o t i e n t  V~ W,,i/(V~ + W, , , )  is t he  gen -  
e r a l  e x p r e s s i o n  for  V ~ for  th is  r e a c t i o n  scheme  ~1 
( c o m p a r e  t h e  e xp re s s ion  for  t he  c o n d u c t a n c e  of two  
c onduc t a nc e s  in  s e r i e s ) .  Thus,  c o m p a r i s o n  of Eq. 
( I )  he r e  w i t h  t he  g e n e r a l  Eq. (VI )  in the  d i scussed  
p a p e r  shows  t ha t  r is u n i t y  for  r e a c t i o n  scheme  4 (b)  
w h a t e v e r  t he  r e l a t i v e  va lue s  of V~ and  Yeill. 

I f  c o n s i d e r a t i o n  is r e s t r i c t e d  to t he  t h r e e  p a r t i a l  
r eac t ions :  ( i )  d i scharge ,  ( i i )  combina t ion ,  and  ( i i i )  
ion + a tom,  t hen  n o n i n t e g r a l  s t o i ch iome t r i c  n u m b e r s  
w o u l d  be  o b t a i n e d  u n d e r  e q u i l i b r i u m  cond i t ions  
w h e n  two  t y p e s  of d u a l  m e c h a n i s m s  occur :  

Vei~V~ii > >  VeliI and  V~ > >  Ve, ,~-Ve~.  In  each  

1 < ,  < 2. N e i t h e r  is c ons ide r e d  in  the  p r e s e n t  pape r .  
The  fac t  t ha t  cha in  and  p h o t o c h e m i c a l  r e ac t i ons  
h a v e  f r a c t i o n a l  va lue s  of ~ has  a l r e a d y  been  r e -  
corded?"  

A. C. M a k r i d e s :  The  d i f fe rences  b e t w e e n  the  p r e s -  
en t  a p p r o a c h  and  Dr. P a r s o n s '  d e r i v a t i o n  h a v e  been  
n o t e d  in the  pape r .  Brief ly ,  our  d e v e l o p m e n t  ( i)  is 
no t  b a s e d  on a n y  p a r t i c u l a r  r e a c t i o n  r a t e  model ,  
( i i )  avo ids  use  of q u a n t i t i e s  Ar p, and  q, and  ( i i i )  is 
a p p l i c a b l e  to c o m p e t i n g  r e a c t i o n  m e c h a n i s m s .  

( i)  Dr.  P a r s o n s  e m p l o y e d  t r a n s i t i o n  s t a t e  t h e o r y  
in  se t t ing  up  the  bas ic  e q u a t i o n  for  the  r e a c t i o n  ra te .  
The  two  t r e a t m e n t s  are,  of course ,  e q u i v a l e n t  for  
s ta tes  n e i g h b o r i n g  e q u i l i b r i u m  s ince  a b s o l u t e  r e a c -  
t ion  r a t e  t h e o r y  e x p r e s s i o n s  r e d u c e  to l i n e a r  r e l a -  
t ions  in  th is  reg ion .  

( i i )  The  diff icul t ies  e n c o u n t e r e d  w i t h  Ar p, and  q 
a r e  exempl i f i ed  b y  Dr. P a r s o n s '  d e c ompos i t i on  of the  
d e p e n d e n c e  of p and  q on Ar and  so lu t ion  c o m p o s i -  
t ion  (p. 1336 of w o r k  c i ted  in foo tno te  38) .  

a* R. Pa r sons ,  Chap.  I I I ,  " M o d e r n  Aspec t s  of E l e c t r o c h e m i s t r y , "  
J.  O'M. Bockr i s ,  Ed.,  A c a d e m i c  Press  Inc. ,  New Y o r k  {1954). 

40 R. Parsons ,  J. chim. phys. ,  49, 82 (1952). 
~lSee, f o r  e x a m p l e ,  ,l. A. C h r i s t i a n s e n ,  Z. physik.  Chem.,  28B, 

303 {1935). 
�9 2 j .  Hor iu t i ,  Proc. Japan Acad.,  29, 160 (1953). 
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(ii i)  Dr. Pa r sons  has e x a m i n e d  the  k ine t ics  of 
"dua l "  m e c h a n i s m s  in  the  re fe rence  he cites. How-  
ever,  s to ichiometr ic  n u m b e r s  for such m e c h a n i s m s  
were  no t  discussed. In  general ,  it is difficult to see 
how Dr. Pa r sons '  d e v e l o p m e n t  could be modified for 
app l ica t ion  to compe t ing  reac t ion  mechan i sms .  

The  obse rva t ion  in  the  paper  tha t  s to ichiometr ic  
n u m b e r s  m a y  be sma l l e r  t h a n  u n i t y  was  though t  
necessary  in  v iew of Dr. Pa r sons '  defini t ion,  " . . .  v 
is an  in t ege r  equa l  to or g rea te r  t h a n  u n i t y "  (p. 1333 
of work  ci ted in  footnote  38). 

Dr. Pa r sons '  r e m a r k s  on m e c h a n i s m  4 ( b )  are ap-  
preciated.  I t  was  a s sumed  in  the  pape r  t h a t  the  
exchange  veloci ty  of the  o v e r - a l l  r eac t ion  is equa l  
to the  exchange  veloci t ies  of each pa r t i a l  r eac t ion  
where  these  a re  equal .  As Dr. Pa r sons  notes,  this  is 
incorrect .  The  express ion  g iven  by  Dr. Pa r sons  leads  
to v ---- 1 i n d e p e n d e n t l y  of the  r e l a t ive  m a g n i t u d e  of 
v~l and  v~i,. The  r e m a r k s  in  the  las t  p a r a g r a p h  of 
the  pape r  should  be modified by  de le t ing  re fe rence  
to m e c h a n i s m  4 (b ) .  

We t h a n k  Dr. Pa r sons  for his in te res t  an d  p a r -  
t i cu la r ly  for his r e m a r k s  on m e c h a n i s m  4 ( b ) .  

The Influence of Surface Pretreatment on the 

Atmospheric Oxidation of 2S( U. S. Alloy 1100) 

Aluminum 

P. M. Aziz and H. P. Godard (pp. 738-739, Vol. 104) 

R. C. Plumb4~: The  s tudies  m a d e  by  Drs. Aziz and  
Godard  are of grea t  in te res t  to us since we  have  been  
concerned  for severa l  years  w i th  the  specific sur face  
area  or roughness  fac tor  of a l u m i n u m .  In  19564` we 
descr ibed a t e chn ique  for m e a s u r i n g  the  specific su r -  
face a rea  of a l u m i n u m .  M e a s u r e m e n t s  were  made  
on samples  which  had  a va r i e t y  of surface  p r e p a r a -  
tions, i n c l u d i n g  some s imi la r  to those used by  Aziz. 
I t  was  found  tha t  surface  areas  on spec imens  
ab raded  w i t h  coarse a l u m i n a  or si l icon carb ide  
powders  r ange  f rom 2 or 3 up  to as h igh as 20. 

In  a second pape r  which  has b e e n  t r a n s m i t t e d  to 
Dr. Aziz in preprint form, ~ the results of a further 
investigation of the surface area of aluminum are 
described. In that work, coulometric measurements 
were made when barrier layer anodic oxide coatings 
were applied to a variety of aluminum surfaces and 
the apparent surface area as a function of the oxide 
thickness (resolution) was determined. The appli- 
cation of a thick barrier layer oxide on a rough sur- 
face serves to smooth the protuberances. Rough- 
ness factors measured independently on identical 
samples by the radiochemical technique" and the 
anodic oxidation technique 4~ agreed quantitatively 
on samples having roughness factors as high as 20. 

Aziz and Godard stated that it is hard to conceive 
of the geometry of a surface with a roughness fac- 

4a Alcoa  Resea rch  Labs. ,  A l u m i n u m  Co. of A m e r i c a ,  New K e n s i n g -  
ton,  Pa.  

~4j .  E. L e w i s  and  R. C. P l u m b ,  Intern.  J. Appi.  Radiation and 
Isotopes, 1, 33 (1956). 
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tor  h igher  t h a n  2 or 3. A s imple  mode l  for such a 
surface  is one in  which  smal l e r  asper i t ies  are bu i l t  
on top of la rge  asperi t ies.  For  example :  One set 
of asper i t ies  1000A in  size m i gh t  give a specific 
surface  area  of 3. If ano the r  set of asper i t ies  100s  
in  size is bu i l t  upon  the l a rger  asperi t ies,  it  wi l l  give 
a specific sur face  area  of 9. If ano the r  set of asper i -  
ties 10A in  size is added, the  roughness  factor  wi l l  
be  27. 

I be l ieve  tha t  the  differences in  we igh t  ga in  of 
samples  which  have  had  di f ferent  surface  t r e a t -  
me n t s  as descr ibed by  Aziz a nd  G o d a r d  can be ex-  
p l a ined  comple te ly  in  t e r ms  of the  specific surface  
area.  

I t  is ve ry  g r a t i f y ing  to find tha t  Aziz a n d  Godard  
did, in  fact, observe  differences in  w e i g h t  ga in  
wh ich  wou ld  be an t i c ipa ted  f rom our  work.  

P. M. A z i z  and H. P. Godard: The au thors  agree 
wi th  Dr. P l u m b  tha t  the re  is no concep tua l  p rob l em 
in  v i sua l i z ing  a surface  w i th  roughness  factors as 
h igh as 20-30, a l t hough  we do have  some difficulty 
in  u n d e r s t a n d i n g  how a n  ab ras ion  process can p ro -  
duce  a topography  such as tha t  p r e sen t ed  by  him. 
Nor do we feel t ha t  the  resea rch  p resen ted  in  the  
re fe rence  ci ted clarifies the  problem,  for the  fol low- 
ing  reasons.  

(A)  In  footnote  44, roughness  factors  as h igh  as 
19.9 were  m e a s u r e d  by  a r ad iochemica l  me thod  on 
a l u m i n u m  surfaces  a b r a de d  wi th  3/0  e me r y  paper .  
I m b e d d e d  ab ras ive  wi l l  c e r t a in ly  inf luence  the  r e -  
sults,  as the au thors  state. 

They  feel tha t  since no seizing or s t a in ing  of the  
surface  was no ted  d u r i n g  the  ab ras ion  process the  
surfaces  were  free of i m b e d d e d  abras ive .  I t  has 
been  our  exper ience  tha t  even  u n d e r  these  condi -  
t ions abras ive  wi l l  be i m b e d d e d  in  the  surface  a l -  
t hough  a l ight  me ta l log raph ic  pol ish is necessa ry  
before  its p resence  can be  detected;  in  fact, this was 
the  case in  our  work.  

(B) In  footnote  45 roughness  factors somewha t  
over  20 were  m e a s u r e d  by  an  anod iz ing  technique .  
Young  4~ has po in ted  out  tha t  the  anodiza t ion  of a 
rough  surface  wil l  lead to the  smooth ing  of the  
asperi t ies,  a nd  thus  the  i n n e r  surface  of the oxide 
over  these asper i t ies  wi l l  be  cons t r a ined  to cover  
progress ive ly  decreas ing  areas,  i n t r o d u c i n g  local 
compress ive  stresses wh ich  can p roduce  local  fa i l -  
u re  of the film. This  p h e n o m e n o n  wi l l  lead  to h igh  
va lues  of the roughness  factor  w h e n  m e a s u r e d  by  
the anodiz ing  techn ique ,  especial ly  on surfaces con-  
t a i n i n g  asper i t ies  smal l  enough  to resu l t  in  la rge  
roughness  factors.  

I n  v iew of this  we  feel  that ,  whi le  h igh  va lues  of 
the  roughness  are  by  no  m e a n s  excluded,  the i r  ex -  
i s tence  has no t  b e e n  conc lus ive ly  demons t r a t ed ,  a n d  
cons ider  t ha t  c o n t a m i n a t i o n  by  ab ra s ive  par t ic les  
can inf luence  the  b e h a v i o r  of the  surface.  

45 R. C. P l u m b ,  " 'The Specif ic  S u r f a c e  A r e a  of  A l u m i n u m  as De-  
t e r m i n e d  w i t h  C o n t i n u o u s l y  V a r i a b l e  R e s o l u t i o n  f r o m  20A ~o 
1000A," This Journal,  I n  r e v i e w .  

~ L .  Young ,  Acta  Met. ,  5, 711 (1957). 
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ABSTRACT 

T h e  total amount  of anodic corrosion of Pb and P b - S b  alloys in  sulfuric 
acid unde r  conditions of O~ evolut ion can be evaluated by measur ing  the length 
of the potential  pla teau ( t ransi t ion time) dur ing the electrochemical reduction 
of the PbO, layers, with a constant  current,  taking into account self-discharge 
a n d  degree of ut i l izat ion of the PbO~. Using high resolution techniques, a 
characteristic step in  the potent ial  pla teau dur ing  discharge of the PbO~ layer  
w a s  discovered. This step can be a t t r ibuted  to a difference in  discharge over-  
voltage between a- and ~-PbO~. For alloys of the Pb-Sb  system, constant  cur-  
ren t  corrosion increases slightly with increasing Sb concentration, whereas 
oxygen overvoltage decreases and constant  potential  corrosion strongly in-  
creases with increasing Sb concentration. 

Precise electrode potent ial  measurements  of the ~ -PbOJPbSO,  and the 
~-PbO~/PbSO, couple gave 1.7085 ___ 0.0005 v and 1.7015 • 0.0005 v, respectively, 
vs. H~ in  4.40M sulfuric acid at 31.8~ These two oxides have different oxygen 
overvoltage characteristics. 

Removal  of oxygen from ~-PbO~ results in a new crystal l ine compound 
PbO,  wi th  x 1.4 to 1.6, with a pseudo-face-centered cubic orthorhombic la t -  
tice. This new compound is a nonconductor.  The influence of the oxygen con- 
tent  of the lead oxides on their  electrochemical behavior  is discussed. 

A cons t an t  c u r r e n t  t e chn ique  has  b e e n  used re -  
cen t ly  to s tudy  anodic  corrosion of lead and  lead 
al loys in  H~SO, (1) .  I t  invo lves  e v a l u a t i n g  the  
a m o u n t  of PbO~ fo rmed  d u r i n g  anodiza t ion  by  me a s -  
u r ing  the  t r a n s i t i o n  t ime  for the  d i scharge  of the 
PbO~ layer .  Very  smal l  a m o u n t s  of corrosion p rod-  
ucts  can  be d e t e r m i n e d  accura te ly  this  way,  t he re -  
fore, and  the  corrosion res i s tance  of an  al loy can be 
eva lua t ed  in  a r e l a t i ve ly  shor t  t ime.  The  m a j o r  cor-  
ros ion p roduc t  p roduced  on lead a n d  lead al loy 
anodes  u n d e r  condi t ions  of oxygen  evo lu t ion  is 
a-PbO~, a n e w  c rys ta l l ine  modif ica t ion of lead di -  
oxide. This  n e w  c o m p o u n d  has b e e n  found  i nde -  
p e n d e n t l y  in  severa l  l abora tor ies  (1-6) .  

The  e lec t rochemica l  p roper t i es  of the  corrosion 
layers  depend  on the  re l a t ive  a m o u n t s  of the  two 
lead d ioxide  modif icat ions  and  on the i r  oxygen  con-  
tent .  The  p re sen t  pape r  is a s tudy  of the  e lec t ro-  
chemica l  p roper t i es  of the  corros ion layers  a nd  of 
the i r  oxygen  content .  

It  is we l l  k n o w n  tha t  PbO~ n e v e r  has the  stoichio-  
me t r i c  composi t ion  bu t  a lways  shows an  oxygen  de-  
ficiency. P a l m a e r  (7) m e a s u r e d  the  electr ic  p rop -  
ert ies  of t e t r agona l (B) -PbO~  ob ta ined  by  e lec t rode-  
posi t ion and  found  a res i s t iv i ty  of (0.95 _+ 0.03) �9 10 -~ 
ohm cm, w i th  a pos i t ive  t e m p e r a t u r e  coefficient of 
0 .06%/degree  in  the  r a n g e  of 22~176 The  c he m-  
ical  ana lys i s  i nd ica ted  t ha t  these  samples  ha d  a 
composi t ion  PbO .... The  ana ly t i ca l  resul t s  here,  
however ,  a lways  show a lower  oxygen  con ten t  for 
bo th  ~-  and  a-PbO~, n a m e l y  PbO .... to PbO .... 

Thomas  (8) has  repor ted  va lues  of the  res i s t iv i ty  
of t e t r agona l  fi-PbO~ produced  e lec t ro ly t ica l ly  in  a 

h a r d  a nd  dense  form. He found  a v a l u e  of 0.94-10-'  
to 4.05-10 -4 ohm cm, w i th  a t e m p e r a t u r e  coefficient 
of 0 .07%/degree  of the  room t e m p e r a t u r e  va lue  in  
the r ange  --190 ~ to - -90~ Accord ing  to Thomas,  
the  Hal l  coefficient is --3.7- 10 -2 to - -1 .7 .10 -5 em~/cou - 
lomb.  The nega t i ve  sign of the  Hal l  coefficient i nd i -  
cates tha t  the  car r ie rs  are  electrons.  The  high con-  
cen t r a t i on  of f ree e lec t rons  in  PbO~ arises f rom the  
d e p a r t u r e  f rom the  s to ichiometr ic  composi t ion  in  
the d i rec t ion  of oxygen  deficiencies, a l though  i t  is 
no t  f i rmly  es tab l i shed  w h e t h e r  PbO~ is a me t a l  ex-  
cess or an  an ion  defect  type  of conductor .  

It  has been  repor ted  t ha t  oxygen  can be  r e moved  
by  t h e r m a l  decompos i t ion  i n  vacuo  to PbOl.~ (9) or 
to PbO1.9 (10) w i t hou t  phase  change.  If  these  resul t s  
are  correct,  i t  should  be possible to m a k e  PbO2 even  
more  conduc t ing  by  he a t i ng  in  vacuo.  Kit te l ,  h o w -  
ever,  has show n  (11) tha t  the  conduc t iv i ty  de-  
creases as oxygen  is r e m o v e d  b y  t h e r m a l  decom-  
posit ion.  At  the  same t ime  the  Hal l  coefficient i n -  
creases, i nd i ca t ing  a decrease  in  the  "free  e lec t ron  
concen t ra t ion . "  Ki t t e l ' s  da ta  are s u m m a r i z e d  in  
Tab le  I. 

These resul t s  ind ica te  the  fo rma t ion  of a n e w  in -  
su l a t ing  la t t ice  as oxygen  is removed.  The  fact  t ha t  
a phase  change  occurs has b e e n  descr ibed  b y  severa l  
au thors  (11-16) ,  a l though  the i r  i n t e r p r e t a t i ons  are 
not  at  al l  in  ag reemen t .  

Accord ing  to Ki t t e l  the  m e a n  electric res i s tance  of 
PbO~ is 1.18-10 -' ohm cm a nd  the  t e m p e r a t u r e  co- 
efficient in  the  r a nge  b e t w e e n  --180 ~ and  20~ is 
abou t  0 .07%/degree .  The  m e a n  va lue  for the  Hal l  
coefficient is - -7 .8 .10 ~ c m V a m p  sec. Oxygen  over -  

369 
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Table I. Conductivity and Hall coefficient of lead dioxide as a 
function of amount oxygen removed (in per cent of the initial 

oxygen content), Kittel's data 

O x y g e n  
r e m o v e d  in  
% of i n i t i a l  
a m o u n t  of  S a m p l e  C o n d u c t i v i t y  H a l l  coef f ic ien t  

o x y g e n  p r e s e n t  No.  o h m  -1 c m  -1 e roS/amp see 

0 1 0.74. 10 ~ --7.8 �9 10 -3 
2 0.89 --8.6 
3 0.74 --8.5 
4 1.01 --7.7 
5 0.82 --8.0 

0.4 4 0.13 " 10' --13.5" 10 -~ 
5 0.24 --14.4 

2.4 1 0.34" 10 ~ --10.7" 104 
2 0.26 --11.3 
3 0.16 --12.4 

3 4 0.I0 �9 I0" --15.7 �9 ]0 -~ 
5 0.22 --13.2 

4.4 2 0.22. i0' --11.6. i0 -~ 
3 0.12 --13.7 

6.3 1 0.24. 10 ~ --13.5 �9 10 ~ 
8.0 2 0.16- 10" --13.1 �9 10 -3 

3 0.10 �9 10 ~ --14.5 �9 10 -~ 
13 3 0.04. 104 --20.2 �9 10 -~ 

vol tage  and  anodic  corrosion are re la ted  to the oxy-  
gen con ten t  of the PbO~ layers  d u r i n g  anodiza t ion ,  
as shown below. 

Exper imental  

The elect rolyt ic  cell, the electr ic  circuit ,  and  the  
sample  p r e p a r a t i o n  for anod iza t ion  and  polar iza t ion  
s tudies  have  been  descr ibed (1) .  Anodic  corrosion 
was eva lua t ed  by  r eco rd ing  the  po ten t i a l  of PbO._, 
layers  formed at 3 m a / c m  ~ for 20 hr  at 30~ in  
H~SO,, sp gr 1.225 (at  20~ d u r i n g  discharge  wi th  
cons tan t  cur ren t ,  us ing  a M i n n e a p o l i s - H o n e y w e l l  1/2 
second recorder ,  Model Y 153X(19)V-X-156 ,  oper -  
a ted in  con junc t i on  wi th  a G e n e r a l  Radio Vol tme te r  
amplif ier  type  1230-A. Po ten t i a l s  were  m e a s u r e d  
aga ins t  a H.. e lectrode in  the same e lec t ro ly te  a t  the  
same t empera tu r e .  Al loy  samples  for the  corrosion 
expe r imen t s  were  cast, a p p l y i n g  ident ica l  cav, t ing  
condi t ions  for all  the  alloys, name ly ,  a me ta l  t e m p e r -  
a tu re  of 900~ and  a mold  t e m p e r a t u r e  of 400~ It  
is k n o w n  tha t  g ra in  size is an  i m p o r t a n t  factor  in  
anodic  corrosion of lead al loys (17) .  

A n  RCA elec t ron  microscope,  t ype  EMU-3,  was 
used to s tudy  the sur face  s t r u c t u r e  of the  corrosion 
layers.  Por t ions  of the  corrosion products  were  
s t r ipped by  i m b e d d i n g  in  low molecu la r  we igh t  
po lys tyrene .  These samples  were  l igh t ly  covered 
wi th  an  evapora ted  ca rbon  film to hold the crys ta ls  
together .  The  po lys ty rene  was dissolved wi th  to lu -  
ene  and  samples  of corrosion products  of app rox i -  
m a t e l y  1 m m  ~ area  were  collected on copper screens 
for inves t iga t ion  u n d e r  the  e lec t ron  microscope.  

A series of ba t te r ies  con t a in ing  some grid al loys of 
Tab le  II  were  bu i l t  and  SAE overcharge  l ife tests 
were  r u n . '  

Bake r  C.P. t e t r agona l  (f l-)PbO~ was used for the  
t h e r m a l  decompos i t ion  exper iments .  Samples  of 
abou t  2 g were  hea ted  in  7 m m  P y r e x  t u b i n g  in  an  

1 In  t h i s  S A E  tes t ,  a 100 a m p - h r ,  6 v a u t o m o t i v e  b a t t e r y  is o v e r -  
c h a r g e d  a t  100~ a t  a r a t e  of  g a m p  f o r  a t o t a l  of  1000 a m 0 - h r  e a c h  
w e e k .  A t  t h e  e n d  of e a c h  w e e k ,  t h e  b a t t e r y  is d i s c h a r g e d  a t  300 
a m p  at 100~ T h e  b a t t e r y  has  r e a c h e d  the  end  of  l i f e  w h e n  t h e  
c a p a c i t y  is less  than  0.5 m i n .  

electr ic  t u b e  furnace .  T e m p e r a t u r e s  were  cont ro l led  
to _+2~ us ing  a Sola CVH-500VA cons t an t  vol tage  
t r a n s f o r m e r  and  a Variac,  a nd  m e a s u r e d  wi th  an  
i r o n - c o n s t a n t  an  thermocouple .  Samples  were  hea ted  
for 3 hr  at 1 m m  or at 3 a t m  of oxygen  p res -  
sure, and  then  r emoved  f rom the f u r na c e  and  air  
cooled. No change  in  the  oxygen  con ten t  of a n y  
sample  was  observed  af ter  cooling a nd  s torage in  a 
d ry  a tmosphere .  

Samples  w e r e  chemica l ly  ana lyzed  for  act ive  ox-  
ygen  by  th iosu l fa te  t i t r a t ion  of the iodine  l ibe ra ted  
f rom a KI  so lu t ion  in  sod ium aceta te  (18).  E v a p o r a -  
t ion of the l i be ra t ed  iod ine  was  p r e v e n t e d  by  con-  
t i nuous  addi t ion  of th iosu l fa te  as the  iodine  was  
l i be ra t ed  by  the  react ion.  The  resul t s  of the  ana lys i s  
were  r ep roduc ib le  to --+0.3%. 

Smal l  samples  of the p repa red  oxides were  
m o u n t e d  in  col lodion on a glass slide and  x - r a y e d  
wi th  a G E - X R D - 3  Geiger  diff ractometer .  

For  e lectrode po ten t i a l  me a su r e me n t s ,  samples  
were  pressed into a str ip of pe r fo ra ted  lead sheet,  
w i th  a p ressure  of 80,000 l b / i n ?  us ing  a Carve r  
L a b o r a t o r y  Press.  The holes in  the lead str ip were  
spaced 1.5 m m  and  had  a d i ame te r  of 1.2 mm.  The  
p r epa red  and  i m m e r s e d  pa r t  of the  s tr ip was  abou t  
1 cm ~. The electrode po ten t ia l s  were  m e a s u r e d  in  
H.oSO,, sp gr 1.225 (at  20~ p repa red  f rom C.P. 
H.SO, and  t r ip le  dis t i l led water .  The po ten t i a l s  were  
m e a s u r e d  wi th  a Rubicon  Type  B high precis ion 
po ten t iomete r ,  aga ins t  a h y d r o g e n  e lect rode in  the  
descr ibed electrolyte.  

Elect rode poten t ia l s  of pure  o r tho rhombic  
(~)PbO~ and  pu re  t e t r agona l  (13)PbO2 were  meas -  
u r ed  by  the  same technique ,  a-PbO2 was p repa red  
by  electrolysis  on a P t  screen of a concen t ra t ed  solu-  
t ion of KOH, s a tu ra t ed  wi th  P b ( O H ) ~  at  a c u r r e n t  
dens i ty  of 1 m a / c m  ". The  a d h e r i n g  film sample  was  
ground,  washed  wi th  hot a m m o n i u m  aceta te  solu-  
t ion and  wi th  conduc t iv i ty  water .  B a ke r  C.P. t e t r a -  
gona l  (fl)PbO~ was used for the  e lect rode po ten t i a l  
m e a s u r e m e n t s  of fl-PbO~. 

Elect rode po ten t i a l s  of e lec t rodeposi ted  layers  of 
~- and  fl-PbO~ were  also measured .  The  layers  were  
e lect rodeposi ted  on a P t  wire,  which  was r ig id ly  
m o u n t e d  b e t w e e n  the ends  of a U - s h a p e d  glass rod 
to p r e v e n t  v i b r a t i o n  and  c rack ing  of the  PbO~ film. 
The wi re  had  a d i ame te r  of 0.6 m m ;  the  l eng th  ex-  
posed to the e lec t ro ly te  was 2.5 cm. 

The  a-PbO~ layer  was e lect rodeposi ted  in  a two 
c o m p a r t m e n t  cell at 50~ at 1 m a / c m  ~ for 20 hr. 
Af te r  this t ime  per iod  the l aye r  had  reached  a th ick-  
ness of about  0.1 ram. fi-PbO2 layers  were  deposi ted 
at the same c u r r e n t  for the same t ime  per iod  b u t  at 
30~ Elect rode po ten t ia l s  were  m e a s u r e d  af ter  
w a sh i ng  the electrodes a nd  i m m e r s i n g  t h e m  in  
4.40M acid. 

fl-PbO~ was p r epa red  by  e lec t rodeposi t ion  f rom 
30% perchlor ic  acid sa tu ra t ed  w i th  l i tharge,  ac-  
cording  to the p rocedure  descr ibed  by  Thomas  (8) .  
The  e lect rolyt ic  ba th  for depos i t ion  of a-PbO~ was 
p repa red  by  add ing  50 cc of water ,  50 cc of s a tu -  
r a ted  sodium aceta te  solut ion,  and  10 cc of sa tu ra t ed  
lead acetate  so lu t ion  to 100 cc of ca rbona te - f r ee ,  
s a tu ra t ed  K O H  solut ion.  
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Fig. 1. Electron microscope pictures of an anodized lead 
surface at 30,000 x magnification. 

Oxygen overvoltages were measured on these 
electrodeposited layers of a- and fl-PbO2 in H~SO, 
under very  pure conditions. 

Results 
The corrosion products formed by anodization of 

lead and lead alloys were in a fine crystalline state. 
Figure 1 shows electron microscope pictures of crys- 
tals of the corrosion products at 30,000 X magnifi- 
cation. The pictures of Fig. 1 refer to a pure lead 
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Fig. 2. Electrode potential transients during discharge at 
O, 100, 500, and 2500 ~a/cm = of Pb02 layers formed at 
3 rna/cm ~ for 20 hr in 53M H2SO~ at 30~ 
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sample which had been anodized for 4 hr with 3 m a /  
cm ~ at 30~ in H~SO~, sp gr 1.225. Single crystal 
diffraction patterns were obtained by selected area 
diffraction. Figure 1D shows such a pat tern for the 
remarkable  cross-shaped lead sulfate crystal shown 
in Fig. 1C. The crystal can be recognized in the 
background of Fig. 1D. With selected area diffrac- 
tion the material  of microscopic crystals can be 
identified. More work using this technique for 
studying corrosion products is anticipated. 

Figure 2 shows the potential transients during 
discharge with 0, 100, 500, and 2500 t~a/cm 2 of PbO, 
layers which were produced by anodization for 20 hr 
at 3 m a / c m  ~ of a lead alloy containing 11% Sb [alloy 
#8 in reference (1)] .  Due to the high resolution of 
the potential recording equipment, interesting de- 
tails of the discharge process are revealed. On inter- 
ruption of the anodizing current  and start of the 
discharge, the potential drops from the oxygen 
overvoltage value to a first minimum. This initial 
minimum has also been observed by other inves- 
tigators (19). During the time period from start of 
discharge to the first minimum, the excess oxygen 
on and in the layer is desorbed. The potential then 
recovers to a first plateau and drops thereafter to a 
second plateau, about 30 mv below the first plateau. 
It is shown later that  the two plateaus could pos- 
sibly correspond to the two modifications of lead di- 
oxide, the tetragonal fi-PbO~ and the orthorhombic 
a-PbO2. 

Discharge curves as shown in Fig. 2 were taken 
and the discharge times (down to a fixed potential 
of 1.55 v vs. H2) were measured at 0, I00, 500, and 
2500 ~a/cm ~ discharge current for a large series of 
lead alloys of the binary system PbSb (alloys No. 1 
to 8) and of other lead alloys containing the ele- 
ments Ca, Sb, Sn, As, and Ag (alloys No. 9 to 14). 
The chemical analyses of all the a11oys are given in 
Table IL 

The technique for evaluating the total amount of 
corrosion has been described (i). The product i x t, 
where i is the discharge current and t is the dis- 
charge time, increases with decreasing discharge 
time. Extrapolation to zero discharge time gives the 
total available capacity since self-discharge is then 
eliminated (I, 20). The amount of PbO~ left in the 
layer after discharge was determined by microtitra- 
tion. This amount of PbO~ increased only very 
slightly with decreasing discharge time for all of the 
a11oys, and it was easy to extrapolate the values to 
zero discharge time. Adding the extrapolated values 
for the available capacity and the amount of PbO~ 
left in the layer after discharge gave the total 
amount of corrosion. The total extrapolated capacity 
(total amount of corrosion) expressed in amp sec/ 
cm ~, after anodization at 3 ma/cm ~ for 20 hr at 30~ 
in 1.225 sp gr H~SO4, is shown for the binary system 
Pb-Sb (alloys No. 1 to 8) as a function of the Sb- 
concentration in Fig. 3. Constant current corrosion 
increases slightly with increasing Sb-concentration 
for Sb-concentrations above I%, although the dis- 
charge time decreases with increasing Sb-concen- 
tration particularly at small discharge currents, as 
shown in Fig. 4. This decrease in discharge time 
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Table II. Analysis of lead alloys used for corrosion studies 

A l l o y  P e r  c e n t  b y  w e i g h t  
N o .  S b  A s  S n  C u  B i  A g  F e  N i  C a  

1 0.0001 - -  0.0001 0.0001 0.0005 0.0001 ~ 0.0001 
2 1.08 - -  0.0001 0.003 0.05 0.0003 0.0005 0.0003 
3 2.16 0.008 0.0001 0.003 0.01 0.0004 0.0005 0.0003 
4 3.48 0.03 0.0001 0.003 0.018 0.0005 0.0005 0.0003 
5 5.76 0.025 0.0002 0.01 0.015 0.004 0.0005 0.0003 --  
6 7.26 0.015 0.0001 0.008 0.008 0.005 0.0005 0.0008 --  
7 8.76 0.015 0.0001 0.01 0.003 0.004 0.0005 0.001 --  
8 10.98 0.015 0.0001 0.005 0.008 0.002 0.0005 0.001 -- 
9 0.0001 ~ 0.0001 0.0001 0.0005 0.0001 ~ 0.0001 0.0495 

10 0.0001 ~ 0.0001 0.0001 0.0005 0.0001 ~ 0.0001 0.0785 
11 5.70 0.48 0.22 0.003 0.020 0.009 0.0005 0.0005 --  
12 5.70 0.48 1.70 0.003 0.020 0.009 0.0005 0.0005 -- 
13 5.94 0.48 0.27 0.005 0.022 0.112 0.0005 0.0005 --  
14 4.14 0.48 0.26 0.005 0.022 0.116 0.0005 0.0005 - -  
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Fig.  3 .  C o n s t a n t  c u r r e n t  c o r r o s i o n  o f  Pb -Sb  a lJoys  as  a 

function of the Sb concentration. The amount  of corrosion 
product is expressed in terms of equivalent capacity in amp 
sec/cm 2. 
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Fig. 4. Total  discharge t ime at  discharge currents of 0, 
100, 500, 2500 ~a /cm ~ of PbO~ layers formed at 3 ma /cm 2 
for 20 hr in 4 .$3M HsSO4 at 30~ 

wi th  inc reas ing  S b - c o n c e n t r a t i o n  is due  to an  i n -  
creased ra te  of se l f -d i scharge  w i th  increased  Sb-  
concen t ra t ion .  

I t  is i m p o r t a n t  to keep in  m i n d  tha t  the corrosion 
va lues  shown in  Fig. 3 cor respond to cons tan t  cu r -  
r en t  condi t ions.  A compar i son  at cons tan t  vo l tage  
would  show a s t ronger  increase  of corrosion wi th  
i nc reas ing  Sb -concen t r a t i on .  This  can be shown  
f rom the  curve  of oxygen  overvol tage  vs. S b - c o n -  
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Fig. 5. Hydrogen overvoltage and oxygen overvoltage of 
Pb-Sb alloys at 3 ma /cm ~ in 4 .53M H~SO4. Potentials are 
given vs. Hs. 

cen t ra t ion .  The solid circles in  Fig. 5 show oxygen  
overvo l tage  va lues  at  3 m a / c m  2 af ter  anod iza t ion  
for 20 hr  at 30~ in  H2SO,, sp gr 1.225. The  sample  
con t a in ing  11% Sb corroded at  a po ten t i a l  which  
was  abou t  40 m y  less pos i t ive  t h a n  the  po t en t i a l  of a 
pu re  lead sample  at  the  same c u r r e n t  dens i ty  and  
af ter  the same  t ime  period.  S ince  corrosion i n -  
creases wi th  i nc reas ing  e lec t rode  potent ia l ,  more  
corrosion w ou l d  h a v e  been  observed  for  the  11% Sb 
al loy if it had been  m a i n t a i n e d  at  a po ten t i a l  i den t i -  
cal to tha t  of the  pu re  lead sample.  

I t  is i n t e r e s t i ng  to compare  the  l eng th  of the  v a r i -  
ous par ts  of the  po ten t i a l  t r a n s i e n t  d u r i n g  discharge,  
as they  v a r y  w i th  S b - c o n c e n t r a t i o n  and  discharge 
cur ren t .  The  capac i ty  co r re spond ing  to the  t ime  
per iod f rom s tar t  of d ischarge  to the  first m i n i m u m  
is p rac t ica l Iy  i n d e p e n d e n t  of the  Sb -concen t r a t i on .  
The electrode process p r e v a i l i n g  d u r i n g  this  t ime  
per iod is accompan ied  by  a r e l a t i ve ly  smal l  self-  
d ischarge  rate.  As wi l l  be  discussed later ,  the  po ten -  
t i a l - d e t e r m i n i n g  reac t ion  d u r i n g  this  per iod  m a y  
be the  r e mova l  of excess oxygen  f rom the  surface.  

For  a g iven  alloy, the  e lec t rode  process of the  first 
p l a t eau  is accompan ied  by  a h igher  r a t e  of se l f -d i s -  
charge  t h a n  the  electrode process co r r e spond ing  to 
the  second p la teau .  This  is ev iden t  f rom the  fact  t ha t  
the  capaci ty  d u r i n g  discharge  decreases more  
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s t rongly  wi th  increas ing discharge t ime for  the first 
p la teau  than  for  the second plateau.  The to ta l  ava i l -  
able capaci ty  as de te rmined  by ex t rapola t ion  to 
zero discharge t ime has been obta ined for both 
pla teaus  and has been plot ted  in Fig. 3. The to ta l  
ava i lab le  capaci ty  f rom the first p la teau  decreases 
wi th  increasing Sb-concent ra t ion ,  whereas  the  
amount  of ava i lab le  capaci ty  f rom the second p la -  
teau increases wi th  increasing Sb-concentra t ion.  
The ra te  of se l f -d ischarge  of both  p la teaus  increases 
wi th  increasing Sb-concent ra t ion .  

If the two p la teaus  are  due to the presence of two 
different  corrosion products,  the product  cor re-  
sponding to the first p la teau  has a smal ler  d ischarge 
overvol tage  (h igher  exchange cur ren t )  and a h igher  
ra te  of se l f -d ischarge  than  the produc t  cor respond-  
ing to the second plateau.  F rom the fact  tha t  oxy-  
gen overvol tage  and the re la t ive  amount  of product  
corresponding to the first p la teau  decreases wi th  in-  
creasing Sb-concent ra t ion ,  one cannot necessar i ly  
ant ic ipate  tha t  this product  has a h igher  oxygen 
overvol tage  than the product  corresponding to the 
second plateau.  F igure  5 shows tha t  hydrogen  over-  
vol tage  decreases wi th  increasing Sb-concent ra t ion .  
This decrease is due to free Sb meta l  which has a 
low hydrogen  overvoltage.  Polar iza t ion  was s ta r ted  
immedia te ly  af ter  immers ion of the microtomed me-  
tal l ic surface into the e lec t ro ly te  in order  to p re -  
vent  adsorpt ion  of sulfate  ions (1).  Tafel  slopes and 
io values for oxygen and hydrogen  overvol tage  on 
lead and lead alloys were  repor ted  ear l ie r  (1).  

The total  amount  of corrosion af ter  anodizat ion 
for 20 hr  at  3 m a / c m  ~ as de te rmined  by  the ex t r apo-  
lat ion technique is p lo t ted  for a series of al loys in 
Fig. 6. A good corre la t ion exists be tween the corro-  
sion figures and the overcharge  life of ba t te r ies  con- 
ta ining the var ious  al loys in the posi t ive grids, as de-  
t e rmined  by  the s t andard  SAE overcharge  test. 
F igure  6 demons t ra tes  tha t  the  SAE overcharge  life 
test  is a fa i r  measure  of anodic constant  cur rent  
corrosion. 

In order  to s tudy the influence of the oxygen con- 
centra t ion in more  detail ,  a l a rge  series of lead ox-  
ides with va ry ing  oxygen content  were  p repa red  by 
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Fig. 6. Corrosion of various lead alloys vs. SAE overcharge 
life of batteries. The numbers identify various alloys from 
Table II. The ordinate gives the number of weeks o battery 
will perform on the SAE overcharge test. The abscissa gives 
the capacity of the corrosion fi lm buil t  up in 20 hr at 3 
ma/cm 2 at 20~ in 4.53M H2SO~. 
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Fig. 7. T h e r m a l  decompos i t i on  o f  /S-Pb02. Oxygen  con ten t  
o f  the  decompos i t i on  p roduc t  as a f u n c t i o n  o f  t e m p e r a t u r e .  
Open circles re fe r  to  samples  hea ted  under  on  o x y g e n  pres- 
sure o f  3 o t to ;  sol id circles re fer  to  samples  hea ted  a t  I m m  
o x y g e n  pressure. 

the rmal  decomposit ion of t e t ragona l  (fl)PbO~. F ig -  
ure  7 shows the oxygen content  of samples which 
were  heated for 3 hr  at the indica ted  tempera tures .  

The decomposit ion t empe ra tu r e  of PbO~ s t rongly  
depends on the oxygen pressure.  A first loss of oxy-  
gen occurs at  about  330~ A compound with  the 
composit ion PbOl~7 seems to form. This composit ion 
corresponds to a compound Pb~O~, or more accu- 
r a te ly  to Pb701,. This composit ion has also been 
found by Hol t e rmann  and Lafi t te  (15). At  h igher  
t empera tu res  a ppa r e n t l y  no equi l ib r ium was  es tab-  
l ished and the oxygen content  decreased cont inu-  
ously down to PbOl.o. F igure  8 shows the re la t ive  
amounts  (%)  of the observed compounds in the 
heated samples  as de te rmined  by  x - r a y  analysis.  
Smal l  samples  of the p repa red  oxides were  finely 
ground and mounted  in collodion on a glass slide 
and x - r a y e d  wi th  a GE XRD-3 Geiger  dif f ractom- 
eter. The PbO2 pa t te rns  had complete ly  d isap-  
peared  af ter  removal  of oxygen down to PbOl~. In-  
stead, a new pa t t e rn  became apparent .  This new 
pa t t e rn  corresponds to a c rys ta l l ine  compound wi th  
a pseudo- face -cen te red  cubic, o r thorhombic  lattice.  
This compound has a composi t ion PbO~ wi th  x ---- 1.6 
to 1.4 (Fig. 8). X - r a y  analysis  shows tha t  it  unde r -  
goes a change in the  la t t ice  pa rame te r s  as the oxy-  
gen content  in the  sample decreases below PbOl.~. I t  
appears  tha t  this  new crys ta l l ine  compound has a 
va r i ab le  oxygen content  as indica ted  by  the shift  in 
the lat t ice constants.  Samples  wi th  oxygen contents 
smal ler  than  PbOl.~ showed the lines of PbsO, and 
finally PbO s imul taneous ly  wi th  the pa t te rns  of 
PbO~. F igure  8 also shows the colors of the p ro-  
duced oxide samples. 

Electrodes were  p repa red  by  press ing the oxides 
in pe r fo ra ted  lead foil. Electrode potent ia ls  of the 
p repa red  samples  were  measured  in 1.225 sp gr 
H.~SO, against  a hydrogn  electrode at 20~ in the 
same solution. The electrode potent ia ls  usual ly  in-  
creased over  a per iod of 1-4 hr  for  severa l  mi l l i -  
volts and dropped  then at  a s lowly increasing ra te  to 
less posi t ive potent ials .  This drop in po ten t ia l  became 
increas ingly  fas ter  wi th  decreasing oxygen content  
in the sample.  F igure  8 shows the m a x i m u m  posi-  
t ive  e lectrode potent ia ls  reached by  the var ious  
samples. 
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Fig. 8. Electrode potentials, colors, and x-ray analysis data 
of lead oxide samples with varying oxygen content produced 
by thermal decomposition of/~-PbO~. 

It  is in teres t ing to note tha t  a sample wi th  an 
oxygen content  as low as PbO~.~, which showed no 
sign of the presence of PbO~ in the x - r a y  pat tern ,  
stil l  showed a PbO2 potential ,  a l though only for a 
re la t ive ly  short  t ime. I t  was also observed tha t  the 
max imum potent ia l  measured  on samples wi th  low 
oxygen content  PbO~., to P b O ~  was 1.698 v vs. H~ 
or several  mil l ivol ts  h igher  than the value observed 
on pressed electrodes wi th  un t rea ted  fl-PbO~ (1.692 
v vs. No. 2). 

In order  to expla in  this phenomenon a sample  of 
PbO~.~, obta ined by  hea t ing  fl-PbO~ at 1 mm oxygen 
pressure  at  389~ was ground in a mor ta r  and was 
placed in H~SO,, sp gr 1.225, for a per iod of 2 days. 
The sample was then careful ly  washed  wi th  hot and 
cold concentra ted ammonium ace ta te  solution in 
order  to dissolve the  lead sulfate. X - r a y  examina -  
tion of the sample  af te r  this t r ea tmen t  showed tha t  
the PbO,  pa t t e rn  which was or ig ina l ly  observed 
had d i sappeared  comple te ly  and had  been replaced  
by a pa t t e rn  of a-PbO~. It  can be concluded tha t  the 
compound PbO,  undergoes  a d ispropor t ionat ion  in 
H~SO, into PbSO, and a-PbO,.  The exper iment  de-  
scribed above suggests a s imple method of p r e p a r a -  
t ion of a-PbO~ by  hea t ing  fl-PbO~ in vacuo at 390~ 
and t rea t ing  the product  wi th  H_~SO,. The higher  
electrode potent ia l  of the heat  t r ea ted  sample is due 
to the fact tha t  a-PbO2 has a h igher  e lectrode po- 
tent ia l  than  B-PbO~. Poten t ia l  measurements  in 
H,SO, more di lute  than  sp gr 1.225 indicated tha t  
se l f -d ischarge  s t rongly  increased wi th  decreasing 
acid concentrat ion.  The electrode potent ia ls  s ta r ted  
to drop soon af ter  immers ion  of the electrodes into 
the  electrolyte.  

Precise electrode potent ia l  measurements  of PbO~ 
electrodes are very  difficult because of pass ivat ion 
due to self-discharge.  Electrode potent ia ls  of 

a-PbO~, s table to -----1 mv over  a per iod of 12 hr, were  
obta ined by  press ing powdered  a-PbO.~ into pe r -  
fora ted  pure  lead sheet. However ,  these electrodes 
suffered se l f -d ischarge  and the poten t ia l  d ropped  
rap id ly  af ter  2 days. The highest  potent ia l  for 
a-PbO~ obtained by  this technique was 1.707 ----+ 0.001 
v. This potent ia l  was measured  in H~SO,, sp gr 
1.225, against  a hydrogen  electrode in the  same 
solution at  a t empe ra tu r e  of 25~ 

Elect rodeposi t ion of a-PbO~ on a P t  wire  accord-  
ing to the procedure  descr ibed in the  exper imenta l  
section lead to a s table  e lectrode potent ia l  of 1.7085 
_+ 0.0005 v against  a hydrogen  electrode at  31.8~ 
in 4.40M H~SO,. This potent ia l  can be considered as 
a ve ry  re l iab le  va lue  for a-PbO~. 

Electrode potent ia l  measurements  of B-PbO~ us-  
ing pressed lead dioxide  in per fora ted  lead str ips 
were  not s table  over  ex tended  t ime per iods  and 
showed a high ra te  of self-discharge.  Max imum po-  
tent ia ls  of 1.692 +--0.002 v were  obta ined in H~SO4, 
sp gr 1.225. This value  might  be too low because of 
se l f -d ischarge  effects. Genera l ly  it was observed 
tha t  electrodes showing a low electrode potent ia l  
were  only s table  over  short  t ime  periods.  

Elect rodeposi ted  layers  of fl-PbO.~ on Pt  wires  
showed electrode potent ia ls  of 1.7015 __ 0.0005 in 
4.40M H~SO, against  a hydrogen  electrode in a 
31.8~ t empera tu re  bath.  The potent ia l  was s table  
over ex tended  t ime per iods  and can be considered 
to be a re l iab le  va lue  for fl-PbO~. The electrode po-  
ten t ia l  of the e lec t rodeposi ted  a-PbO~ electrode 
showed excel lent  s tabi l i ty .  Af t e r  anodizat ion or p a r -  
t ia l  discharge,  the  potent ia l  a lways  r e tu rned  to the 
s table  value  given above. Af te r  s tanding  in H2SO4 
for periods of severa l  weeks the  potent ia l  was ob- 
served to drop. Microscopic examina t ion  revea led  a 
surface layer  of we l l -deve loped  lead sulfate  c rys-  
tals. Af te r  s t r ipping  the sulfate  l aye r  wi th  ammo-  
n ium acetate  the potent ia l  r e tu rned  to its or iginal  
value.  Af te r  prolonged anodizat ion of the  e lec t rode-  
posi ted fl-PbO~ electrode,  the potent ia l  d ropped  
ve ry  slowly on open circuit  and did not  show a 
dis t inct  p la teau  at  the revers ib le  po ten t ia l  (1.7015 
v) .  However,  af ter  s t r ipp ing  the sulfate  l aye r  f rom 
the e lect rode wi th  ammonium acetate  the  poten t ia l  
r e tu rned  to the revers ib le  value.  I t  is in teres t ing  to 
note tha t  these resul ts  show a h igher  e lect rode po-  
tent ia l  for ~-PbO~ than  for B-PbO~ under  the  condi-  
tions descr ibed above, the difference being 7 mv. 

The e lect rode potent ia l  of 1.7015--4--0.0005 v for 
B-PbO~ agrees wi th  the da ta  given by  Hamer  (21). 
If  his values are  ex t rapo la ted  to 4.40M HfSO, and 
31.8~ a po ten t ia l  of 1.701 v is calculated.  

The t empe ra tu r e  dependence  of the  potent ia l  d i f -  
ference be tween  a -  and fl-PbO2 wil l  be s tudied in 
the fu tu re  in order  to de te rmine  en t ropy  and en-  
tha lpy  for the  f l-a t ransi t ion.  The revers ib i l i ty  for 
the couples a - P b O J P b S O ,  and f l - PbO J PbSO,  wil l  
be de te rmined  by  measur ing  discharge overvoltages.  

F igu re  9 shows oxygen overvol tage  da ta  at  31.8~ 
on the e lectrodeposi ted layers .  Voltages given in 
Fig. 9 re fer  to the theore t ica l  revers ib le  oxygen 
electrode in the same e lec t ro ly te  as the PbO~ elec-  
trode, name ly  4.40M H~SO,. The revers ib le  oxygen 
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potent ia l  in this e lec t ro ly te  is 1.260 v vs. H_~. The 
Tafel slope is 0.121 for fl-PbO~ and 0.051 for  a-PbO,,, 
indicat ing a different  mechanism for the oxygen 
evolut ion react ion on the two different  PbO~ modifi-  
cations. These oxygen overvol tage measurements  
were  per formed  in h ighly  purif ied solutions. The 
high acid concentrat ion preven ted  errors  due to 
ohmic resistance.  The curves shown were  fol lowed 
in both direct ions and were  ve ry  reproducible .  

The "exchange currents"  io for oxygen evolut ion 
calculated from the data  shown in Fig. 9 are  1.7.10 -~ 
a m p / c m  ~ for  a-PbO~, and 6.2.10 -~~ a m p / c m  2 for 
B-PbO~. Results  for  fl-PbO~ are  in close agreement  
wi th  the overvol tage  da ta  for anodized lead sam- 
ples (1),  indicat ing tha t  oxygen is evolved p r imar i l y  
on the fl-PbO~ sites. 

Discussion 

The high electr ical  conduct ivi ty  of PbO~, ap-  
proaching that  of meta l l ic  conductors,  is caused by  
an apparen t  oxygen deficiency producing f ree  elec-  
trons. I t  is possible tha t  this is caused in pa r t  by  
OH groups replac ing oxygen in the lattice.  This 
viewpoint  is suppor ted  by  the observat ion tha t  small  
amounts  of wa te r  are produced on hea t ing  PbO.~ 
samples. However,  this could be adsorbed wa te r  on 
the surface of the sample. F u r t h e r  work  is ant ic i -  
pa ted  on this problem. 

The t he rmodynamica l ly  s table  form of PbO~ at  
room t empera tu re  appa ren t ly  depar ts  from its nom-  
inal  composition. Chemical  analysis  shows a com- 
posit ion of PbO~.o, to PbO~ .... Dur ing  anodizat ion 
under  condit ions of oxygen evolut ion the PbO~ cor-  
rosion layers  must  contain a h igher  oxygen content 
than  at  equi l ibr ium.  It  has been shown tha t  oxygen 
overvol tage  is r e la ted  to the s t rength  of the bond 
M-O or M-OH in the oxide (22). The s t rength  of this 
bond decreases wi th  increasing amount  of oxygen in 
the surface. This decreased bond s t rength  is the cause 
of the  high oxygen overvol tage  on PbO_~. This in te r -  
p re ta t ion  of the overvol tage  corresponds to the the r -  
modynamic  point  of view, i.e., the  format ion  of an 
in t e rmed ia te  oxide wi th  a h igher  free energy.  Ther-  
modynamic  considerat ions of e lect rochemical  p rop -  
ert ies of oxide electrodes wi th  va ry ing  oxygen con- 
tent  have  been given by  var ious  authors  (23-25).  

F rom the the rmodynamics  of ordered  mixed  phases 
it is possible to der ive how the number  of oxygen 
defects in PbO~ should depend on the  oxygen pres -  
sure. Assuming tha t  the s toichiometr ic  oxygen de-  
ficiency is caused by vacancies,  the format ion of 
the the rmodynamica l ly  s table  lead dioxide (at  room 
tempera tu re  and a tmospher ic  pressure  oxygen con- 
tent  PbO~.,~) can be expressed by  the equation:  

Pb .... + Do-- -t- 1/20~ (gas)  ~ Pb .. . .  + O-- (I)  

where  Pb .... are  four  va len t  lead ions and Do- are the 
oxygen vacancies. If the chemical  po ten t ia l  of each 
of the components  of (I)  is given by  

tL~ = tt, + R T  In C~ (I I )  

(using to a first approx imat ion  concentrat ions in-  
s tead of ac t iv i t ies) ,  the concentra t ion of oxygen 
vacancies is given by  

- -  - -  exp - -  ( I I I )  
[[;]~ Po.y ~ Z R T  

where  Po.., is the  oxygen gas pressure  and Ag is the 
free en tha lpy  for react ion ( I ) .  Thus the oxygen 
vacancy concentrat ion in PbO~ is not  ve ry  sensit ive 
to O.~ pressure.  F igure  7 shows tha t  the oxygen con- 
tent  of PbO~ and PbO~ depends s l ight ly  on the oxy-  
gen pressure.  

Removal  of oxygen below a P b / O  rat io  of 1.94 
results  in a decrease in conduct ivi ty  due to the for-  
mat ion  of a new, nonconduct ive  compound. The de-  
crease in conduct iv i ty  is accompanied by  an increase 
in the negat ive  Hall  coefficient, due to a decrease in 
the free electron concentrat ion.  The new compound 
has a va r i ab le  oxygen content  (PbO~ wi th  x = 1.4 
to 1.6), and the x - r a y  lat t ice pa ramete r s  change 
with  oxygen content.  A high se l f -d ischarge  ra te  
and fast  pass ivat ion are observed wi th  electrodes 
consisting l a rge ly  of this  compound. The electrode 
potent ia l  for these electrodes is es tabl ished by  the 
presence of a-PbO~ produced by  d ispropor t ionat ion  
of the or ig inal  PbO~ in H~SO,. This a-PbO~ is r ap id ly  
pass iva ted  by  the PbSO~ formed dur ing  the reaction. 
The fact tha t  a-PbO~ is formed is ve ry  interest ing.  
Note tha t  the la t t ice  s t ructures  of a-PbO~ and PbO~ 
are  quite similar .  Both compounds form an or tho-  
rhombic  lat t ice;  PbO~ is a dis tor ted a-PbO~ lattice. 
Thermal  decomposi t ion of fi-PbO~ p robab ly  s tar ts  
wi th  a t rans i t ion  to an a-PbO~ la t t ice  which then 
looses oxygen. I t  seems tha t  oxygen might  be r e -  
moved from a-PbO~ down to an oxygen content  of 
PbO~., wi thout  a drast ic  phase  change. 

According to Bode and Voss (3) the  t e t ragona l  
(fl)PbO~ has a h igher  e lectrode potent ia l  than  the 
or thorhombic  (a)PbO~. Our measurements  definitely 
show a higher  e lectrode potent ia l  for a-PbO~. Dis-  
charge overvol tages  for a -  and fl-PbO~ are unknown 
at  the present  time, however,  and fu r the r  proof 
seems necessary  to decide definitely if the first 
p la teau  corresponds to the d ischarge  of a-PbO~ and 
the second p la teau  to the discharge of B-PbOf. Since 
the first p la teau  shows a h igher  se l f -d ischarge  rate,  
one could ant ic ipate  tha t  the ma te r i a l  corresponding 
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to this p la teau  is in more immedia te  contact  wi th  
the under ly ing  metal .  

The mechanism of format ion  of the two oxides 
must be different, a-PbO~ is formed in a lkal ine  solu-  
t ion by  anodic deposi t ion on iner t  electrodes and in 
H2SO4 solution by direct  oxidat ion  of the meta l l ic  
lead. fl-PbO~ is formed in acid solut ion by  anodic 
deposition. I t  is possible  tha t  in the format ion of 
a-PbO~ an in te rmedia te  complex of t e t r ava len t  lead 
with  (OH) groups is formed, whereas  format ion  of 
fl-PbO~ proceeds over a complex of t e t r ava len t  lead 
with  other groups such as SO~. The size of the pa r -  
t ic ipat ing group p robab ly  de termines  which oxide 
modification is formed. The presence of any nuclei  
of e i ther  modification at  the beginning of format ion  
can also have an influence (3). 

I t  has been observed tha t  format ion  of posi t ive 
s torage ba t t e ry  plates  begins at  the  surface of the 
grid members .  This is to be expected since the act ive 
mate r ia l  of an unformed  plate  has ex t r eme ly  low 
conductivi ty.  As format ion  progresses,  H~SO4 is 
l ibera ted  at the format ion  bounda ry  ( the in ter ior  
of the plates  remains  basic even af ter  prolonged 
immers ion of the plates  in H~SO4) and becomes 
avai lab le  for sulfat ion of PbO and basic lead sul-  
fates. In plates  made  from subl imed l i tharge  or in 
thoroughly  condi t ioned plates  (no free lead)  fo rma-  
tion of ~-PbO~ is not observed.  It is to be concluded 
tha t  the  format ion  of a-PbO~ in the  in ter ior  of s tor-  
age ba t t e ry  plates  is p robab ly  not nuclea ted  by  PbO 
but  r a the r  by  the direct  oxidat ion of metal l ic  lead 
part icles.  That  fur ther  product ion of a-PbO~ is in-  
duced by these nuclei  is evident  from the fact tha t  
even af ter  prolonged periods of cycling a-PbO~ is 
found in the plates.  

The oxygen overvol tage  da ta  on a-  and fl-PbO~ 
shown in Fig. 9 indicates that  a different  mechanism 
takes place on the two oxides, a-PbO~ shows a Tafel  
slope of 0.05, l ike  a large  series of electrodes in 
a lka l ine  solution. This slope corresponds to a process 
where  two electronic charges are  involved when the 
r a t e -de t e rmin ing  react ion occurs once (22). fl-PbO.~ 
has a Tafel  slope of 0.12 indica t ing  tha t  only one 
electronic charge is involved in the r a t e - d e t e r m i n -  
ing reaction. Therefore,  a-PbO~ in H.~SO~ behaves  
l ike  an oxygen-evolv ing  electrode in a lka l ine  solu-  
tion, where  B-PbO~ shows the normal  Tafel  slope of 
0.12 l ike most  of the other electrode mater ia l s  in 
acid solution. This difference is appa ren t ly  due to a 
difference in the  la t t ice  spacing of two oxides, 
a-PbO~ having  the smal ler  spacing. 

Anodic  corrosion in the potent ia l  region where  
oxygen is evolved increases s t rongly  wi th  the elec- 
t rode potent ia l  (26). Therefore,  electrodes wi th  a 
low oxygen overvol tage  should wi ths tand  corrosion 
be t te r  under  constant  cur ren t  conditions. Cer ta in  
addi t ives  to t h e  e lec t ro ly te  such as Co ++ ions can 
reduce oxygen overvol tage  and anodic corrosion. 
Oxygen overvol tage  is, of course, not  the only factor  
de te rmin ing  the ra te  of anodic corrosion. In pa r t i c -  
ular,  the na tu re  of the  electrode ma te r i a l  has a 
strong influence (27). The fact tha t  constant  cur ren t  
corrosion increases wt ih  increasing Sb concentra t ion 
for P b - S b  alloys has also been descr ibed by  Kr ivo -  
lapova  and Kabanov  (28). 

Oxygen overvol tage  and anodic corrosion are  in-  
fluenced by  the amount  of SO," ions adsorbed on the 
electrode surface. Since in all  of these corrosion ex-  
per iments  the anodizing cur ren t  was kep t  at  3 m a /  
cm 2 the electrode potent ia l  dur ing  the per iod  of 
anodic corrosion was cons iderably  h igher  than  the 
zero-charge  potent ial ,  according to Fig. 5, a lways  
above 2 v. At  this  potent ia l  the  electrode surface 
is covered with  specifically adsorbed anions (29). 
The zero charge potent ia l  on a lead dioxide elec-  
t rode has been de te rmined  at  1.80 v by  Kabanov,  
et al. (30). 

The re la t ive  rat io  of the amounts  of a -  and fl-PbO2 
in the corrosion layer  changes wi th  the  t ime of 
anodization. X - r a y  examina t ion  shows tha t  as an-  
odization progresses the a-PbO~ pa t t e rn  becomes 
more  and more pronounced.  At  the same t ime 
oxygen overvol tage decreases.  
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A Contribution to the Theory of Stress Corrosion in AI-4% Cu 
Alloys 

William H. Coiner and Howard T. Francis 

Armour Research Foundation of the Illinois Institute o] Technology, Chicago, Illinois 

ABSTRACT 

Stress  cracking of A1-4% Cu al loys was found to be grea t ly  influenced by  
exposed a rea  of the  specimen (smal l  areas  showed long t ime - to - f a i l u r e ) .  
Exper imen t s  wi th  g ra in  b o u n d a r y - g r a i n  center  couples showed tha t  ne i ther  
potent ia ls  nor  couple cur ren t  were  influenced sufficiently by  stress to account 
for  the  accelera t ion  of fa i lure  by  stress. At  constant  appl ied  anodic current ,  
however ,  stress was found to d i rec t  the  a t t ack  pe rpend icu la r  to appl ied  stress. 
The theory  of Champion  and Logan is substant ia ted.  A ref inement  is suggested 
in which  the las t  s tages of fa i lu re  resul t  f rom direct  and r ap id  local  a t t ack  
on f i lm-free  metal .  

M a n y  theo r i e s  h a v e  been  p r o p o s e d  to accoun t  for  
t he  con jo in t  ac t ion  of s t ress  a n d  co r ros ion  in  d e -  
s t r o y i n g  m e t a l s  a n d  a l loys .  These  h a v e  b e e n  r e -  
v i e w e d  a d e q u a t e l y  in  t h e  co r ros ion  l i t e r a t u r e  ( 1 - 4 ) .  
One  no tes  in  e x a m i n i n g  these  theo r i e s  t h a t  t h e r e  is 
g e n e r a l  a g r e e m e n t  on the  m e c h a n i s m  of t he  b e g i n -  
n ing  of t h e  a t t a ck ;  t h e r e  is l a c k  of a g r e e m e n t ,  h o w -  
ever ,  c e n t e r e d  a r o u n d  the  ro le  of t he  s t ress  in  t he  
m e c h a n i s m  of f a i lu re .  I t  was  t h e  p u r p o s e  of th is  
s t u d y  to shed  some l i gh t  on t h e  m e c h a n i s m  of t h e  
s t ress  effect.  

The  g e n e r a l  a p p r o a c h  was  f irst  to show t h a t  a 
s u s c e p t i b l e  a l loy ,  2024, e x h i b i t e d  an  a r e a  effect  
( the  d e p e n d e n c e  of t he  t i m e  to s t r e s s - c o r r o s i o n  
f a i l u r e  on the  a m o u n t  of a r e a  e x p o s e d  to  t he  co r -  
r o d e n t ) .  I t  was  fe l t  t h a t  t he  e s t a b l i s h m e n t  of th is  
p r o p e r t y  w o u l d  g ive  i n f o r m a t i o n  r e g a r d i n g  t h e  n a -  
t u r e  of t he  c o r r o d i n g  cell .  The  p h e n o m e n o n  has  b e e n  
n o t e d  in  o t h e r  a l loys  (5 -7 ) .  The  second  p h a s e  of t h e  
s t u d y  was  to m a k e  c e r t a i n  e l e c t r o c h e m i c a l  m e a s u r e -  
m e n t s  on cel ls  in  w h i c h  t h e  anodes  w e r e  s e p a r a t e d  
f rom the  ca thodes  and  to d e t e r m i n e  the  effect  on 
these  m e a s u r e m e n t s  of c e r t a i n  v a r i a b l e s :  s t ress ,  
H20~ concen t r a t i on ,  r e l a t i v e  a reas ,  etc. A m e c h a n i s m  
is p r o p o s e d  to accoun t  for  t he  r e su l t s  o b t a i n e d  in  t he  
s t udy ;  i t  is e s s e n t i a l l y  t h a t  s u g g e s t e d  b y  C h a m p i o n  
(8)  and  L o g a n  (9) ,  w i t h  some  re f inement .  

Area Effect in 2024 AI 
Apparatus and materials.--Four-point l o a d i n g  

was  se l ec t ed  as t he  m e a n s  for  s t r e s s ing  3~ in. x 3% 
in. x 0.035 in. (1.9 cm x 8.6 cm x 0.089 cm)  spec i -  

mens .  This  t y p e  of l o a d i n g  p laces  t h e  su r f ace  of t he  
s p e c i m e n  b e t w e e n  the  i n n e r  s u p p o r t s  in  a s t a t e  of 
u n i f o r m  s t ress  (10) .  The  m e t h o d  is s i m p l e  in  l oad  
a p p l i c a t i o n  a n d  ca l cu l a t i on  of s t ress .  

F i g u r e  1 shows  the  t es t  f ix ture ,  c o n s t r u c t e d  a l m o s t  
e n t i r e l y  of Luc i te .  I t  consis ts  of two  i n n e r  k n i f e -  

Fig. 1. Stress corrosion fixture 
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T a b l e  I . . C o m p o s i t i o n s  o f  a l loys 

Cu M g  M n  F e  Si  AI  

H.P.  A1. 0.000 0.001 0.001 0.002 Bal. 
A1-4 % Cu 4.07 0201 <0.001 0201 0.006 Bal. 
2024 4.70 1.20 0.94 0 . 1 6  0 . 0 8  Bal. 

edge supports  cemented to the base of the f ixture 
1 in. (2.54 cm) apart .  The outer  knife-edges ,  3 in. 
apar t  (7.62 cm) ,  are inver ted  and fixed to the 
weight  s tage by  a post. These app ly  the load to the 
specimen. The switch, ac tua ted  by  the weight  stage, 
shuts off a t imer  when the  specimen deflection in-  
creases by a cer tain inc rement  due to corrosion. 
These increments  were  e i ther  1,4 in. (0.63 cm) or 1/s 
in. (0.31 cm) and were  defined as "fa i lure"  for the 
purpose  of this work. Loads were  calcula ted f rom 
the equat ion 

3Lx 

bd 2 

where  S is the stress in the outer  fibers, L is the 
load, x is the distance be tween  inner  and outer  
supports  (1 in. wi th  the f ixture shown) ,  b is the 
specimen width,  and d is the specimen thickness. 

The f ixtures (each accommodat ing two speci-  
mens)  were  placed in ind iv idua l  glass t roughs when 
a va r i ab le  in composit ion of corrodent  was being ob-  
served, or in a long Luci te  t rough when var iables  
other  than  the med ium were  being studied. When 
using the long trough, the  solution was c i rcula ted 
f rom a 12-gal  reservoi r  which was kep t  a t  constant  
t empera ture .  

Commercia l  2024 al loy was used in most  of the  
exper iments  repor ted  in this work;  however,  a few 
exper iments  involved h i g h - p u r i t y  a luminum and a 
h i g h - p u r i t y  a luminum-coppe r  alloy. The composi-  
t ions of these are  shown in Table I. The h i g h - p u r i t y  
alloys were  furn ished  by  A l u m i n u m  Research L a b -  
oratory,  A l u m i n u m  Company of Amer ica ;  the H. P. 
A1 as 0.064 in. sheet, and the A1-4% Cu as 11t~ in. 
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Fig. 2. Area effect for 2024 alloy and the influence of on 
ouxifiary electrode. 

na ture  the  above exper iment  was conducted in the 
same manner ,  but  wi th  each specimen e lec t r ica l ly  
connected to an unstressed immersed  specimen. The 
unstressed specimen was masked  to expose an area  
such tha t  the to ta l  area  (s tressed plus uns t ressed)  was 
13.3 cm ~ (equal  to the  larges t  specimen of the previous  
run, 7 x 1.9 cm).  The resul ts  of this  exper imen t  are  
shown as the  lower curve in Fig. 2. I t  should be 
noted tha t  the a rea  effect is no longer  in evidence, 
and al l  specimens fai led in essent ia l ly  the  same 
time, namely,  tha t  of the 7 x 1.9 cm stressed and un-  
coupled specimen. 

It  appears  f rom the resul ts  shown in Fig. 2 tha t  
t ime to fa i lure  is a function of the  to ta l  a rea  exposed 
(s t ressed plus uns t ressed) .  This would be difficult to 
expla in  pu re ly  on mechanica l  grounds. Elect ro-  
chemical ly,  the resul ts  are  a confirmation of the fact  
that  the corroding cell is under  cathodic control. The 
to ta l  a t t ack  is s t rongly  dependen t  on the to ta l  ca-  

forged bars,  which were  first hot and then cold 
ro l led  to 0.035 in. strip. The 2024 a l loy was p u r -  
chased as 0.032 in. annea led  sheet. 

Exper iments  were  conducted t6 de te rmine  the 
correlat ion,  if any, be tween  the to ta l  area  exposed 
on a s tressed specimen and the t ime to fai lure.  
Sensi t ized 1 specimens were  masked  complete ly  on 
the bot tom surfaces; the  top surfaces were  pa r t i a l l y  
masked  to expose cer ta in  areas. The masking  m a -  
te r ia l  was a commercia l  p la t ing  stop-off compound. 
Quadrup l ica te  specimens were  used for  each area. 
These specimens were  s t ressed in the  fixtures to 
80% yie ld  s t rength  (Y.S. was 42,500 psi)  and placed 
in the  t rough wi th  53 g/1 NaC1-t-2.5 g/1 H~O2 at  
room t e m p e r a t u r e  (72~ The resul ts  of the run  are  
shown in Fig. 2 (upper  curve)  and indicate  a defi- 
ni te corre la t ion be tween  area  exposed and t ime to 
fai lure.  

Fa i lu re  mechanisms based on mechanical  con- 
s iderat ions  only have  been proposed to expla in  area  
effect. To show tha t  the effect is e lec t rochemical  in 

z S e n s i t i z i n g  t r e a t m e n t  fo r  2024 s p e c i m e n s  c o n s i s t e d  of  h o l d i n g  
s p e c i m e n s  a t  3 5 0 ~  f o r  6 h r  a f t e r  s o l u t i o n  t r e a t m e n t  (910~  
co ld  w a t e r  q u e n c h e d ) .  

thodic area,  s tressed or unstressed;  tha t  is, where  
la rge  cathodic areas  are exposed, a t tack  is great,  
where  smal l  cathodic areas  a re  exposed, a t tack  is 
less. Since gra in  centers  const i tute  the  bu lk  of speci-  
men surface, the cathodic a rea  can be taken  as 
being roughly  equal  to the  to ta l  area. 

E~ect  of Hydrogen Peroxide on Time to Failure 

Ear ly  in the p rog ram it  was found tha t  the  hy -  
drogen peroxide  concentra t ion fel l  r ap id ly  dur ing  a 
test. Inves t iga t ion  showed tha t  the  perox ide  de-  
composed at  a r a t e  p ropor t iona l  to specimen size 
when 2024 was involved,  but  t ha t  pure  a luminum 
caused no detec table  peroxide  loss. I t  was quickly  
es tabl ished tha t  the  peroxide  decomposi t ion was 
cata lyzed by cupric ion, p roduced  by  the corrosion 
of the  2024. This is a w e l l - know n  effect sometimes 
neglected in corrosion testing. 

The dependence  of the t ime to fa i lure  on pe r -  
oxide concentra t ion was determined.  Sensi t ized 2024 
specimens, masked  to expose 7 x 1.9 cm, were  
stressed to 80% yie ld  s t rength  and each f ixture 
(ca r ry ing  dupl ica te  specimens) was placed in a 
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Fig. 3. Effect of H~O2 concentration on time to failure in 
53 g/I NaCI. Specimens were 2024 alloy, quenched and 
aged at 350~ for 6 hr, stressed to 80% yield strength. 

f o u n d  e q u i v a l e n t  to abou t  0.02 g/1 H~O~. R e f e r r i n g  to 
Fig.  3 a n d  4, i t  is seen  t h a t  th is  l eve l  is w e l l  b e l o w  
t h a t  caus ing  r a p i d  fa i lu re .  The  use  of p e r o x i d e  was  
t h e r e f o r e  con t inued .  

In]~uence of H~O~ on Area Effect 

H a v i n g  s h o w n  the  c r i t i ca l  d e p e n d e n c e  of t i m e  to 
f a i l u r e  on p e r o x i d e  concen t r a t i on ,  t he  a r e a  effect 
was  r e i n v e s t i g a t e d  as a func t ion  of p e r o x i d e  con-  
cen t r a t ion .  L a r g e  (7.0 x 1.9 cm)  and  s m a l l  (0.1 x 
1.9 cm)  sens i t i zed  spec imens  w e r e  e xpose d  to d i f -  
f e r e n t  c o n c e n t r a t i o n s  of p e r o x i d e ,  s t r e s sed  a t  80% 
y i e l d  s t r eng th .  F i g u r e  4 shows  the  r e su l t s  of these  
runs .  As  m i g h t  be  expec t ed ,  the  a r e a  effect b e c a m e  
m o r e  p r o n o u n c e d  as t he  d e p o l a r i z e r  c o n c e n t r a t i o n  
was  dec reased .  Due  to t he  long t imes  to fa i lu re ,  t he  
r eg ion  b e l o w  1.5 g/1 H~O~ was  no t  i nves t i ga t ed .  Runs  
i den t i ca l  w i t h  those  s h o w n  in Fig.  2, s u b s t i t u t i n g  
2.0 g/1 H.~O~, w e r e  m a d e ;  t he  l a r g e s t  a r e a  (7.0 x 1.9 
cm)  fa i l ed  in  a few hours ;  t h e  s m a l l e r  a r e a s  had  no t  
f a i l ed  in 65 h r  ( con f i rming  the  d a t a  of Fig .  4) .  

i 
S 0  

45 

SMALL AREA 

40  

O I x 1.9 CM 

~ 3s 

o 

3 0  

~ 2 5  " 
2024 ALLOY SENSIT IZED 

*~ SOLUTION - 53g / I  NoC[  + H202  
20  APPL IED STRESS - 80% Y~ELD 

15 STRENGTH �9 

o 

~" LARGE AREA 
7.0  �9 1.9 CM 

5 

0 I I I I I I 
0 .5  I.O 1.5 2 .0  2 .5  3.0 3.5 

CONCENTRATION OF H;~O z IN GRAMS PER L~TER 

Fig. 4. Influence of Hs02 concentration on a r e a  effect 

s e p a r a t e  glass  t rough .  Each  t r o u g h  was  f i l led w i t h  
53 g/1 NaC1, w i t h  v a r y i n g  c o n c e n t r a t i o n s  of H_~O~. 
The  r e su l t s  of the  e x p e r i m e n t  a r e  s h o w n  in Fig .  3. 
G r e a t  s e n s i t i v i t y  to the  p e r o x i d e  c o n c e n t r a t i o n  in 
the  r a n g e  1.5-3.0 g/1 is noted .  A b o v e  th is  c r i t i ca l  
r ange ,  spec imens  f a i l ed  in  a f e w  hours ;  b e l o w  a b o u t  
1.5 g / l ,  t he  f a i l u r e  t i m e  i n c r e a s e d  r a p i d l y .  

The  d a t a  i l l u s t r a t e  t he  i m p o r t a n c e  of good p e r -  
ox ide  c o n c e n t r a t i o n  con t ro l  d u r i n g  t h e  course  of a 
s t ress  co r ros ion  test ,  a f ac to r  w h i c h  m a y  no t  have  
been  f u l l y  r e cogn i zed  in  e a r l i e r  w o r k .  

The  fac t  t ha t  t he  t i m e  to f a i l u r e  is s ens i t i ve  to 
p e r o x i d e  c o n c e n t r a t i o n  (a  ca thod ic  d e p o l a r i z e r )  is 
f u r t h e r  ve r i f i ca t ion  t h a t  t he  cel l  is u n d e r  ca thod ic  
control .  

Runs  w e r e  m a d e  us ing  o x y g e n  gas  i n s t e a d  of p e r -  
ox ide  in  an  effort  to s t ab i l i ze  the  d e p o l a r i z e r  con-  
cen t r a t ion .  The  gas d i s p e n s e r  can  be  seen in  Fig .  1. 
No f a i l u r e  was  n o t e d  a f t e r  e x p o s u r e  of 337 h r  (14 
d a y s ) .  This  r e s u l t  is cons i s t en t  w i t h  o t h e r  e x p e r i -  
ence (11) in  w h i c h  o x y g e n  s a t u r a t i o n  has  been  

Grain Boundary-Grain Center Cell Study 
Mears ,  Brown ,  and  Dix  s t u d i e d  t h e  a r e a  effect  for  

a m a g n e s i u m  base-6A1 a l loy  (5) .  T h e y  conc luded  
t h a t  c r a c k i n g  t i m e  was  c on t ro l l e d  b y  the  t o t a l  a v a i l -  
ab le  ca thod ic  ac t iv i ty .  The  a r e a  effect for  2024 d e -  
s c r ibed  a b o v e  was  a p p r o a c h e d  f r o m  the  s a m e  po in t  
of v iew.  S tud ie s  w e r e  m a d e  of po t e n t i a l s  and  c u r -  
r en t s  i n v o l v e d  in t he  cor ros ion  process .  T h e s e  w e r e  
fo l l owed  b y  a set  of e x p e r i m e n t s  de s igned  to c l a r i f y  
t he  ro le  of s t ress  in  the  m e c h a n i s m  of f a i lu re .  

Specimen preparation.--The e x a m p l e  of t he  c l a s -  
s ica l  e x p e r i m e n t s  of D ix  a n d  assoc ia tes  (12) was  
fo l l owed  in th is  p h a s e  of t he  s tudy .  G r a i n  b o u n d -  
a r ies  and  g r a i n  cen te r s  w e r e  m a s k e d  on i den t i ca l  
spec imens  of c o p p e r - a l u m i n u m  b i n a r y  a l loy  ( c o m -  
pos i t i on  s h o w n  in T a b l e  I ) .  

The  h igh  p u r i t y  of t he  a l l oy  p e r m i t t e d  easy  
g r o w t h  of l a rge  g r a in s  b y  the  s t r a i n - a n n e a l  me thod .  
F i n a l  g r a i n  size was  in t he  r a n g e  1/2-1 cm ~. F o l l o w -  
ing g r a i n  g rowth ,  spec imens  w e r e  g iven  a caus t ic  
p i c k l e  and  so lu t ion  t r e a t e d .  A n o d e  spec imens  w e r e  
sens i t i zed  fo l lowing  so lu t ion  t r e a t m e n t ;  ca thode  
spec imens  w e r e  'used in t he  s o l u t i o n - t r e a t e d  cond i -  
t ion.  F o l l o w i n g  h e a t  t r e a t m e n t ,  a l l  spec imens  w e r e  
e t ched  in  F l i c k ' s  r e a g e n t  ~ a n d  t h e n  m a s k e d .  

M a s k i n g  c o m p o u n d  was  m a d e  b y  t h i n n i n g  Duco ~ 
c e m e n t  w i t h  Ce l loso lve  ~ and  co lo red  w i t h  fuchs in  
dye.  M a s k i n g  of g r a i n  b o u n d a r y  spec imens  was  p e r -  
f o r m e d  u n d e r  a l ow  p o w e r  mic roscope  (30X)  so t h a t  
e x p o s e d  g r a i n  b o u n d a r y  zones cou ld  be  he ld  to 0.5 
mm.  S ince  the  g r a i n  cen te r  spec imens  w e r e  used  in  
t he  s o l u t i o n - t r e a t e d  condi t ion ,  i t  was  fe l t  t ha t  t he  
en t i r e  su r f ace  of t h e  s p e c i m e n  w o u l d  be  suff ic ient ly  
h o m o g e n e o u s  to obv i a t e  t he  n e e d  for  m a s k i n g  the  
g r a i n  b o u n d a r y  zones.  E l e c t r i c a l  connec t ions  w e r e  
m a d e  b y  p e e n i n g  the  b a r e d  end  of 30 gauge  Tef lon-  
cove red  w i r e  in to  a sl i t  in the  spec imen ;  the  e n t i r e  
jo in t  was  t h e n  cove red  b y  s top-off .  

HC1 (co~c.) 15 ml ,  H F  (48%) 10 ml ,  H20 90 ml .  

E. I. d u  P o n t  de  N e m o u r s  & Co. 

Ca rb ide  & C a r b o n  C h e m i c a l  Co. 
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Effect of Hydrogen Peroxide, Anode Area, and 
Cathode Area on Current  and Potential 

Pairs of specimens prepared as described above 
(anode and a cathode) were exposed unstressed to 
media containing various peroxide concentrations 
plus 53 g/1 NaC1, a fresh pair of specimens for each 
peroxide concentration. Open-circuit  potentials of 
grain boundary  and grain center specimens were 
measured and then shorted through an electronic 
self-balancing zero-resistance ammeter  (13). The 
current  was observed until it reached a steady value 
(about 1 rain). Data derived from these experi-  
ments are shown in Fig. 5 and 6. 
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Fig. 5. Open-circuit potentials of grain center and grain 
boundary specimens in solutions containing 53 g/I NaCI and 
various levels of H20s. 
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Several observations may be made from the data 
shown in Fig. 5. It is to be noted that in all cases 
the grain boundary specimens showed open-circuit  
voltages more anodic than those of the grain centers. 
This indicates clearly that grain boundaries are 
anodic to grain centers at all concentrations of per-  
oxide. 

It is interesting to note that  the anode curves 
shift in the cathodic direction with increasing per-  
oxide concentration. This shift might be caused by 
a depolarization of the local cathodes on the anode 
specimen (the 0.5 mm exposed width would include 
considerable cathode area) ;  it might also be caused 
by a passivation of the anode regions by the oxidiz- 
ing peroxide. The cathode curves show a much less 
marked change in open-circuit  potential with in- 
creasing peroxide. The spread of the potentials at 
zero peroxide for both anodes and cathodes is char-  
acteristic of a luminum in straight salt solutions. 

Figure 6 shows the current  flowing between vari-  
ous areas of anodes and cathodes at different per-  
oxide concentrations. The C~, C~, and C~ curves vary  
in cathode area (with fixed anode area) ; the A~, A~, 
and A~ curves vary  in anode area (with fixed cath- 
ode area).  It should be noted that in all cases the 
couples are under cathodic control. Thus, with ac- 
tual corroding specimens a greater total current 
(hence more rapid penetration) would be expected 
for large area specimens than for small area speci- 
mens, in agreement with the experimental  data of 
Fig. 2. 

Ef]ect of Peroxide Concentration on Polarization o] 
Anodes  and Cathodes 

It  has been shown that the magnitude of the 
couple current  in the above cells is strongly de- 
pendent on the concentration of the cathodic de- 
polarizer, hydrogen peroxide. To assess this effect 
quantitatively, polarization curves (E vs. I) were 
determined for the anode and cathode specimens 
prepared as described above, using three different 
peroxide concentrations, 0, 1.5, and 3.0 g/1 H~O=. 

Potential measurements  were made using a satu- 
rated calomel reference cell equipped with a small 
tubulus. The opening was placed just above the 
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Fig. 6. Current flow between various areas of anode and Fig. 7. Potential vs. current curves for anode and cathode 
cathode specimens at different H~O= concentrations and 53 specimens for various H~O~ concentrations with .53 g/ I  NaCI 
g/l NaCl. (Cu-AI binary alloy). 
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spec imen ,  he ld  in t he  s t ress  j ig  b u t  not  s t ressed .  
C u r r e n t  was  o b t a i n e d  f r o m  a v o l t a g e  d i v i d e r  con-  
nec t ed  across  a 6 -v  b a t t e r y .  G r a i n  b o u n d a r y  spec i -  
mens  w e r e  p o l a r i z e d  a n o d i c a l l y  and  g r a i n  c e n t e r  
spec imens  ca thod ica l ly .  The  i n e r t  e l e c t r o d e  was  a 
p l a t i n u m  screen .  

The  p o l a r i z a t i o n  cu rves  a r e  s h o w n  in Fig .  7. The  
d e p o l a r i z a t i o n  effect  of p e r o x i d e  is seen to be  g r e a t  
in  the  case  of t he  ca thode .  

The  a n o d e  o p e n - c i r c u i t  p o t e n t i a l s  show a sh i f t  in 
t he  ca thod ic  d i r ec t ion  w i t h  i n c r e a s i n g  p e r o x i d e  and,  
su rp r i s i ng ly ,  anode  p o l a r i z a t i o n  is f o u n d  to be  less  a t  
the  h i g h e r  p e r o x i d e  levels .  

Thus,  the  co r ros ion  p rocess  is s t i m u l a t e d  b y  p e r -  
oxide ,  a c t i ng  chief ly as a ca thod ic  depo la r i ze r .  This  
effect is mos t  p r o n o u n c e d  in t he  low c o n c e n t r a t i o n  
r a n g e  (0-1.5 g / l ) .  

Effect of Stress on Polarization of Anodes and 
Cathodes at Varying Peroxide Concentrations 

H a v i n g  e s t a b l i s h e d  the  p o l a r i z a t i o n  cu rves  for  u n -  
s t r e s sed  anodes  a n d  ca thodes ,  t he  ques t ion  t hen  
ar i ses  as to t h e  effect of s t ress  on t h e s e  cu rves  a n d  
in t u r n  on the  coup le  cu r ren t .  The  e x p e r i m e n t s  
used  to o b t a i n  the  cu rves  in Fig.  7 w e r e  r e p e a t e d ;  
in th is  case, h o w e v e r ,  bo th  g r a i n  b o u n d a r y  and  g r a i n  
cen t e r  spec imens  w e r e  s t r e s sed  to 80% y i e l d  
s t r eng th .  The  r e su l t s  of these  runs  a r e  shown  in 
Fig.  8 for  0, 1.5, a n d  3.0 g/1 H202. 

The  di f f icul ty  of o b t a i n i n g  a c c u r a t e  d a t a  on p o -  
l a r i z a t i o n  cu rves  of th is  t y p e  l im i t s  t he  e x t e n t  to 
w h i c h  t h e y  can  be  i n t e r p r e t e d  q u a n t i t a t i v e l y .  I t  is 
poss ible ,  h o w e v e r ,  to r e a c h  ce r t a i n  g e n e r a l  conc lu -  
s ions f rom the  d a t a  Fig .  8: (a )  anod ic  a c t i v i t y  a p -  
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Fig. 9. Effect of stress on rate of penetration of 2024 
specimens by applied anodic current (53 g / I  NaCI). 

p e a r s  to be  i n c r e a s e d  cons i s t en t l y  b y  s t ress  a t  a l l  
p e r o x i d e  leve ls ;  t he  ca thod ic  effect is no t  c l ea r  cut ;  
(b)  t he  i nc rea se  in anod ic  a c t i v i t y  p r o d u c e d  b y  
s t ress  does no t  a p p e a r  to be  suff icient  to account  for  
t he  v e r y  m a r k e d  effect of s t ress  on the  p e n e t r a t i o n  
r a t e  in  a c t u a l  s t ress  cor ros ion .  

Effect of Stress on Rate of Penetration 

The  d a t a  p r e s e n t e d  thus  f a r  h a v e  shown  tha t  t he  
s t ress  does  no t  i nc rea se  t he  co r ros ion  c u r r e n t  suffi- 
c i en t l y  to accoun t  for  t he  m a r k e d  a c c e l e r a t i o n  of 
f a i lu re .  To f u r t h e r  c l a r i f y  t he  ro le  of s t ress ,  t he  
r a t e  of p e n e t r a t i o n  was  m e a s u r e d .  

S p e c i m e n s  of sens i t i zed  2024 a l loy  m a s k e d  to e x -  
pose  0.3 x 1.9 cm a reas  w e r e  m a d e  anod ic  in  a so lu-  
t ion  of 53 g/1 NaC1. The  anod ic  c u r r e n t  was  he ld  
cons t an t  a t  12 ma,  and  bo th  s t r e s sed  and  u n s t r e s s e d  
s p e c i m e n s  w e r e  exposed .  S p e c i m e n s  w e r e  r e m o v e d  
a f t e r  c e r t a i n  t imes  of exposure ,  and  cross  sect ions  
w e r e  e x a m i n e d  m e t a l l o g r a p h i c a l l y  to d e t e r m i n e  the  
d e p t h  of p e n e t r a t i o n .  The  r e su l t s  a r e  shown  in 
Fig.  9. 

The  cu rves  fo r  bo th  s t r e s sed  and  u n s t r e s s e d  spec i -  
m e n s  fo l low the  s a m e  course  up  to 25 rain,  a t  w h i c h  
p o i n t  t he  u n s t r e s s e d  spec imens  suffer  no f u r t h e r  
p e n e t r a t i o n ,  w h i l e  the  s t r e s sed  spec imens  u n d e r g o  
c o n t i n u e d  p e n e t r a t i o n ,  r e a c h i n g  f a i l u r e  a t  a b o u t  
60 min.  I t  shou ld  be  r e m e m b e r e d  t h a t  " f a i l u r e "  is 
def ined  as an  i nc rea se  in d e f l e c t i o n - - d u e  to ca r -  

Fig. 10. Sensitized unstressed 2024 specimen after ex- 
posure to 53 g / I  NaCI with 12 ma anodic current for .54 
rain. 
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Fig. 11. Sensitized, stressed 2024 specimen after exposure 
to 53 g/ I  NaCI with 12 ma anodic current for 54 rain. 

r o s i o n - - o f  1/s in. This  o b s e r v a t i o n  has  been  no ted  b y  
o the r s  (6, 7, 14), viz, t he  s t ress  is i m p o r t a n t  on ly  in 
t h e  l a t t e r  s tages  of exposure .  

P h o t o m i c r o g r a p h s  of t he  u n s t r e s s e d  and  s t r e s sed  
spec imens  a f t e r  5 4 - m i n  e x p o s u r e  ( j u s t  be fo re  f a i l -  
u r e  of  the  s t r e s sed  s p e c i m e n )  a r e  s h o w n  in Fig .  10 
and  11, r e spec t i ve ly .  These  m i c r o s t r u c t u r e s  show the  
g r e a t e r  p e n e t r a t i o n  for  the  s t r e s sed  spec imen  and,  
a l t h o u g h  not  too c l ea r ly ,  the  g r e a t e r  t o t a l  a t t a c k  in 
t he  case  of t he  s t r e s sed  spec imen .  Bo th  s t r e s sed  and  
uns t r e s sed  spec imens  w e r e  exposed  to the  s a m e  ( e x -  
t e r n a l l y  a p p l i e d )  c u r r e n t  for  the  s ame  t ime,  b u t  i t  
was  o b s e r v e d  t h a t  h y d r o g e n  was  evo lved  f rom the  
s t r e s sed  s p e c i m e n  only .  This  i nd i ca t e s  t ha t  loca l  ac -  
t ion was  i n i t i a t e d  b y  the  s t ress  a n d  accounts  for  t he  
g r e a t e r  t o t a l  a t t a c k  of the  s t r e s sed  spec imen .  

Some  w o r k e r s  (1, 4, 5) feel  t h a t  th is  loca l  ac t ion  
is i n d u c e d  b y  the  c r e a t i o n  of e s s e n t i a l l y  f i l m - f r e e  
m e t a l  in t he  base  of t h e  c rack ,  which ,  because  of i ts  
g r e a t l y  i nc r ea sed  anod ic  ac t iv i ty ,  i nc reases  t he  cou-  
p le  c u r r e n t  b e t w e e n  the  ca thod ic  s p e c i m e n  su r f ace  
(or  c r a c k  w a l l s )  and  the  ba se  of the  crack .  I t  seems  
m o r e  l ike ly ,  h o w e v e r ,  tha t ,  if  f i l m - f r e e  m e t a l  is p r o -  
d u c e d  in t he  crack ,  t h e  n a t u r e  and  s i te  of t h e  ca -  
thodic  ac t ion  a r e  a l t e r e d  to i nc lude  r e d u c t i o n  of H + 
to H in t he  c r a c k  apex ,  as w e l l  as t he  r e d u c t i o n  of 
p e r o x i d e  on the  c r ev i ce  wal ls .  This  is d i scussed  
f u r t h e r  be low.  

A s i m i l a r  e x p e r i m e n t  was  p e r f o r m e d  us ing  the  
h i g h - p u r i t y  b i n a r y  a l loy.  The  p e n e t r a t i o n - t i m e  
c u r v e  for  a s t ressed  s p e c i m e n  is s h o w n  in Fig.  12. 
I t  shou ld  be no ted  t h a t  c o m p l e t e  p e n e t r a t i o n  oc-  
c u r r e d  in 5 min  as c o m p a r e d  to 60 ra in  for  f a i l u r e  
of s t ressed  2024 spec imen .  F i g u r e  13 shows  the  u n -  
e t ched  m i c r o s t r u c t u r e  of  t h e  b i n a r y  s p e c i m e n  ju s t  
be fo re  c o m p l e t e  p e n e t r a t i o n .  

The  d i f fe rences  in  c r a c k i n g  t i m e  a n d  in a p p e a r -  
ance  b e t w e e n  the  2024 and  the  h i g h - p u r i t y  b i n a r y  
a l loy  a r e  pos s ib ly  due  to d i f fe rences  in g r a i n  size 
and  g r a i n  b o u n d a r y  p u r i t y .  

Discussion 

The  a b o v e  e x p e r i m e n t s  d e m o n s t r a t e  t ha t  the  
s t ress  cor ros ion  c r a c k i n g  of A1-4% Cu t y p e  of a l loys  
is d e p e n d e n t  on the  a r e a  e x p o s e d  to the  cor ros ion  
m e d i u m .  This  a r e a  effect is e l e c t r o c h e m i c a l  in  n a -  
t u r e  and  has  been  r e l a t e d  to t he  t o t a l  ca thod ic  ac -  
t i v i t y  of the  cor ros ion  cell.  F u r t h e r m o r e ,  h y d r o g e n  
p e r o x i d e  has  a g r e a t  in f luence  on the  t i m e  to f a i l u r e  
of these  a l loys  and  a t  h igh  c o n c e n t r a t i o n s  t ends  to 
m i n i m i z e  the  effect of a rea .  

s 

tO 

w 
e~ 

20 

o 

25 
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Fig. 12. Penetratian of stressed AI-4% Cu binary alloy by 
applied anodic current. 

Fig. 13. Stressed AI-4% Cu binary al lay after exposure to 
53 g / I  NaCI with 12 ma anodic current far 4Y2 rain. 

E x p e r i m e n t s  w i t h  p a r t i a l l y  m a s k e d  s p e c i m e n s  
s h o w e d  tha t  t he  g r a i n  b o u n d a r i e s  of sens i t i zed  a l l oy  
a r e  anod ic  to t he  g r a i n  cen te r s  a t  a l l  c o n c e n t r a t i o n s  
of p e r o x i d e  tes ted .  I t  was  also shown  t h a t  the  g r a i n  
b o u n d a r y / g r a i n  c e n t e r  cel l  is u n d e r  ca thod ic  con -  
t rol .  H y d r o g e n  p e r o x i d e  func t i oned  as an  ac t ive  c a -  
t hod ic  depo la r i ze r ,  bu t  h a d  l i t t l e  effect  on anod ic  
act ion.  S a t u r a t i o n  b y  m o l e c u l a r  o x y g e n  was  found  to 
be f a r  less e f fec t ive  in  d e p o l a r i z a t i o n  t h a n  pe rox ide .  

Some  inc rea se  in anod ic  a c t i v i t y  was  o b s e r v e d  
w h e n  s t ress  was  app l i ed ,  b u t  t he  effect  was  r e l a -  
t i v e l y  sma l l  c o m p a r e d  to t he  ca thod ic  effect  p r o -  
d u c e d  b y  pe rox ide .  I t  a p p e a r e d  t h a t  t h e  s t ress  e x -  
e r t e d  no inf luence  on the  r a t e  of p e n e t r a t i o n  of t he  
spec imen  un t i l  a b o u t  ha l f  t he  to ta l  t i m e - t o - f a i l u r e  
had  e lapsed .  

The  course  of a t t a c k  of a s t r e s sed  s p e c i m e n  m i g h t  
be  as fo l lows:  w h e n  first  i m m e r s e d  in  t he  m e d i u m ,  
a cell  is set  up  b e t w e e n  the  g r a i n  cen te r s  and  g r a i n  
b o u n d a r i e s  of t he  piece.  The  m a g n i t u d e  of t he  c u r -  
r e n t  flow d e p e n d s  on the  a r e a  of ca thode ,  i t s  c o m -  
pos i t ion ,  compos i t i on  of t he  anode ,  and  t h e  com-  
pos i t ion  of t he  m e d i u m .  A s  the  c u r r e n t  flows, t he  
g r a i n  b o u n d a r i e s  a r e '  ox id i zed  p r e f e r e n t i a l l y ,  r e -  
su l t i ng  in t h e  f o r m a t i o n  of t r enches .  As  the  t r enches  
d e e p e n  w i t h  t i m e  and  t h e i r  ap ices  b e c o m e  s h a r p e r ,  
t he  s t ress  inc reases  due  to no tch  effect. W h e n  the  
y i e ld  s t r e n g t h  of t he  g r a i n  b o u n d a r y  ( d e p l e t e d  
zone)  is r eached ,  t he  s p e c i m e n  r a p i d l y  fai ls .  

I t  is t he  m e c h a n i s m  of t h e  l as t  s t age  of the  c r a c k -  
ing  p rocess  ( w h e n  t h e  effect of s t ress  is n o t e d )  t ha t  
is fe l t  to be  i n a d e q u a t e  in p r e s e n t  theor ies .  Most  of 
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Fig. 14. Tube of AI-4% Cu olloy, quenched end sensitized, 
subjected to hydroulic internol pressure to bursting. Above, 
full size photogroph before reduction for publicotion. Note 
greater deformotion in grain boundories than in groin centers. 
Below, photomicrogroph of o groin boundory neor the fQilure 
zone. Note groin boundory deformotion. Etchont: 20 ports 
HN03, 20 parts HF, 60 ports glycerin. MagnificQtion ] 50X 
before reduction for publication. 

these pos tu la te  an increase in gra in  b o u n d a r y - g r a i n  
center  couple current ,  due to film rup tu re  or meta l  
rup tu re  which expose fresh unfi lmed metal .  

In the present  work, however,  the effect of stress 
on the anodic polar izat ion curves for grain bound-  
ary  zones does not appear  sufficiently great  to sup- 
por t  the  above mechanism. An a l te rna t ive  mech-  
anism is suggested which appears  to fit be t te r  the 
observed effect of stress on cracking rate.  

Champion (8) and Logan (9) suggest tha t  when 
the y ie ld  s t rength  of the grain bounda ry  ma te r i a l  
is exceeded (by the stress concentrat ion effect), 
plast ic  flow begins which rup tures  the film. This 
suggestion is reasonable  since it has been demon-  
s t ra ted  adequa te ly  e lsewhere  tha t  in sensit ized al -  
loys the gra in  bounda ry  zones are  deple ted  in cop- 
per  and magnesium, and, further ,  that  al loys wi th  
lower copper contents show lower yie ld  s t rength 
and higher  duct i l i ty  than  those wi th  the nominal  
2024 composit ion (15). Evidence of this fact  is 
shown in Fig. 14, where  grain bounda ry  flow ~ is 
obvious. 

When the 2024 specimen reaches the stage where  
the grain boundar ies  begin to flow, the film wil l  be 
broken,  thus exposing fresh metal .  There wil l  be a 
constant  tendency to refilm this naked  metal .  If the 
flow is slow (low stress) ,  the meta l  wi l l  remain  
re la t ive ly  inact ive due to rap id  heal ing of its oxide 
film. If the deformat ion  is rapid,  however,  the me-  
dium wil l  be unable  to main ta in  the film, the  gra in  
bounda ry  meta l  wi l l  go into solution wi th  evolution 
of hydrogen,  and the  crack wil l  p ropagate  rapidly .  

Thus, in effect, the propagat ion  of a crack con- 
sists of a continuous react ion in which ex t remely  

Gra in  boundary  flow in this  s tudy re fe rs  to flow of the  depleted 
meta l  ad jacen t  to the  g r a in  boundary.  

active a luminum is exposed through film rup tu re  
and oxidized by direct  react ion with the corrosion 
medium. This occurs only af ter  e lectrochemical  a t -  
tack has proceeded to the point  where  the notch ef-  
fect has increased the stress level  in the gra in  
boundary  zones beyond the yie ld  s t rength  of the de-  
p le ted  zone. When the s t ra in  ra te  in this region is 
sufficient to p reven t  film maintenance,  the ex-  
t r emely  rapid  (a lmost  explosive)  pene t ra t ion  oc- 
curs. It is felt  that  hydrogen  evolut ion la rge ly  re-  
places peroxide  reduct ion as the cathodic react ion 
dur ing  this phase of cracking.  

Summar iz ing  then, pene t ra t ion  by s t ress -cor ro-  
sion occurs by two mechanisms;  first, a galvanic dis-  
solution of the deple ted  grain boundar ies  in which 
the ra te  depends  on the area  and composit ion of the 
anodes and cathodes, and second, a hydrogen  evolu-  
t ion type of dissolution of the deple ted  grain bound-  
ary  beginning when the s t ra in  ra te  of the grain 
boundary  is too great  to pe rmi t  refilming, this stage 
being independent  of cathodic area. The t r igger ing  
of the second mechanism, whose ra te  is much fas ter  
than  the first, depends on the or ienta t ion of grain 
boundar ies  re la t ive  to the direct ion of stress app l i -  
cation and the sharpness of the grain bounda ry  
t rench apices. 
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Grain Growth and Flecking in Electroplated Copper 
Caused by Cyclic Stress 

H. Okubo and N. Nozaki 

Nagoya University, Nagoya, Japan 

ABSTRACT 

Microscopic invest igat ion has been made on microflecks produced by cyclic 
stress on the surface of electroplated copper. Examinat ion  of the surface and 
cross section of the plated copper after stressing reveals that  some of the 
micrograins consti tut ing the plated metal  grow to a considerable size. 

It  is ascertained that the flecks are always produced when grain growth 
occurs in the plated metal  and can never  be produced when grain growth 
does not occur. 

The e lec t rop la t ing  me thod  o r ig ina ted  by  one  of 
the p resen t  au thors  p roved  usefu l  for an  accura te  
d e t e r m i n a t i o n  of the  sur face  stress (1) .  The  me thod  
is based on the  sens i t ive  color change  on  the  su r -  
face of a coppe r -p l a t ed  spec imen  made  by  mic ro -  
flecks p roduced  by  cyclic stress. The re  is l i t t le  i n -  
fo rma t ion  ava i l ab le  on the de ta i led  process as to 
how flecks a re  p roduced  by  cyclic stress. For  an  i m-  
p r o v e m e n t  of the  e lec t rop la t ing  method,  however ,  it  
is most  essent ia l  tha t  the  m e c h a n i s m  of p roduc ing  
the flecks be found.  

Experimental 
Conditions for deposition.--Specimens used in  this  

e x p e r i m e n t  are conical  rods of ca rbon  steel. They  
are p repa red  by  t r e a t m e n t  in  d i lu te  H2SO4 a nd  
caustic a lka l i  af ter  a fine pol i sh ing  and  then  re -  
ceive a p r e l i m i n a r y  deposit  of copper f rom a cyan ide  
copper vat .  

The condi t ions  for deposi t ion are as follows: 

Solu t ion :  CuSO4.SH~O 250 g 

H~SO4 80 g 
H20 1 1 

C u r r e n t  dens i ty :  3 amp/dm~;  t e m p e r a t u r e :  23~ 
Ba th  vol tage:  0.5 v; d u r a t i o n  of deposi t ion:  15 rain. 

Microscopic examination.--Examining the surface  
of a spec imen  u n d e r g o i n g  color change,  as shown in  
Fig. 1, by  microscope,  mic rogroups  of fine flaws 
mixed  among  the flecks are found  and  these flaws 
r u n  a lmost  pa ra l l e l  to the p lanes  of m a x i m u m  shear  
(2).  1 F i g u r e  2 is a m ic rog raph  of the flaws p roduced  
on the sur face  of a spec imen by  ro t a ry  b e n d i n g  test ;  
Fig. 3 is a m ic rog raph  of flaws p roduced  by  tor -  
s ion test ;  the  a r rows  ind ica te  the axia l  d i rec t ion  of 
the  specimens.  Close e x a m i n a t i o n  shows tha t  a fleck 

1 S i m i l a r  f l aws  a r e  a lso  four ld  w h e n  b r a s s  is u s e d  as  t h e  g r o u n d  
m e t a l  i n s t e a d  of steel .  

is not  a mass of flaws and  tha t  the  group of flaws 
is no t  a lways  s i tua ted  exac t ly  in  a fleck. 

W h e n  a spec imen is exposed to a flow of h y d r o g e n  
gas at 300~ d u r i n g  the  compara t i ve ly  shor t  i n t e r -  
va l  of 5 rain, the flecks disappear ,  l e a v i ng  only  a 
trace, whi le  the groups of flaws suffer no change  
wha teve r .  F i g u r e  4 is an  or ig ina l  fleck a nd  Fig. 5 
its t race  deoxidized by  a flow of h y d r o g e n  gas. W h e n  
a spec imen  is exposed to a flow of ca rbon  dioxide 
at the same t empera tu r e ,  the  flecks suffer no change.  
This indica tes  tha t  the flecks are  no t  p roduced  by  a 
mechan ica l  change  on the surface  as are  the  flaws, 
bu t  tha t  they  are p roduced  by  a chemical  change  
occur r ing  in  the surface layer  of the  p la ted  metal .  

Fig. 1. Test piece partially changed in color 

Fig. 2. Flaws, rotary bending (IO00X) 
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Being only in the surface, the flecks are read i ly  re -  
moved by slight electropolishing.  

Grain growth in plated metaL--Microscopic ex-  
aminat ion  of the surface and cross section of a speci-  
men having  been color-changed,  electropolished,  
and etched, reveals  the na ture  of gra in  growth in 
the p la ted  metal .  F igures  6 and 7 are cross sections 
of specimens showing the ini t ia l  status of grain 
growth,  namely,  the number  of repet i t ions  of cyclic 
stress has been below one mill ion,  the  flecks have 
not as yet  appeared,  and the surface of the specimen 
has not changed in color, while  the physical  change 
as shown in the figures is a l ready  found in the 
p la ted  metal.  

With sufficient increase in the number  of repe t i -  
tions of cyclic stress, the grains grow up to the sur -  

Fig. 6. Initial status of  grain growth, af ter  direct stress of 
___18 k g / m m  2 for 9 X 1 0  ~ cycles ( IO00X).  

Fig. 7. Initial status of grain growth, af ter direct stress of 
+ 1 8  kg /mrn 2 for 9 X  10 ~ cycles ( IO00X).  

Fig. 3. Flaws, torsion ( IO00X) 

Fig. 4. Fleck, before deoxidat ion (330X) 

Fig. S. Fleck deoxidized in hydrogen gas (330X) 

Fig. 8. Grown grain, af ter direct stress of + 1 8  kg / rnm 2 for 
5 X 10 ~ cycles (1000X).  

face of the p la ted  metal ,  as shown in Fig. 8 and 9, 
and the flecks are  produced.  

F igures  10 and 11 are  micrographs,  t h e  former  of 
a fleck and the la t te r  of a figure on the etched sur -  
face af ter  sl ight electropolishing.  By means  of e tch-  
ing, one can dis t inguish easi ly be tween  the pa r t  
changed in physical  const i tut ion and the remain ing  
part ,  namely,  be tween a large  grown grain and the 
neighbor ing micrograins.  

Comparison of the  x - r a y  pa t t e rns  before  and af ter  
s tressing also suggests gra in  growth in the p la ted  
metal .  X - r a y  pa t te rns  are shown in Fig. 12 and 13. 

These resul ts  show that,  when a specimen p la ted  
with  copper is submit ted  to reversa ls  of cyclic stress, 
if the magn i tude  of the stress exceeds the "proper  
stress", ~ some of the  microgra ins  in the p la ted  meta l  
g radua l ly  grow to a considerable  size wi th  increase 
of the  number  of repeti t ions.  Then the microgroups  
of fine flaws appear  on the surface of these grown 
grains. 

e I n  a p r e v i o u s  p a p e r ,  t h e  l i m i t  v a l u e  of t h e  cyc l i c  s t ress  w i t h i n  
w h i c h  t h e  f l ecks  a r e  no t  p r o d u c e d  b y  f a t i g u e  is  t e r m e d  " p r o p e r  
s t r e s s "  of  t h e  p l a t e d  m e t a l ,  T h e  v a l u e  of t h e  p r o p e r  s t ress ,  h o w e v e r ,  
is a n o m i n a l  o n e  a n d  is no t  t h e  t r u e  v a l u e  of t h e  s t r e s s  a r i s i n g  in  
t h e  p l a t e d  m e t a l  s ince  i t  is c a l c u l a t e d  f r o m  t h e  b e n d i n g  m o m e n t  or  
t h e  t w i s t i n g  m o m e n t  a c t i n g  on  a s p e c i m e n  a n d  i g n o r e s  t h e  d i f f e r -  
e n c e  b e t w e e n  t h e  e l a s t i c  m o d u l i  o2 c o p p e r  a n d  s t e e l ;  t h e  v a l u e  of 
t h e  p r o p e r  s t r e s s  is b a s e d  on t h e  e l a s t i c  m o d u l u s  of  t h e  u n d e r l y i n g  
s tee l .  T h e  p r o p e r  s t r e s s  is u s u a l l y  m u c h  s m a l l e r  t h a n  t h e  e n d u r a n c e  
l i m i t  of  t h e  s tee l .  
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In cases where  the  size of grown grains is quite 
small,  the grain growth  genera l ly  occurs at a lower  
value of cyclic stress than usual  and the value  of the 
proper  stress is apprec iab ly  reduced.  The micro-  
groups of fine flaws described usual ly  are  not  found 
in this case. 

F igure  14 is a surface view showing grown grains 
in the p la ted  meta l  when the p la t ing  solution is 
made  with  commercia l  grade copper sulfate. Figures  

Fig. 9. Grown grain, after direct stress of •  kg/mm '~ for 
5X 10" cycles (IO00X). 

Fig. I0. Fleck (330X) 
Fig. 12. X-ray pattern, before stressing 

Fig. I 1. Etched figure after electropolishing, showing a 
grown grain and the neighboring micrograins (330X). 

Size o] grown grains.--The size of grown grains  
is a lmost  equal  to the size of flecks and often to the 
grain size of the under ly ing  steel. The grain size of 
the  ground meta l  may  affect the size of grown 
grains, but  the definite re la t ion be tween  them is not 
ye t  known. 

The size of grown grains is considerably  affected 
by various conditions even though the same ground 
steel is used, for example  by  a slight difference in 
p la t ing  solution, by  the t empe ra tu r e  of deposition, 
by the heat  t r ea tmen t  of specimens, and other  
factors. 

The size of grown grains is much smal ler  when 
the p la t ing  solution is made  with  cupric oxide  in-  
s tead of commercia l  copper sulfate,  when the t em-  
pe ra tu re  of deposi t ion is much higher  than room 
tempera ture ,  and when specimens are  annealed at  a 
t empera tu re  near  250~ 

Fig. 13. X-ray pattern, after direct stress of __+22 kg/mm ~ 
for 16 X 10 e cycles. 

Fig. 14. Grown grains, plating solution made with cupric 
oxide (330X). 
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Fig. 15. Annealed at 250~ before stressing (1000X) Fig. 18. Annealed at 350~ after stressing (1000X) 

Fig. 16. Annealed at 250~ after stressing (1000X) 

Fig. 17. Annealed at 350~ before stressing (1000X) 

15 and  16 a re  su r f ace  v i ews  showing  the  cons t i t u t ion  
of the  p l a t e d  m e t a l  b e f o r e  and  a f t e r  s t ress ing ,  r e -  
spec t ive ly ,  w h e n  t h e  s p e c i m e n  is a n n e a l e d  a t  250~ 
for  1 h r  in vacuum.  As  is shown  in Fig.  15, the  r e -  
c r y s t a l l i z a t i o n  of copper  occurs  in p a r t  b y  the  h e a t  
t r e a t m e n t .  C o m p a r i n g  Fig.  14, 16, and  11, i t  w o u l d  
a p p e a r  t ha t  the  size of g r o w n  g ra in s  becomes  m u c h  
s m a l l e r  t h a n  in t he  u s u a l  case. 

Effect of heat treatment.--Figures 17 and  18 show 
the  su r f ace  of  the  p l a t e d  m e t a l  a n n e a l e d  a t  350~ 
be fo re  a n d  a f t e r  s t ress ing ,  r e spec t i ve ly .  In  th is  case, 
s ince  the  p rog re s s  of r e c r y s t a l l i z a t i o n  of coppe r  is 
c o n s i d e r a b l y  a d v a n c e d ,  t h e  g ra in  g r o w t h  caused  b y  
cycl ic  s t ress  does no t  occur  and  the  flecks d e s c r i b e d  

Fig. 19. Annealed at 600~ before stressing (1000X) 

a r e  no t  p r o d u c e d .  The  su r f ace  of a s p e c i m e n  s u b -  
m i t t e d  to cycl ic  s t ress ,  howeve r ,  becomes  t a r n i s h e d  
owing  to t he  a p p e a r a n c e  of microf laws,  as shown  
in Fig.  18. 

F i g u r e s  19 and  20 a re  v i ews  of t he  su r face  and  
cross  sec t ion  of the  p l a t e d  m e t a l  a n n e a l e d  at  600~ 
w h e r e  the  r e c r y s t a l l i z a t i o n  of copper  is comple te .  
The  e n d u r a n c e  l i m i t  of a n n e a l e d  c o p p e r  (3)  a l m o s t  
ag rees  w i th  t h e  t r ue  v a l u e  of the  p r o p e r  s t ress  of t he  
p l a t e d  me ta l .  Consequen t ly ,  w h e n  the  m a g n i t u d e  of 
the  cycl ic  s t ress  passes  the  p r o p e r  s t ress ,  f a t i gue  
c racks  a p p e a r  i n s t e a d  of the  flecks, as shown in 
Fig.  21. 

Conclusion and Remarks 
The  e x p e r i m e n t a l  r e su l t s  d e s c r i b e d  i nd i ca t e  t h a t  

the  flecks a r e  p r o d u c e d  on ly  w h e n  the  g r a in s  con-  
s t i t u t i n g  the  p l a t e d  m e t a l  deve lop  in sufficient  size 
to r e a c h  its su r f ace  and  can  n e v e r  be  p r o d u c e d  w h e n  
g r a i n  g r o w t h  does no t  occur.  

The  m e c h a n i s m  of the  f lecking and  the  subs t ance  
which  causes  t h e  c h e m i c a l  change  c r e a t i n g  t h e  flecks 
h a v e  no t  been  de f in i t e ly  k n o w n  u n t i l  now.  I t  m a y  be  
conc luded  t ha t  t he  chemica l  change  is due  to some 
subs t ance  c o n t a i n e d  in the  p l a t e d  m e t a l  and  not  to 
o x y g e n  in t he  a t m o s p h e r e .  This  is ver i f ied  b y  the  
fac t  tha t ,  w h e n  a spec imen  is i so la ted  f r o m  the  a i r  
b y  a coa t ing  of v i n y l  p r i o r  to s t ress ing ,  i t  changes  as 
u s u a l  in co lor  w h i l e  t h e r e  is no d i s c e r n i b l e  change  
in the  a p p e a r a n c e  of the  flecks. 

As  was  d e s c r i b e d  in a p r e v i o u s  pape r ,  t he  p r e -  
d o m i n a t i n g  s t ress  p r o d u c i n g  the  flecks is s h e a r i n g  
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Fig. 20. Annealed at 600~ before stressing (1000X) 

Fig. 21. Annealed at 600~ after stressing (1000X) 

s t ress  (4) .  Consequen t ly ,  the  p h y s i c a l  change  in t he  
cons t i t u t i on  of t he  p l a t e d  m e t a l  can  be  a t t r i b u t e d  
to the  r e v e r s a l s  of s h e a r i n g  s t ra in .  

I t  is k n o w n  tha t  a v e r y  s m a l l  q u a n t i t y  of g e l a t i n e  
m i x e d  in t he  p l a t i n g  so lu t ion  ra i ses  t he  v a l u e  of t he  
p r o p e r  s t ress  r e m a r k a b l y  (4) .  The  ge la t ine ,  m i x e d  

w i t h  t he  m i c r o g r a i n s  of t he  p l a t e d  me ta l ,  p r e v e n t s  
the  g r a in s  f rom g r o w i n g  a n d  res i s t s  o r i e n t a t i o n  of 
flecks. 

The  t e m p e r a t u r e  r i se  on the  p l a t e d  m e t a l  d u r i n g  
s t r e s s ing  has  been  m e a s u r e d  b y  Kikuchi"  b y  m e a n s  
of t he  e l e c t r o s t r a i n  gauge.  A c c o r d i n g  to his  f indings,  
the  t e m p e r a t u r e  r i se  beg ins  a t  the  po in t  of p r o p e r  
s t ress ,  b u t  a m o u n t s  to on ly  s e v e r a l  deg ree s  even  for  
s t r e s s i n g  in c o n s i d e r a b l e  excess  ove r  t he  p r o p e r  
s t ress .  I t  is conc luded  t h a t  such  a s m a l l  t e m p e r a t u r e  
r i se  c a n n o t  be  t he  cause  of g r a i n  g rowth ,  w h i c h  t h e n  
m u s t  be  a t t r i b u t e d  to a p u r e l y  m e c h a n i c a l  cause.  
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ABSTRACT 

The product ion of a luminized screens for  cathode r a y  tubes involves the  
fo rmat ion  of a t empora ry  organic ba r r i e r  film on the phosphor  coating on 
which the a luminum may  be deposi ted.  Defects in this  film produce  undes i rab le  
blemishes  on the finished screen. Cer ta in  inheren t  defects encountered  when 
employ ing  a "flow filming" technique are  described,  and the fundamen ta l  
factors governing thei r  fo rmat ion  and prevent ion  are  considered.  

The  use of  a l u m i n i z e d  c a t h o d e  r a y  t ube  sc reens  
has  become  a lmos t  u n i v e r s a l  in the  m a n u f a c t u r e  of 
t e l ev i s ion  p i c t u r e  t u b e s  and  to a l e s se r  e x t e n t  in the  
m a n u f a c t u r e  of i n s t r u m e n t  and  r a d a r  tubes .  The  
w e l l - k n o w n  t e c h n i q u e  of  a l u m i n i z i n g  sc reens  in -  
vo lves  t he  p r o d u c t i o n  of a t e m p o r a r y  o rgan ic  b a r -  
r i e r  l a y e r  or  f i lm u p o n  w h i c h  the  re f l ec t ing  a l u m i -  
n u m  coa t ing  m a y  be  depos i t ed ,  u s u a l l y  b y  e v a p o r a -  
t ion in v a c u u m .  The  success  of t h e  a l u m i n i z i n g  
process  d e p e n d s  l a r g e l y  on t h e  p r o d u c t i o n  of  th is  

o rgan i c  f i lm f r ee  f r o m  v a r i a t i o n s  in t h i cknes s  and 
i m p e r f e c t i o n s  w h i c h  w o u l d  a l l ow the  a l u m i n u m  to 
p e n e t r a t e  r o u n d  the  p h o s p h o r  c r y s t a l s  and  so cause  
loca l  u n d e s i r a b l e  r e d u c t i o n s  in  t he  l i gh t  o u t p u t  f rom 
the  screen~ I t  is also n e c e s s a r y  for  th is  l a y e r  to be  
e x t r e m e l y  th in  ( less  t h a n  1~) and  to be  c o m p o s e d  of 
a m a t e r i a l  t h a t  m a y  be r e m o v e d  f r o m  the  sc reen  
d u r i n g  s u b s e q u e n t  b a k i n g  t r e a t m e n t .  N i t r o c e l l u l o s e  
a n d  m e t h a c r y l i c  res ins  h a v e  been  found  to be  su i t -  
ab l e  f i lm f o r m i n g  m a t e r i a l s .  



Vol. 105, No. 7 

Fig. 1. General appearance of lace pattern in the lacquer 
fi lm on o 14-in. screen. 

Fig. 2. Areas of laced fi lm showing tendency to globulizo- 
tion and lens formation. Magnification, top 50X, bottom 
100X before reduction for publication. 

The b a r r i e r  l ayer  has been  p r epa red  by  severa l  
d i f ferent  t echniques ,  each p r e sen t i ng  its own  p a r -  
t i cu la r  p rob lems  and  p roduc ing  charac ter i s t ic  de-  
fects. I t  is proposed to l imi t  this paper  to a br ie f  de-  
scr ip t ion  of a "flow f i lming"  technique ,  as it  has 
come to be called, and  to a s tudy  of some associated 
surface  phenomena .  

A l t h o u g h  a comple te  q u a n t i t a t i v e  e x p l a n a t i o n  of 
all  aspects  of the  p h e n o m e n a  has not  been  possible,  
an  ou t l ine  wi l l  be g iven  of the  f u n d a m e n t a l  factors 
involved,  toge ther  w i th  appropr i a t e  resul ts  of more  
empi r ica l  inves t iga t ions .  In  the  inves t iga t ions ,  phos-  
phor  screens have  been  p roduced  by  a po tass ium 
si l icate se t t l ing  process wi th  b a r i u m  n i t r a t e  as the 
p rec ip i t an t  and  electrolyte.  

Flow Filming Process 

The flow f i lming t echn ique  consists essent ia l ]y  of 
the fo l lowing  opera t ions :  

1. A n  excess of a d i lu te  so lu t ion  or l acquer  of a 
film fo rming  res in  in  a wa t e r  immisc ib le  solvent ,  for 
example  b u t y l  m e t h a c r y l a t e  in  to luene,  is spread  
over  the surface  of the  w a t e r - m o i s t e n e d  screen. A 
w a t e r - m o i s t e n e d  screen is here  cons idered  to be a 
screen w h e r e i n  the  capi l lar ies  b e t w e e n  the  phosphor  
gra ins  are filled or pa r t i a l l y  filled w i th  w a t e r  or 
o ther  aqueous  solut ion.  
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2. Excess l acquer  is d r a i ne d  off. 
3. The r e s u l t a n t  l iqu id  film is a l lowed to sol idify 

by  evapora t ion  of the  solvent ,  thus  f o r mi ng  a solid 
film. 

Defects in the Fi lm Structure 

W h e n  the l acquer  is appl ied  u n d e r  specific con-  
d i t ions  of screen wetness  a nd  subs t r a t e  pH a nd  also 
w h e n  pa r t i cu l a r  l acquers  are  used, the l iqu id  film so 
p roduced  breaks  up and  the  r e s u l t a n t  solid film 
forms a lacel ike  pa t t e rn ,  as shown in  Fig. 1. These 
pa t t e rn s  consist  of regions  of v a r y i n g  film th ickness  
or absence  of film and  v a r y  in  size f rom smal l  s t a r -  
l ike shapes to la rge  i r r e gu l a r  areas. A Closer e x a m i -  
n a t i o n  of solid films r emoved  f rom screens indica tes  
tha t  the  regions  of laced films do themse lves  con-  
sist of a m i n u t e  s t ruc tu re  of th ick  and  th in  film as 
shown  in  Fig. 2. 

It  has been  found  tha t  this s t ruc tu re  does no t  oc- 
cur  on phosphor  screens only,  bu t  m a y  be p roduced  
wi th  the same  ma te r i a l s  on a n y  porous  surface  such 
as mois tened  filter papers  and  s in te red  glass plates.  

Basic Theoretical Considerations 

Factors  g o v e r n i n g  the s tab i l i ty  of surface  films of 
one l iqu id  on ano the r  have  been  s tudied  by  m a n y  
worker s  (1-5) .  Consider  the  condi t ions  tha t  govern  
the  sp read ing  of a l iqu id  A of surface  ene rgy  ~/A per  
u n i t  a rea  on a denser  l iqu id  B of surface  ene rgy  7B 
per  u n i t  area.  L iqu id  A spreads  spontaneous ly ,  p ro-  
duc ing  a l i q u i d - l i q u i d  in te r face  of ene rgy  7B, per  
u n i t  a rea  and  a l i qu id -gas  in te r face  of ene rgy  ~/A 
per  u n i t  area if 

7B ~ 7BA + ~A 

Fur the r ,  if the vo lume  of l iqu id  A is not  so great  as 
to m a i n t a i n  g rav i t a t i ona l  spreading ,  l iqu id  A con-  
t racts  to a lens  l eav ing  only  a n o n d u p l e x  t h in  film 
( p r oba b l y  a m o n o l a y e r )  at the or ig ina l  in te r face  of 
ene rgy  ~/BA per  u n i t  a rea  if 

7B, ~ 3~A + 7RA 

All  k n o w n  l iqu id  pairs  h a v i n g  ~/~ ~ ~ + ~/~ have  
~,,, ~ ~/A + ~B.~. The  t e n d e n c y  is therefore  for all  
sp read ing  l iqu ids  to con t rac t  to a l e n s - m o n o l a y e r  
e q u i l i b r i u m  of m i n i m u m  free energy.  

If it  were  possible to find su i t ab le  l iquids  h a v i n g  
in i t i a l ly  

7~ ~ TA + 7BA 

a nd  f inal ly  

t hen  l iquid  A wou ld  r e m a i n  in  s table  e q u i l i b r i u m  as 
a dup lex  film of m u l t i m o l e e u l a r  thickness.  

Consider  the  r e l a t ion  b e t w e e n  these f u n d a m e n t a l  
factors and  the flow f i lming technique .  W h e n  the 
wet ted  screen is flow filmed, sp read ing  is achieved 
in i t i a l ly  by  an  excess of l acquer  f lowing over  the  
surface.  Tha t  is, the  sp read ing  of a m u l t i m o l e c u l a r  
l iqu id  film is p romoted  by  g r a v i t a t i ona l  forces. W h e n  
the excess l acquer  is d r a i ne d  off and  the so lvent  
beg ins  to evapora te  the t e n d e n c y  wi l l  be for the  sti l l  
fluid sys tem to resolve  into the s tate  of m i n i m u m  free 
energy,  tha t  is, a l e n s - m o n o l a y e r  s tate  in  the  case of 
an  in i t i a l ly  sp read ing  l acquer  or a lens  on ly  in the  



390 

case  of a n o n s p r e a d i n g  l acquer .  The  deg ree  to w h i c h  
this  is a c c o m p l i s h e d  and  the  p a r t i c u l a r  f o r m  it  t a k e s  
d e p e n d s  on the  m a g n i t u d e  of the  r e s u l t a n t  con t r ac t i l e  
forces,  the  v i scos i ty  of the  l acque r ,  and  the  s t r u c t u r e  
a n d  w a t e r  con t en t  of t h e  p h o s p h o r  screen.  

Influence of Water Content 
The  q u a n t i t y  of w a t e r  he ld  in the  sc reen  has  an 

i m p o r t a n t  inf luence  on the  s t a b i l i t y  of the  f i lm of 
l i qu id  l acquer .  The  two  e x t r e m e  cond i t ions  a r e  (a )  
a sc reen  in wh ich  the  p h o s p h o r  c r y s t a l s  a r e  coa ted  
w i t h  a th in  f i lm of w a t e r  only ,  as shown  in Fig .  
3 ( a ) ,  a n d  (b )  a s c reen  in  w h i c h  t h e  m a j o r i t y  of the  
p h o s p h o r  c r y s t a l s  a r e  s u b m e r g e d  in wa t e r ,  as shown  
in Fig.  3 ( b ) .  

In  t he  first  condi t ion ,  t he  l a c q u e r  is he ld  in the  
sc reen  cap i l l a r i e s ;  if  o n l y  c o n t r a c t i o n  occurs ,  i t  is 
w i t h i n  t he  cap i l l a r i e s .  In  the  second  condi t ion ,  t he  
l a c q u e r  f i lm shou ld  con t rac t ,  w h i l e  i t  is s t i l l  fluid, 
to a s ing le  l ens  in e q u i l i b r i u m  w i t h  a m o n o l a y e r .  
B e t w e e n  these  two  e x t r e m e s  t h e r e  is " l ac ing , "  t he  
f o r m a t i o n  of a m u l t i t u d e  of l e n s - m o n o l a y e r  or  lens  
sys t ems  of v a r y i n g  sizes. 

F u r t h e r ,  as shown  in Fig.  3 (a )  cond i t ion  (a)  p r o -  
v ides  a m u c h  l a r g e r  l a c q u e r - w a t e r  i n t e r f a c e  a r e a  
t h a n  is p r o v i d e d  b y  cond i t i on  ( b ) ,  (see Fig.  3a and  
3b) .  This  also has  an  i m p o r t a n t  inf luence  on the  
s t a b i l i t y  of the  l a c q u e r  film. 

A s s u m i n g  t ha t  t h e  s u r f a c e  of  t he  l a c q u e r  is s u b -  
s t a n t i a l l y  at  t he  s ame  l eve l  i n i t i a l l y  w i t h  r e spec t  to 
t he  p h o s p h o r  for  a l l  cond i t ions  of we tne s s  of the  
screen,  t hen  the  su r f ace  a r e a  of the  l a c q u e r  w i l l  be  
cons tan t .  

Thus,  if the  r a t i o  of t he  i n t e r f a c e  a r e a  to the  su r -  
face  a r e a  is m, t hen  i n i t i a l l y  t h e  f r ee  su r f ace  e n e r g y  
E1 of a c o m p l e t e l y  s p r e a d  d u p l e x  f i lm of a r e a  S is 
g iven  b y  

E1 = S (~/A ~- 7rg TBA) 

w h e r e  y .  is t he  su r f ace  e n e r g y  of l a c q u e r  p e r  un i t  
a rea ;  7 . ,  is t he  i n t e r f a c i a l  e n e r g y  of l a c q u e r  p e r  un i t  
area .  

I f  t he  f i lm con t r ac t s  to an  a r e a  (S -- S') l e a v i n g  a 
m o n o l a y e r  a t  t he  o r i g i n a l  i n t e r f a c e  of a r ea  S' m 
t hen  the  f r ee  e n e r g y  E~ is now g iven  b y  
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E,~ ~-- ( S  - -  S ' )  (7A + myrA) + S' m y . .  

w h e r e  y . .  is t he  m o n o l a y e r  e n e r g y  p e r  un i t  a rea .  
C o n t r a c t i o n  to a l e n s - m o n o l a y e r  e q u i l i b r i u m  wi l l  
no t  occur  if 

E2 > E1 
i.e., 

(S  - -  S ' )  (yA + my.A) + S'  m y . .  - -  S(yA + my.A) > 0 
o r  

myB~ ~ TA + mTBA 
T h a t  is, 

-->l+-- 
"y~A mTBA 

By inc r e a s ing  the  w a t e r  conten t ,  w h i c h  r educes  m, 
con t r ac t i on  to a l e n s - m o n o l a y e r  f o r m a t i o n  and  
t h e r e f o r e  l a c i n g  shou ld  be  m o r e  l i k e l y  to occur .  

In  p r ac t i ce  t hese  f indings  a r e  conf i rmed.  Sc reens  
d r a i n e d  for  d i f f e ren t  t imes  be fo re  f i lming  w i t h  a 
l a c q u e r  k n o w n  to be  p r o n e  to l ac ing  a r e  f o u n d  to 
e x h i b i t  l a c i n g  to a v a r y i n g  d e g r e e  as s h o w n  in 
Fig .  4. I t  is t h e r e f o r e  d e s i r a b l e  to w o r k  w i t h  t he  

Fig. 3. Diagram of section of screen structure indicating 
the effect of the quant i ty  of water held in the screen on the 
lacquer /water  interface area. 

Fig. 4. Effect of water draining t ime on the lacing of  lac- 
quer fi lms: top, 20 rain draining; center, 1 ~ hr draining; 
bottom, 6 hr draining. 
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longes t  poss ib l e  d r a i n i n g  t ime ,  p r o v i d e d  a s t a t e  is 
no t  r e a c h e d  w h e n  too l i t t l e  w a t e r  is p re sen t ,  w h i c h  
r e su l t s  in  l a c q u e r  p e n e t r a t i n g  the  p h o s p h o r  l a y e r  
a n d  thus  sc reen  d a r k e n i n g  a f t e r  a lumin iz ing .  A 
c o m p r o m i s e  b e t w e e n  these  two conf l ic t ing r e q u i r e -  
m e n t s  is g e n e r a l l y  necessa ry .  

Influence of Lacquer Viscosity and Composition 
I m m e d i a t e l y  the  l a c q u e r  has  s p r e a d  on to the  

su r f ace  of t he  m o i s t e n e d  sc reen  the  so lven t  c o m -  
mences  to e v a p o r a t e  and  the  v i scos i ty  of t he  s t i l l  
f luid f i lm increases .  I t  is d e s i r a b l e  t ha t  t he  v i scos i ty  
of t he  l a c q u e r  f i lm shou ld  r i se  to a l eve l  suff icient  
to p r e v e n t  m i g r a t i o n  of the  l a c q u e r  a n d  the  f o r m a -  
t ion  of lace  p a t t e r n s .  Th is  m a y  b e  a c h i e v e d  e i t he r  
b y  w o r k i n g  w i t h  a h igh  sol id  concen t r a t ion ,  for  e x -  
a m p l e  g r e a t e r  t h a n  10% res in  in so lvent ,  or  b y  us ing  
a p o l y m e r i c  r e s in  of h igh  m o l e c u l a r  we igh t .  The  
l a t t e r  is p r e f e r a b l e  as i t  possesses  t he  a d v a n t a g e  of 
be ing  ab l e  to ach ieve  the  h igh  v i scos i ty  at  low con-  
c e n t r a t i o n s  w h i c h  in  t u r n  p r o d u c e s  d r i e d  f i lms of 
low th ickness ,  a d e s i r a b l e  f e a t u r e  w h e n  cons ide red  
in r e l a t i o n  to t he  s u b s e q u e n t  b a k e - o u t  and  p r o c -  
ess ing  of the  tube .  

The  cons t i t u t i on  of t he  l a c q u e r  and  also of the  
s u b s t r a t e  has  been  f o u n d  to inf luence  the  d e g r e e  of 
t he  l ac ing  defect .  F o r  e x a m p l e ,  a l a c q u e r  composed  ~ 
of i s o - b u t y l  m e t h a c r y l a t e ,  to luene ,  and  a p o l y - a l k y -  
l ene  g lyco l  d e r i v a t i v e  p l a s t i c i ze r  was  found  to lace  
to a v e r y  m u c h  g r e a t e r  e x t e n t  t h a n  the  s a m e  l a c q u e r  
p l a s t i c i zed  w i t h  d i b u t y l  p h t h a l a t e  or  t r i - c r e s y l  
phospha te .  A d d i t i o n s  of a non ion ic  su r f ace  ac t ive  ~- 
agen t  such as p o l y e t h y l e n e  g lycol  m o n o l e a t e  or  an  
ionic  su r f ace  ac t ive  a g e n t  such as d ioc ty l  sod ium ~,  

w 

su l fosucc ina t e  (Ae roso l  OT)  to the  l a c q u e r  caused  
v e r y  b a d  l a c ing  and  in the  e x t r e m e  cases  an  a p -  
p a r e n t  c o m p l e t e  i n a b i l i t y  of the  l a c q u e r  to w e t  the  
sc reen  surface .  A n  e x a m p l e  of such  a case is shown  
in Fig.  5. This  p r o b a b l y  occurs  because  a v e r y  th in  
f i lm of the  su r f ace  ac t ive  c o n s t i t u e n t  sp r eads  out  
r a p i d l y  ove r  the  m o i s t e n e d  su r f ace  of t he  sc reen  and  
in so do ing  r educes  t he  su r face  e n e r g y  ~ to an  e x -  
t r e m e l y  low v a l u e  so t h a t  in i t i a l  s p r e a d i n g  of the  
l a c q u e r  is p r e v e n t e d .  

Influence of pH 
W a t e r  s u b s t r a t e s  of d i f fe ren t  p H  p r o d u c e  d i f fe ren t  

deg rees  of lac ing;  t he  h i g h e r  the  p H  the  less is the  
t e n d e n c y  t o w a r d  lac ing.  This  is s h o w n  in t he  d i f -  
f e r ence  in t he  r e su l t s  o b t a i n e d  w h e n  f i lming  is 
c a r r i e d  out  on e i t he r  n o n d r i e d  s i l ica te  s e t t l ed  
sc reens  a f t e r  d e c a n t i n g  or  on sc reens  r e w e t t e d  w i t h  
d e - i o n i z e d  w a t e r .  In  t he  f o r m e r  case a t  p H  11 the  
l ac ing  is less t h a n  in the  l a t t e r  case  a t  p H  8. D e -  
p re s s ion  of t he  p H  to b e l o w  4 b y  the  use  of buf fe r  
so lu t ions  for  r e w e t t i n g  p r o d u c e s  an  even  g r e a t e r  
t e n d e n c y  t o w a r d  lac ing.  

The  i n t e r f a c i a l  t ens ion  of t o l u e n e - b u t y l  m e t h -  
a c r y l a t e  l a c q u e r s  on s u b s t r a t e s  of v a r y i n g  p H  has  
been  d e t e r m i n e d ,  a cco rd ing  to A n t o n o w ' s  ru le ,  f r om 
the  d i f f e rence  b e t w e e n  the  su r f ace  t ens ions  of t h e  
m u t u a l l y  s a t u r a t e d  phases ,  t he  s u r f a c e  t ens ions  b e -  
ing  m e a s u r e d  b y  the  w e l l - k n o w n  c a p i l l a r y  r i se  
me thod .  The  i n t e r f a c i a l  t ens ion  is f o u n d  to d e c r e a s e  
as the  p H  increases ,  as s h o w n  in Fig .  6. F r o m  e a r l i e r  
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Fig. 5. Effect of the addit ion of surface octive agents to 
lacquer showing the nonwetting of the moistened screen by 
the lacquer. 

~o J.o ,!o ~.o ,b.o ,~.o' ' 
pH ~ ~LII~ST~rE 

Fig. 6. Variofion in interfocial tension of 8% butyl meth- 
acrylote in toluene with increasing pH of substrate. 

cons ide ra t i ons  th is  w o u l d  be  e x p e c t e d  to p r o m o t e  
s p r e a d i n g  of the  l acquer .  Changes  in the  m o n o l a y e r  
e n e r g y  m i g h t  l i k e w i s e  be  expec ted ,  b u t  m e a s u r e -  
m e n t s  of t he  m o n o l a y e r  t ens ion  h a v e  been  r e n d e r e d  
difficult  and  the  r e su l t s  u n r e l i a b l e  on accoun t  of t he  
p r e s e n c e  of sol id  r e s in  w h i c h  p r o d u c e s  r i g id  l ayers .  
The  m e c h a n i s m  of t h e  r e d u c t i o n  in  i n t e r r a c i a l  e n -  
e r g y  is l i k e l y  to be  s i m i l a r  to t h a t  r e p o r t e d  b y  Zis -  
m a n  (6)  on the  s p r e a d i n g  of oil  d rops  con t a in ing  
long  cha in  acids.  

Surface Tension of Substrate 
Changes  in  t he  su r f ace  t ens ion  of t he  r e w e t t i n g  

w a t e r  due  to a c c i d e n t a l  or  i n t e n t i o n a l  c o n t a m i n a t i o n  
w o u l d  be  e x p e c t e d  to a l t e r  two  fac to rs :  (a )  t he  
q u a n t i t y  of w a t e r  he ld  in t he  sc reen  cap i l l a r i e s ,  and  
(b)  t he  s p r e a d i n g  c h a r a c t e r i s t i c s  of the  l acque r .  
These  two  fac to r s  w o u l d  be  expec ted ,  as i n d i c a t e d  
p r e v i o u s l y ,  to affect  lac ing.  In  o r d e r  to conf i rm this  
t he  su r f ace  t ens ion  of t he  r e w e t t i n g  w a t e r  was  r e -  
d u c e d  b y  a d d i n g  a de t e rgen t ,  Teepo l  X (She l l  
C h e m i c a l s )  and  e t h y l  a lcohol ,  r e spec t i ve ly .  
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Addi t ion  of 1% by  v o l u m e  of Teepol  X, r e su l t i ng  
in  a drop in  the surface  tens ion  of the  wa t e r  to 34 
d y n e s / c m ,  was  found  to cause v e r y  bad  lac ing  and  
inab i l i t y  of any  l acquer  to wet  the surface.  

The fo l lowing  observa t ions  were  made  on n o r -  
m a l l y  n o n l a c i n g  lacquers  appl ied  on r e w e t t i n g  
wa t e r  con t a in ing  var ious  concen t r a t i on  of e thy l  a l -  
cohol. 

Surface tension 
of wate r /a lcohol  

solution, dynes /cm Observat ions 

52 No lacing observed 
45 Slight tendency toward lacing 

and globulization 
37 Very bad lacing and consider- 

able globulization 
30 Lacquer did not appear to wet  

surface at all and remained as 
globules. 

Spreading of Lacquers on Aqueous Substrates 
The foregoing  cons idera t ions  and  a s tudy  of the 

lacing defect  ind ica te  t ha t  it  is a l l ied to the  p r ob l e m 
of the sp read ing  of lacquers  on free aqueous  su r -  
faces. In  order  to s tudy  the sp read ing  proper t ies  of 
lacquers  more  closely, k n o w n  smal l  vo lumes  of v a r i -  
ous l acquers  have  been  spread  on the  sur face  of 
var ious  aqueous  solutions.  The d i ame te r  of the l iq -  
u id  lens  p roduced  has been  considered  a guide to 
the  sp read ing  proper t ies  of the  system. 

Cons ide r ing  the  condi t ions  w h e n  a drop of l iq -  
u id  A of vo lume  V is spread  on the  surface of a l iq-  
u id  B of surface  area  S. If a is the  in i t i a l  surface  
area of the  drop res t ing  a lmost  on B and  F ( g )  its 
in i t i a l  g r av i t a t i ona l  energy,  t h e n  the  in i t i a l  free 
ene rgy  of the  sys tem is g iven  by  

El = ~,A + S 7B + r ( g )  (I)  

whe re  VA is the surface  ene rgy  of A per  u n i t  a rea  
and  7, is the sur face  e n e r g y  of B per  u n i t  area.  If, 
on spreading ,  the lens is a ssumed  to app rox ima t e  to 
a flat cyl inder ,  i.e., its r ad ius  is la rge  compared  wi th  
its height ,  t h e n  if H is the  he igh t  of and  a' the  area  
of the lens, 

V = ha' 

and  the  final free ene rgy  E~ is g iven  by  

E.., = (S - -  a')TB~ + a'(TA + ~'BA) + f ( g )  ( I I )  

where  ~,~, is the sur face  ene rgy  of a m o n o l a y e r  of 
A on B a n d  f (g )  the  final g r av i t a t i ona l  ene rgy  of 
the lens. T h e n  the free ene rgy  decrease ~E is E1 --  E~. 
Therefore  

8 E : S  (TB--TBa) +aTA + F ( g) --J (g)  --a'  (TA +'YBA--TB*) 
( I I I )  

For  e q u i l i b r i u m  

i.e.~ 

d r ( g )  

dex' 

d(~E) 
0 

da' 

(TA + ~B~-- 7B~) : 0 ( IV) 

bu t  f ( g )  : ( V p g h ) / 2  and  h = V/~" 
where  p ~ dens i ty  o f l i q u i d  A 

V2pg d f ( g )  --V2pg 
. ' .  f ( g )  -- - -  and  - -  -- - -  (V) 

2~' d d  2~ '2 

f rom Eq. ( IV) and  (V) 
h ~ g  

2 

Thus  it is seen that  the  th ickness  of the  lens  is 
d e p e n d e n t  on the  surface,  interface,  and  m o n o l a y e r  
energies ,  and  a n y t h i n g  tha t  a l ters  these  energies  
would  be expected to a l te r  the  he ight  and  therefore  
the d i ame te r  of the  lens. 

N u m e r o u s  e x p e r i m e n t s  were  car r ied  out  to de te r -  
m i n e  in  pract ice  the  effect of changes  in  these  p a r a -  
meters .  It  was  no ted  tha t  in  all  cases where  the su r -  
face of the wa te r  was no t  p rev ious ly  con tamina ted ,  
a th in  film ( p r oba b l y  a m o n o m o l e c u l a r  l aye r )  spread  
out  in  f ron t  of the  m a i n  body  of lacquer .  The  l a t t e r  
in m a n y  cases spread  cons ide rab ly  in i t i a l ly  b u t  t hen  
con t rac ted  to a s table  lens  in e q u i l i b r i u m  wi th  the  
confined monolayer .  Other  lacquers  spread  more  
s lowly in i t i a l ly  bu t  r e t a ined  a la rger  lens  d i ame te r  
w i t hou t  cont rac t ion .  I t  was  found  tha t  l acquers  
p rone  to lac ing  exh ib i t ed  the  p h e n o m e n a  of in i t ia l  
sp read ing  fol lowed by  con t rac t ion  to a smal l  d i ame-  
ter  lens,  whereas  n o n l a c i n g  lacquers  spread  w i t h -  
out  con t rac t ion  to a lens  of m u c h  g rea te r  d iameter .  
S p r e a d i n g  was found  to be g rea te r  on aqueous  solu-  
t ions  of h igh pH than  on solut ions  of low pH. 

S p r e a d i ng  was  greates t  w h e n  the  a tmosphere  over 
the lens  and  m o n o l a y e r  was s a tu ra t ed  wi th  so lvent  
vapor.  

These effects serve to indicate ,  w i thou t  cons ider -  
ing the i r  mechan i sm,  the  type  of p h e n o m e n a  tha t  
m a y  be expected w h e n  changes  are m a d e  in the  
var ious  p a r a m e t e r s  of the system. 

Summary and Conclusions 
Some of the p rob lems  r e l a t ing  to the  fo rma t ion  of 

s table  films have  been  out l ined.  
I t  has b e e n  shown tha t  these p rob lems  are f u n d a -  

m e n t a l  to the n a t u r e  of the ma te r i a l s  involved .  The  
d e v e l o p m e n t  of a sa t i s fac tory  f i lming process de-  
pends  on the  choice of the solvents,  resins,  and  
aqueous  subs t ra tes  h a v i n g  the  correct  surface  en -  
e rgy  charac ter i s t ics  and  on the  cont ro l  of the wa t e r  
con ten t  in  the  screen. The i m p o r t a n c e  of avo id ing  
c o n t a m i n a t i o n  f rom surface  act ive impur i t i e s  has 
been  shown. 

Manuscript  received Sept. 26, 1957. This paper was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1959 
JOURNAL. 
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ABSTRACT 

Sing le -c rys ta l  ma te r i a l  of constant  impur i t y  d i s t r ibu t ion  may  be grown 
convenien t ly  f rom a doped mel ted  l aye r  ma in ta ined  above  solid r e t a ined  in 
a crucible.  As crys ta l  is w i t h d r a w n  f rom the melt ,  f resh ma te r i a l  is suppl ied  
to the  mel ted  layer  by  moving the mel ted  layer  downward  th rough  the solid. 
A single c rys ta l  m a y  be grown using di rec t  h igh - f r equency  coupling to hea t  
the mel ted  layer  if f luctuating components  of the  field are  removed.  Data  a re  
given for res is t iv i ty  profiles of ge rman ium crysta ls  doped wi th  an t imony  and 
grown wi th  manua l  opera t ion  of the  heaters.  

The  g r o w i n g  of a s i n g l e - c r y s t a l  m a t e r i a l  is u s u -  
a l l y  p e r f o r m e d  to o b t a i n  "good"  c r y s t a l  con t a in ing  
the  de s i r ed  c o n c e n t r a t i o n s  of specific impur i t i e s .  The  
Czoch ra l sk i  m e t h o d  (1)  for  g r o w i n g  c r y s t a l s  f rom 
a me l t  y i e lds  "good"  c rys ta l .  W i t h  doping ,  h o w e v e r ,  
the  f r ac t i on  of c r y s t a l  c o n t a i n i n g  a c e r t a i n  r a n g e  of 
i m p u r i t y  c o n c e n t r a t i o n  is g o v e r n e d  b y  the  s e g r e g a -  
t ion  coefficient.  This  f r a c t i o n  of c r y s t a l  is sma l l e r ,  
the  s m a l l e r  t h e  a l l o w a b l e  r a n g e  of i m p u r i t y  con-  
c e n t r a t i o n  fo r  a p a r t i c u l a r  use  and  the  s m a l l e r  the  
s e g r e g a t i o n  coefficient  for  the  i m p u r i t y .  The  p r o b -  
l em becomes  p a r t i c u l a r l y  acu te  if one des i res  a h igh  
c o n c e n t r a t i o n  of an  i m p u r i t y  w i t h  a v e r y  s m a l l  seg-  
r e g a t i o n  coefficient,  for  in such a case a s igni f icant  
f r ac t i on  of the  m a t e r i a l  g r o w n  m a y  be  p o l y c r y s t a l -  
l ine.  

A m o r e  u n i f o r m  d i s t r i b u t i o n  of i m p u r i t y  m a y  be  
o b t a i n e d  b y  zone l e v e l l i n g  in a b o a t  (2)  or  b y  the  
f loa t ing  zone (3)  p rocedu re .  S i n g l e - c r y s t a l  g e r m a -  
n i u m  g r o w n  in a b o a t  a p p e a r s  to r e q u i r e  spec ia l  
a n n e a l i n g  in o r d e r  to r e d u c e  t h e  n u m b e r  of c r y s t a l -  
l ine  i m p e r f e c t i o n s  i n t r o d u c e d  b y  c o n s t r a i n t  b y  the  
boa t  d u r i n g  g r o w t h  (3) .  These  s tud ies  also i nd i ca t e  
t ha t  t he  a f t e r - a n n e a l  m a y  d r a s t i c a l l y  r e d u c e  the  
l i f e t ime .  The  p r o p e r t i e s  of g e r m a n i u m  r e n d e r  diffi- 

Fig. 1. Schematic arrangement of parts for growing crystal 
by a "melted layer" procedure. 

cul t  the  a p p l i c a t i o n  of t he  f loat ing zone t e c h n i q u e  
for  s i n g l e - c r y s t a l  g r o w t h  a l t h o u g h  this  t e c h n i q u e  
w o u l d  obv i a t e  t he  p r o b l e m s  i n v o l v e d  in us ing  boa t s  
and  cruc ib les .  W i t h  the  a v a i l a b i l i t y  of c ruc ib l e  m a -  
t e r i a l s  t h a t  do no t  r eac t  w i t h  t he  m o l t e n  s emicon -  
duc to r ,  such as q u a r t z  or  g r a p h i t e  for  g e r m a n i u m ,  
t he  u n c o n s t r a i n e d  g r o w t h  of a c r y s t a l  h a v i n g  an  i m -  
p u r i t y  d i s t r i b u t i o n  such  as is r ea l i zed  b y  zone l e v e l -  
l ing  m a y  be  o b t a i n e d  b y  a " m e l t e d  l a y e r "  p rocedure .  

In  t he  m e l t e d  l a y e r  a r r a n g e m e n t ,  s h o w n  d i a g r a m -  
m a t i c a l l y  in Fig .  1, h o m o g e n e o u s  sol id  is r e t a i n e d  in 
a v e r t i c a l  c ruc ib le .  A l a y e r  of m e l t  is e s t a b l i s h e d  at  
the  top  of the  o r i g i n a l  solid.  This  m a y  be  i n o c u l a t e d  
w i t h  one  or  m o r e  impur i t i e s .  A m o n o c r y s t a l  seed  is 
i n t r o d u c e d  into  t he  m e l t  and,  a f t e r  a t t e n t i o n  to m a k -  
ing  a good spl ice,  a s ing le  c r y s t a l  of the  m a t e r i a l  is 
w i t h d r a w n  g r a d u a l l y .  As  c r y s t a l  is w i t h d r a w n ,  the  
v o l u m e  of m e l t  is r e g u l a t e d  b y  m e l t i n g  the  sol id  b e -  
low the  m e l t e d  l aye r .  This  is r e a d i l y  a c c o m p l i s h e d  
b y  l o w e r i n g  the  h e a t i n g  coils. 

The  p r i nc ip l e s  g o v e r n i n g  the  d i s t r i b u t i o n  of i m -  
p u r i t i e s  fo l low those  d e c r i b e d  b y  P f a n n  (2) .  A t t e n -  
t ion m u s t  be  g iven  to i m p u r i t i e s  p r e s e n t  a c c i d e n t a l l y  
or  i n t e n t i o n a l l y  in  t h e  sol id  as w e l l  as to those  t h a t  
m a y  be  a d d e d  i n t e n t i o n a l l y  to t he  me l t .  In  the  a p -  
p l i ca t ion  of the  p r i nc ip l e s  of zone l e v e l l i n g  to t he  
m e l t e d  l a y e r  p rocedu re ,  a l l o w a n c e  m u s t  be  m a d e  for  
t he  fac t  t ha t  t he  c r y s t a l  w i l l  in  g e n e r a l  be  s m a l l e r  
in d i a m e t e r  t h a n  the  o r i g i n a l  solid.  In  p rac t i ce ,  t he  
d i a m e t e r  of t h e  g r o w i n g  c r y s t a l  is s u r p r i s i n g l y  con-  
s t a n t  for  a g iven  d i a m e t e r  of c ruc ib l e  and  for  a p a r -  
t i cu l a r  r f  coil  a r r a n g e m e n t ;  i t  a p p e a r s  to be  con-  
t r o l l e d  b y  the  r o u n d e d  s h a p e  of t he  m e l t  su r face  
r a t h e r  t h a n  b y  g r o w t h  r a t e  or  p o w e r  input .  The  fac t  
t h a t  t he  d i a m e t e r  of t he  g r o w i n g  c r y s t a l  is qu i t e  i n -  
s ens i t i ve  to f ac to r s  o t h e r  t h a n  those  a r i s ing  out  of 
the  o r ig ina l  des ign  is c o n v e n i e n t  for  p r o g r a m m i n g  
the  r a t e  a t  w h i c h  the  r f  coi l  m u s t  m o v e  d o w n w a r d  
in o r d e r  to m a i n t a i n  a cons t an t  v o l u m e  of mel t .  The  
ra te ,  L, for  d o w n w a r d  m o v e m e n t  of t he  coi l  m a y  be  
d e r i v e d  f rom s i m p l e  cons ide ra t i ons  to be  

P 
L =  

(D~-/d ~) --  1 

w h e r e  P is t h e  l i n e a r  r a t e  a t  w h i c h  the  c r y s t a l  is 
r a i s ed  and  D a n d  d t he  d i a m e t e r s  of t he  c r u c i b l e  and  
c rys ta l ,  r e spec t i ve ly .  This  r e l a t i o n  is a d e q u a t e  if t he  
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s e g r e g a t i o n  coefficient  is v e r y  s m a l l  (e.g.,  < 0.01).  
The  r a t e  m u s t  be r e d u c e d  if the  s e g r e g a t i o n  coeffi- 
c ien t  is l a rge  enough  t ha t  the  c o n c e n t r a t i o n  in the  
c r y s t a l  r educes  s u b s t a n t i a l l y  the  c o n c e n t r a t i o n  in 
the  mel t .  This  s i t ua t ion  can  also be  t a k e n  ca re  of by  
us ing  a con ica l  s h a p e d  cruc ib le .  In  p r a c t i c e  in  o r d e r  
to m a i n t a i n  a cons t an t  m e l t  v o l u m e  it  has  been  
f o u n d  n e c e s s a r y  to d e c r e a s e  the  p o w e r  or  r educe  
the  r a t e  of coil  m o v e m e n t  as the  m e l t e d  l a y e r  a p -  
p r o a c h e s  the  b o t t o m  of the  c ruc ib le .  

Experimental 
T h e r e  a r e  s e v e r a l  p r o b l e m s  e n c o u n t e r e d  in con-  

duc t i ng  the  m e l t e d  l a y e r  p r o c e d u r e  s a t i s f ac to r i l y ;  
two a r i se  f rom the  use  of r f  p o w e r  for  m e l t i n g  and  
the  o t h e r  f rom the  e x p a n s i o n  of g e r m a n i u m  on 
f r eez ing  if a qua r t z  c ruc ib l e  is used.  Qua r t z  is p a r -  
t i c u l a r l y  c o n v e n i e n t  to use  w h e n  p r o g r a m m i n g  b y  
v iewing .  W i t h  a u t o m a t i c  p r o g r a m m i n g ,  a g r a p h i t e  
c ruc ib l e  is s a t i s f a c t o r y  and  t hen  th is  p r o b l e m  p e -  
cu l i a r  to the  use  of q u a r t z  is obv ia t ed .  The  p r o b l e m  
of o b t a i n i n g  a good sp l ice  is m o r e  diff icul t  us ing  d i -  
r e c t l y  coup led  r f  h e a t i n g  r a t h e r  t h a n  c o n v e n t i o n a l  
r a d i a t i v e  hea t ing .  The  seed  c r y s t a l  ( u s u a l l y  smal l}  
is r e l a t i v e l y  cold. Of s eve ra l  w a y s  to o v e r c o m e  th is  
d i f f icul ty  the  eas ies t  is to r a i s e  t h e  m e l t  t e m p e r a t u r e  
s u b s t a n t i a l l y .  Th is  can  b e  done  w i t h o u t  i n c r e a s i n g  
the  w i d t h  of the  m e l t e d  l a y e r  b y  t e m p o r a r i l y  in -  
c r ea s ing  the  r f  p o w e r  a n d  r a i s ing  the  r f  coils a t  the  
s ame  t ime.  A second  di f f icul ty  a r i s ing  f rom the  use  
of o r d i n a r y  r f  p o w e r  is the  a g i t a t i o n  of the  m e l t  
w h i c h  is u s u a l l y  s eve re  enough  to p r e v e n t  s ing l e -  
c r y s t a l  g rowth .  By  f i l t e r ing  the  rf  o u t p u t  of a s t a n d -  
a r d  e l ec t ron ic  osc i l l a to r  w i t h  a c h o k e - c a p a c i t o r  
combina t ion ,  mos t  of t he  f luc tua t ing  c o m p o n e n t s  of 
t he  r f  field a re  r e m o v e d ,  and  ag i t a t i on  of the  m e l t  
is r e d u c e d  to a d e g r e e  w h e r e  t h e r e  is no i n t e r f e r e n c e  
to s ing le  c r y s t a l  g rowth .  

In  o r d e r  to s t a r t  w i t h  h o m o g e n e o u s  sol id  in t he  
cruc ib le ,  i t  is d e s i r a b l e  to f reeze  r a p i d l y  the  i n i t i a l l y  
m o l t e n  charge .  W h e n  q u a r t z  is used  this  o r d i n a r i l y  
r e su l t s  in c r a c k i n g  of the  c ruc ib le .  No c r a c k i n g  need  
be e x p e r i e n c e d  if t h e  sol id  is m a i n t a i n e d  at  a t e m -  
p e r a t u r e  a t  w h i c h  i t  is p las t ic ,  for  g e r m a n i u m  a b o v e  
abou t  600~ (5) .  This  s i t ua t i on  m a y  be  r e a l i z e d  b y  
w i n d i n g  the  s ing le  r f  coil  in two  sect ions,  a t i g h t l y  
w o u n d  p o r t i o n  for  m a i n t a i n i n g  the  m e l t e d  l aye r ,  
and  an  a u x i l i a r y  sec t ion  of m o r e  open w i n d i n g  to 
keep  the  sol id  in i ts  p l a s t i c  t e m p e r a t u r e  range .  

p u r i t y  n e c e s s a r y  in the  m e l t  to p r o d u c e  t h e  c o ncen -  
t r a t ion ,  C, of t h a t  i m p u r i t y  in  t he  solid,  and  K is the  
s e g r e g a t i o n  coefficient.  A f t e r  doping ,  the  seed  is i n -  
t r o d u c e d  into  the  m e l t  a n d  c r y s t a l  g r o w t h  in i t i a t ed .  
As the  c r y s t a l  is g rown ,  t he  coil  is l o w e r e d  a t  a 
r a t e  to p r e s e r v e  the  w i d t h  of the  m e l t e d  l aye r .  The  
w i d t h  of the  l a y e r  was  e s t i m a t e d  f r o m  v i sua l  ob -  
s e r v a t i o n  and  c o n s e q u e n t l y  f luc tua t ions  w e r e  of the  
o r d e r  of -- 1/16 in. 

Two t y p i c a l  r e su l t s  w i l l  be  r e p o r t e d  t ha t  have  a 
b e a r i n g  on (a )  the  q u a l i t y  of c rys t a l ,  a n d  (b )  the  
u n i f o r m i t y  of i m p u r i t y  d i s t r i b u t i o n  u n d e r  a n o r -  
mally" a d v e r s e  cond i t ion  of h igh  c o n c e n t r a t i o n  of 
i m p u r i t y  for  w h i c h  the  s e g r e g a t i o n  coefficient  is 
smal l .  

In  o r d e r  to check  t h a t  c r y s t a l s  g r o w n  b y  t h e  
m e l t e d  l a y e r  p r o c e d u r e  a r e  s u b s t a n t i a l l y  the  s a m e  
as those  g r o w n  b y  the  Czoch ra l sk i  me thod ,  z o n e - r e -  
f ined g e r m a n i u m  was  g r o w n  into a s ing le  c r y s t a l  
w i t h o u t  a n y  doping .  The  l i f e t i m e  of c r y s t a l  g r o w n  
u n d e r  t he  m e l t e d  l a y e r  cond i t i on  r a n g e d  f r o m  1.2 
/~sec n e a r  t he  sp l ice  to 850 /~sec in t he  r eg ion  jus t  
p r i o r  to n o r m a l  g rowth .  C r y s t a l s  g r o w n  b y  the  
s t a n d a r d  Czochra l sk i  m e t h o d  on th is  m a t e r i a l  
b r a c k e t e d  c lose ly  1 /~sec for  l i f e t ime .  To the  e x t e n t  
t h a t  l i f e t ime  is an  i n d e x  for  c r y s t a l  p e r f e c t i o n  a t  a 
g iven  leve l  of pu r i t y ,  t h e r e  does no t  a p p e a r  to be  
any  s igni f icant  d i f fe rence  b e t w e e n  the  q u a l i t y  of 
c ry s t a l s  g r o w n  b y  the  m e l t e d - l a y e r  p r o c e d u r e  or  b y  
the  Czoch ra l sk i  me thod .  The  l i f e t i m e  of these  c r y s -  
t a l s  is s u b s t a n t i a l l y  b e t t e r  t h a n  those  r e p o r t e d  
g r o w n  in a b o a t  w i t h  a f t e r  a n n e a l  (4) .  

Us ing  a n t i m o n y  ( K  = 0.001) as the  dop ing  agent ,  
in o b t a i n i n g  a c o n c e n t r a t i o n  of a b o u t  3 x 10 ~ c a r -  
r i e r s / c c m  in a c ry s t a l  g r o w n  b y  t h e  Czochra l sk i  
me thod ,  a p p r o x i m a t e l y  t he  l as t  t h i r d  of t he  c r y s t a l  
is u s u a l l y  p o l y c r y s t a l l i n e .  F i g u r e  2 shows  r e s i s t i v i t y  
p l o t t e d  as a func t ion  of the  c r y s t a l  l e n g t h  for  two  
c r y s t a l s  g r o w n  b y  the  m e l t e d  l a y e r  p r o c e d u r e  in 
w h i c h  the  m e l t e d  l a y e r  was  d o p e d  w i t h  a n t i m o n y  
to p r o d u c e  0.01 o h m - c m  g e r m a n i u m .  In  t h e  c r y s t a l  
A, a l t h o u g h  m e c h a n i c a l  d i f f icul ty  was  e nc oun t e r ed ,  
75% of the  c r y s t a l  shows  a v a r i a t i o n  of ___20% in 
r e s i s t iv i ty .  T w e n t y - s e v e n  g r a m s  or  a b o u t  10% of 
the  in i t i a l  300 g was  los t  due  to p o l y c r y s t a l l i n e  m a -  
te r ia l .  This  s i t ua t i on  is to be  c o m p a r e d  ( d a s h e d  
l ine)  w i th  the  30% loss b y  n o r m a l  g r o w t h  and  the  

Procedure and Results 
A l t h o u g h  the  c r y s t a l  p u l l i n g  and  r o t a t i o n  m e c h -  

a n i s m  is au toma t i c ,  the  m e c h a n i s m  for  m o v i n g  the  
r f  c o i l s - - a  s imp le  s c rew t h r e a d - - w a s  o p e r a t e d  m a n -  
ua l ly .  T h e  p o w e r  source  was  a s t a n d a r d  5 K W  450kc 
G e n e r a l  E lec t r i c  osc i l l a to r  w i t h  the  o u t p u t  f i l t e red  
as desc r ibed ,  us ing  a 5000 v, d-c ,  20.5 /~f c a p a c i t o r  
and  l a rge  choke  coil  of s e v e r a l  henrys .  A t y p i c a l  
cha rge  for  the  c ruc ib l e  was  300 g of zone - r e f ined  
g e r m a n i u m .  A f t e r  m e l t i n g  and  r a p i d  f reez ing ,  a 
m e l t e d  l a y e r  a p p r o x i m a t e l y  5/8 in. w ide  was  e s t a b -  
l ished.  The  v o l u m e  of m e l t  was  r e a d i l y  e s t i m a t e d  
f rom the  d i a m e t e r  of t he  cruc ib le .  The  a m o u n t  of 
dop ing  was  c o m p u t e d  on the  s imp le  bas is  t h a t  C = 
K C~, w h e r e  C~ is t h e  c o n c e n t r a t i o n  of a d d e d  i r a -  
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Fig. 2, Res is t i v i t y  p ro f i les  f o r  a n t i m o n y - d o p e d  g e r m a n i u m  
crysta ls .  Open c i rc les e x p e r i m e n t a l ,  m e l t e d  lover  g r o w t h ;  
dashed  l ine e s t i m a t e d  f o r  n o r m a l  g r o w t h  f r o m  melt. 
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Fig. 3. Photograph of typical crystal from melted layer 
growth. 

fac t  t h a t  on ly  50% of t h e  o r i g i n a l  g e r m a n i u m  w o u l d  
y i e l d  c r y s t a l  w i t h i n  a f ac to r  of two  for  r e s i s t i v i ty .  
In  (B)  of Fig .  2 is shown  a r e s i s t i v i t y  p lo t  for  c r y s -  
t a l  g r o w n  ref lec t ing  on ly  the  v a r i a t i o n s  i n t r o d u c e d  
b y  m a n u a l  o p e r a t i o n  of the  coils.  I t  m a y  be  seen 
t ha t  a b o u t  75% of th is  c r y s t a l  ha s  no m o r e  t h a n  a 

+--10% v a r i a t i o n  in r e s i s t i v i ty .  A p h o t o g r a p h  of 
c ry s t a l  B is seen in Fig.  3. 
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ABSTRACT 

Research work  on the molded  nickel  cathode is described.  Resul ts  are  given 
regard ing  the effects on emission and l ife of var ia t ions  in n ickel  powder ,  
a l ka l i ne - ea r th  carbonates,  reducing  agents,  s intering,  and aging. Data on 
pulsed emission are  presented.  

This  p a p e r  desc r ibes  t e s t ing  m e t h o d s  used  in the  
e v a l u a t i o n  of m o l d e d  n i c k e l  ca thodes  a n d  d iscusses  
the  effect  on ca thode  emiss ion  a n d  l i fe  of va r i ous  
m a t e r i a l s  and  p roces s ing  t echn iques .  Some  of the  
e a r l y  w o r k  on such ca thodes  was  done  b y  MacNai r ,  
Lynch ,  a n d  H a n n a y  (1) .  These  a u t h o r s  d i scussed  
the  f a b r i c a t i o n  of t he  ca thodes ,  some  of t h e  use fu l  
p rope r t i e s ,  and  gave  a c o m p a r i s o n  b e t w e e n  the  
emiss ion  of t he  m o l d e d  ca thode ,  ox ide  ca thodes ,  and  
L ca thodes .  O the r  s tud ies  on the  m o l d e d  ca thode  
w e r e  r e p o r t e d  b y  Beck,  Br i sbane ,  Cut t ing ,  a n d  K i n g  
(2) ,  Be l l  and  B r e w e r  (3) ,  a n d  b y  Haas  a n d  J e n s e n  
(4) .  In  sp i te  of t he  c o n s i d e r a b l e  p r e v i o u s  work ,  on ly  
m e a g e r  r e su l t s  h a v e  been  p r e s e n t e d  r e g a r d i n g  m a -  
te r ia l s ,  p rocess ing ,  or  life. 

Description of Molded Cathode 
The  s t r u c t u r e  of a t y p i c a l  m o l d e d  n i c k e l  c a thode  

is shown  in Fig.  1. The  ca thode  s l eeve  is a n i cke l  
c y l i n d e r  h a v i n g  an  o u t e r  d i a m e t e r  of 0.125 in.,  a 
l e n g t h  of a b o u t  0.33 in., a n d  a w a l l  t h i cknes s  of 
0.004 in. The  ca t hode  p e l l e t  is composed  of two  l a y -  
ers.  The  l o w e r  l aye r ,  a b o u t  0.045 in. th ick ,  con ta ins  
n i cke l  p o w d e r  and  an  a c t i v a t o r  (Z rH , )  in  t h e  w e i g h t  
p r o p o r t i o n s  of 99:1.  The  u p p e r  p a r t  of t he  pe l le t ,  
w h i c h  is 0.003 to 0.005 in. th ick ,  con ta ins  n i cke l  
p o w d e r  (69% b y  w e i g h t ) ,  a l k a l i n e  e a r t h  c a r b o n -  

a tes  ( 3 0 % )  and  an  a c t i v a t o r  ( 1 % ) .  The  n i cke l  p o w -  
d e r  is f i red a t  600~ for  15 m i n  in  a h y d r o g e n  a t m o s -  
p h e r e  ( - -10~  d e w  p o i n t ) .  A l l  p o w d e r s  a r e  t h o r -  
ough ly  d r i e d  b e f o r e  use. 

The  ca thode  p e l l e t  is f o r m e d  a n d  p r e s s e d  into  the  
s l eeve  at  a p r e s s u r e  of 80 t o n s / i n #  in a s ingle  s tep  
b y  use  of a h a r d e n e d  s tee l  d ie  a n d  h y d r a u l i c  press .  
A c t i v e  m a t e r i a l  is t hen  r e m o v e d  f r o m  the  edge  of 
the  ca thode  s l eeve  b y  r u b b i n g  w i t h  a l u m i n u m - o x i d e  

~ -( B~, sn c:)co~,zr H2 
Ni POWDER 

~ - - N i  POWDER,  Z r H  z 

~NICKEL SLEEVE 

Fig. 1. Structure of o molded nickel cathode 
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paper .  The  mos t  i m p o r t a n t  s t ep  in  t he  p roces s ing  
of the  ca thode  is s in te r ing ,  w h i c h  is d i scussed  in  d e -  
t a i l  l a t e r .  A f t e r  s in te r ing ,  t he  ca thodes  a r e  s t o r ed  
in e v a c u a t e d  a m p u l e s  u n t i l  r e a d y  fo r  use. 

Test Diode 
F i g u r e  2 is a d r a w i n g  of the  t es t  d i o d e  used  for  

emiss ion  m e a s u r e m e n t s  on m o l d e d  n i cke l  ca thodes .  
The  ca thode  is w e l d e d  to a t a n t a l u m  s t r ip  which ,  in 
tu rn ,  is w e l d e d  to a s t em lead.  The  p la te ,  w h i c h  is a 
flat  p iece  of n i cke l  o r  t a n t a l u m ,  is m o u n t e d  a t  a 
s u i t a b l e  d i s t a n c e  a b o v e  the  ca thode  so t ha t  t he  s p a c -  
ing  b e t w e e n  t h e m  is a b o u t  0.015 in. w h e n  t h e  c a t h -  
ode  is hot.  The  u p p e r  su r face  of the  p l a t e  is s a n d -  
b l a s t e d  to p r o m o t e  r ad i a t i on .  

A t a n t a l u m  e v a p o r a t i o n  sh ie ld  [ s h o w n  on ly  in 
Fig .  2 ( A ) ]  is m o u n t e d  b e t w e e n  the  ca thode  and  the  
glass  e n v e l o p e  to keep  the  glass  c lean.  This  sh ie ld  
can  be  m o v e d  as ide  to p e r m i t  p y r o m e t r i c  o b s e r v a -  
t ion  of t he  c a t h o d e  t e m p e r a t u r e  t h r o u g h  the  glass.  
T e m p e r a t u r e s  a r e  m e a s u r e d  n e a r  t he  top of the  
n i cke l  c a thode  a n d  a re  no t  c o r r e c t e d  for  e i t he r  the  
e m i s s i v i t y  of  the  n i cke l  or  the  t r a n s m i s s i o n  of  the  
glass.  The  t e m p e r a t u r e s  quo t ed  are,  t he re fo re ,  close 
to b r i g h t n e s s  t e m p e r a t u r e s .  

No a t t e m p t  is m a d e  to ach ieve  an  e x t r e m e l y  h igh  
v a c u u m  in t he  t e s t  d iode.  A t y p i c a l  e v a c u a t i o n  
schedule ,  w h i c h  is m o r e  or  less  c h a r a c t e r i s t i c  of in -  
d u s t r i a l  t echn iques ,  is g iven  be low.  

1. The  t u b e  is b a k e d  a t  a t e m p e r a t u r e  of 400~ 
for  1/2 hr .  

2. A l l  m e t a l  p a r t s  a r e  h e a t e d  b y  r a d i o - f r e q u e n c y  
induc t ion .  

3. H e a t e r  v o l t a g e  is a p p l i e d  in h a l f - v o l t  s teps,  
each  he ld  long  e n o u g h  to i n su re  t ha t  the  p r e s s u r e  
does no t  exceed  10 - '  m m  Hg. The  m a x i m u m  t e m -  
p e r a t u r e  to w h i c h  the  ca thode  is r a i s ed  is 1000~ 
( b r i g h t n e s s ) ;  th is  t e m p e r a t u r e  is m a i n t a i n e d  u n t i l  
t he  p r e s s u r e  fa l l s  b e l o w  10 -~ m m  Hg. 

4. W i t h  the  ca thode  t e m p e r a t u r e  at  1000~ 
( b r i g h t n e s s ) ,  t h e  p l a t e  v o l t a g e  is s l owly  i n c r e a s e d  
to 50 v. The  p l a t e  is he ld  at  th is  m a x i m u m  vo l t a ge  
for  a b o u t  15 rain,  a t  t he  end  of w h i c h  t ime  the  c a t h -  
o d e - c u r r e n t  d e n s i t y  is a b o u t  0.5 a m p / e m  ~. 
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5. A l l  vo l t ages  a r e  r e m o v e d ,  t he  ge t t e r  is p a r -  
t i a l l y  fired, t he  t u b e  is s ea l ed  off, and  the  g e t t e r  is 
t h e n  c o m p l e t e l y  fired. 

A f t e r  t he  t u b e  is r e m o v e d  f r o m  the  e x h a u s t  sys -  
tem,  the  c a thode  is aged  for  a b o u t  15 m i n  a t  a t e m -  
p e r a t u r e  of 1000~ ( b r i g h t n e s s )  and  a p l a t e  vo l t age  
of 50 v. The  effect of ag ing  schedu les  is d e s c r i b e d  
la te r .  

D-C Life Test and Pulse Emission 
A l l  ca thodes  a r e  l i f e - t e s t e d  for  1000 h r  a t  a c a t h -  

ode t e m p e r a t u r e  of 850~ ( b r i g h t n e s s )  a n d  a p l a t e  
v o l t a g e  of 50 v. F i g u r e  3 shows  the  t y p i c a l  c u r r e n t  
dens i t i e s  d u r i n g  1000 h r  of life.  The  a v e r a g e  s p a c e -  
c h a r g e - l i m i t e d  cu r ren t ,  c a l c u l a t e d  f rom t h e  d i m e n -  
s ions of the  t u b e  b y  m e a n s  of e l e m e n t a r y  space -  
cha rge  theory ,  is also ind ica t ed .  T h e  a v e r a g e  c u r -  
r e n t  d e n s i t y  t h r o u g h o u t  l i fe  is abou t  0.4 a m p / c m  "~ 
w h i c h  is s l i g h t l y  less t h a n  t h a t  p r e d i c t e d  b y  space -  
cha rge  theo ry .  

The  l i fe  t es t  is i n t e r r u p t e d  pe r i od i c a l l y ,  a n d  t h e  
p u l s e  emiss ion  of t he  ca thodes  is m e a s u r e d  a t  a c a t h -  
ode t e m p e r a t u r e  of 850~ ( b r i g h t n e s s ) ,  a p e a k  p l a t e  
vo l t a ge  of 1000 v, a pu l se  l e n g t h  of 2.5 #sec, and  a 
r e p e t i t i o n  r a t e  of 60 pu l s e s / s ec .  F i g u r e  4 shows  the  
p e a k  c u r r e n t  d e n s i t y  as a func t ion  of p e a k  p l a t e  
vo l tage .  A t  t he  1000-v m e a s u r i n g  condi t ion ,  t he  
field a t  t he  c a t h o d e  is c l e a r l y  acce l e ra t i ng .  F i e l d -  
f ree  emiss ion  is less t h a n  t h e  1000-v emis s ion  b y  a 
f ac to r  w h i c h  v a r i e s  b e t w e e n  2 and  6, d e p e n d i n g  on 
t h e  a c t i v i t y  of t he  ca thode  and  the  c a t h o d e - p l a t e  
spac ing .  F o r  m a n y  ca thodes ,  the  m a x i m u m  p e a k  
emiss ion  t h r o u g h o u t  l i fe  ( u s u a l l y  r e a c h e d  a f t e r  24 
to 100 h r )  is b e t w e e n  16 and  20 a m p / c m  ~ at  t he  
1000-v condi t ion .  T h e s e  v a l u e s  a r e  e q u i v a l e n t ,  
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t he re fo re ,  to an  emiss ion  of abou t  2 to 10 a m p / c m  -~ 
u n d e r  f i e l d - f r ee  condi t ions .  

Be l l  a n d  B r e w e r  (3)  d i scussed  t h e  neces s i t y  of 
p r e v e n t i n g  emiss ion  w h i c h  can  r e s u l t  f r om h igh  
fields a t  t he  edges  of t he  ac t ive  ca thode  pe l le t .  Be -  
cause  t he  pe l l e t  t h e y  u sed  e x t e n d e d  b e y o n d  the  
ca thode  s leeve,  t h e y  sh i e lded  the  ca thode  edges  b y  
an a d d i t i o n a l  e l ec t rode  s t r u c t u r e  he ld  at  c a tho de  po -  
t en t ia l .  No such sh ie ld  is n e c e s s a r y  w i t h  the  ca thode  
shown  in Fig.  1 because  the  ac t ive  ca thode  m a t e r i a l  
does  no t  m i g r a t e  a p p r e c i a b l y  to t he  edge  of the  
ca thode  s leeve,  as e v i d e n c e d  b y  the  fac t  t ha t  the  
emis s ion  n e v e r  exceeds  t h a t  p r e d i c t e d  b y  space -  
c h a r g e  theo ry .  F u r t h e r m o r e ,  if  a s p a c e - c h a r g e  p lo t  
is m a d e  a t  m o d e r a t e  vo l tages ,  a s t r a i g h t  l ine  resu l t s ,  
w i t h  a s lope  w h i c h  ind i ca t e s  t h a t  on ly  a b o u t  70% of 
the  su r f ace  is emi t t i ng .  

Some  c o m m e n t  is in o r d e r  on the  r e su l t  t h a t  on ly  
a b o u t  70% of the  ca thode  su r f ace  emi ts ,  a conc lu -  
s ion also r e a c h e d  b y  Beck,  et  ah (2 ) ,  b u t  o b t a i n e d  
b y  d i f fe ren t  e x p e r i m e n t a l  t echn iques .  I t  is b e l i e v e d  
t ha t  a t  l e a s t  two sources  of emiss ion  a r e  r e q u i r e d  
to e x p l a i n  the  a b o v e  fact :  (a )  a l k a l i n e - e a r t h - o x i d e s  
con t a ined  w i t h i n  t h e  pores  of the  m a t r i x ;  (b)  a 
m o n o l a y e r  of a l k a l i n e - e a r t h - o x i d e  ( p r o b a b l y  b a -  
r i u m  o x i d e ) ,  w h i c h  has  m i g r a t e d  onto  a s m a l l  a r e a  
of the nickel which surrounds each pore. The fol- 
lowing facts are cited to support this explanation. 

I. From geometrical considerations and the pro- 
portions of carbonate and nickel used in the active 
pellet, one concludes that less than 70% of the active 
surface is composed of alkaline-earth-oxide. 

2. The pulsed emission of the cathode is greater 
than the d-c emission, but by a factor much smaller 
than that usually reported for an alkaline-earth- 

oxide cathode. 

Cathode- Pellet Composition 

A l t h o u g h  a c o m p l e t e  s t u d y  of ca thode  p e l l e t  m a -  
t e r i a l s  was  no t  m a d e ,  va r i ous  compos i t ions  w e r e  
t r i ed .  T h e  mos t  u se fu l  emis s ive  m a t e r i a l  is a t r i p l e  
ca rbona t e ,  d e s i g n a t e d  R C A - 3 3 C - 3 1 1 - B ,  c o n t a i n i n g  
57% b y  w e i g h t  b a r i u m  ca rbona t e ,  39% s t r o n t i u m  
ca rbona te ,  and  4% ca l c ium ca rbona t e .  C a t h o d e  p e l -  
le t s  w e r e  also m a d e  f rom a t r i p l e  c a r b o n a t e  con-  
t a i n ing  13% ca l c ium c a r b o n a t e  and  f r o m  b a r i u m  
c a r b o n a t e  a lone.  S a t i s f a c t o r y  emiss ion  was  o b t a i n e d  
f r o m  a l l  the  ca thode  pe l le t s ,  b u t  t he  ones  con ta in ing  
b a r i u m  c a r b o n a t e  a lone  w e r e  s o m e w h a t  gassy.  

T h r e e  n i c k e l  p o w d e r s  h a v i n g  p a r t i c l e s  of d i f f e r -  
en t  sizes w e r e  t r i ed :  T y p e  B c a r b o n y l  n i cke l  (1-3tL), 
s t a n d a r d  c a r b o n y l  n i c k e l  (9 -14~) ,  a n d  S h e r r i t t - G o r -  
don n i cke l  (60t,) .  A l t h o u g h  the  emiss ion  f r o m  c a t h -  

Table I. Time-temperature schedule during sintering 

T e m p ,  ~ A t m o s p h e r e  T i m e  (min )  

Room to 600 H2 8 
600 to 1000 N~ 7 
1000 to 600 N2 7 
600 to Room H~ 8 
Room N~ 10 

* T e m p e r a t u r e  is  h e l d  c o n s t a n t  d u r i n g  c h a n g e  of a t m o s p h e r e  f r o m  
o n e  gas  to a n o t h e r ,  w h i c h  m a y  t a k e  as  m u c h  as a m i n u t e .  
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odes  u s ing  t y p e  B m a t e r i a l  was  best ,  t he  d i f fe rence  
was  no t  n e c e s s a r i l y  s ignif icant .  

T h r e e  r e d u c i n g  agen t s  w e r e  t e s t ed  as a c t i v a t o r s :  
z i r c o n i u m  h y d r i d e ,  ca rbon ,  and  t i t a n i u m  h y d r i d e .  
C a r b o n  is gassy  a n d  re su l t s  in s h o r t - l i v e d  emiss ion .  
Z i r c o n i u m  h y d r i d e  gives  s a t i s f a c t o r y  r e su l t s  and  is 
used  in t he  ca thodes  for  w h i c h  d a t a  a r e  r epo r t ed .  
T i t a n i u m  h y d r i d e  is s a t i s f a c t o r y  b u t  has  no p a r -  
t i c u l a r  a d v a n t a g e  ove r  z i r c o n i u m  h y d r i d e .  

Sintering and Aging 

The  mos t  i m p o r t a n t  s tep  in the  p rocess ing  of 
m o l d e d  n i c k e l  ca thodes  is s in te r ing .  D u r i n g  th i s  
process ,  the  ca thodes  a r e  he ld  in a n i c k e l  boa t  
w i t h i n  a Vycor  tube ,  w h i c h  in  t u r n  is w i t h i n  a m u f -  
fle fu rnace .  N i t r o g e n  and  h y d r o g e n  a re  passed  in 
ser ies  t h r o u g h  a deox id ize r ,  an  e l e c t r o d r y e r ,  a l i q -  
u i d - n i t r o g e n  t r ap ,  and  f ina l ly  the  V y c o r  tube .  The  
h y d r o g e n  flows at  the  r a t e  of 200 c m ' / s e c ,  the  n i t r o -  
gen at  50 cm~/sec. The  t i m e - t e m p e r a t u r e  schedu le  
d u r i n g  s in te r ing ,  w h i c h  is qu i t e  cr i t ica l ,  is g iven  in 
T a b l e  I. 

F i g u r e  5 shows  pu l se  c u r r e n t  d e n s i t y  ( m e a s u r e d  
p e r i o d i c a l l y  d u r i n g  l i fe )  as a func t ion  of hours  of 
l i fe  for  bo th  s i n t e r e d  and  u n s i n t e r e d  ca thodes .  The  
r e m a r k a b l e  i m p r o v e m e n t  in l i fe  p e r f o r m a n c e  due  to 
s i n t e r i n g  is obvious .  

The  m e c h a n i s m  of t he  s i n t e r i ng  p rocess  is not  
c o m p l e t e l y  unde r s tood .  P r e s u m a b l y  i t  i nc ludes  de -  
o x i d i z a t i o n  of t he  n i c k e l  p o w d e r ,  de c ompos i t i on  of 
the  z i r c o n i u m  h y d r i d e ,  and  d i f fus ion  of a sma l l  
a m o u n t  of f ree  z i r c o n i u m  in to  the  n i c k e l  m a t r i x .  
The  z i r c o n i u m  w h i c h  diffuses in to  the  m a t r i x  l a t e r  
d i f fuses  ou t  a n d  acts  as a r e d u c i n g  a g e n t  t h r o u g h o u t  
the  l i fe  of the  emi t t e r .  D u r i n g  s in te r ing ,  a t  l eas t  p a r t  
of t he  c a r b o n a t e  is b r o k e n  down,  as e v i d e n c e d  b y  
the  fact  t h a t  s i n t e r e d  ca thodes  g ive  off c o n s i d e r a b l y  
less gas  d u r i n g  e x h a u s t  t h a n  u n s i n t e r e d  ones. 

The  effect of ag ing  on ca thodes  is shown  in Fig.  6. 
Pu l se  emiss ion  is p l o t t e d  as a func t ion  of l i fe  for  
ca thodes  w h i c h  a r e  (a )  no t  aged ,  (b )  aged  for  15 
rain,  and  (c)  aged  for  30 min .  The  be s t  p e r f o r m a n c e  
was  o b t a i n e d  w i t h  ca thodes  aged  for  15 min.  H o w -  
ever ,  u n c o n t r o l l e d  v a r i a t i o n s  in cons t ruc t i on  and  
p rocess ing  of  ca thodes  m a y  r e q u i r e  d i f fe ren t  ag ing  
t imes  for  o p t i m u m  resu l t s .  The  o p t i m u m  ag ing  t ime  
can  be  d e t e r m i n e d  b y  o b s e r v a t i o n  of t he  c u r r e n t  
d u r i n g  aging .  Most  ca thodes  show a s l u m p  of c u r -  
r en t  d u r i n g  in i t i a l  phase s  a n d  t hen  recover .  The  

40 

eJ 

I 

400 600 
UFE-HOURS 

200 800  I000 

Fig. 5. Life performance of sintered and unsinteled cathodes 



398 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1958 

4C 

i i 
NO AGING 
P L A T E  VOLTS = 50  
30 MINUTES,  IO00~ (BR) 

. .  P L A T E  V O L T S = S 0  
- -15 MINUTES,  IO00~ (BR) 

0 0 
L IFE -HOURS 

Fig. 6. Effect of aging on life 

o p t i m u m  ag ing  t ime is reached w h e n  the  recovery  is 
essen t ia l ly  complete.  

Applications 
Molded n icke l  cathodes  have  been  used in  severa l  

prac t ica l  appl icat ions .  The i r  use is mos t  a d v a n t a g e -  
ous w h e n  the  cathode m u s t  be  exposed to air  (as in  
d e m o u n t a b l e  sys tems)  or w h e n  it  is expected  to de-  
l iver  la rge  a m o u n t s  of c u r r e n t  i n  the  presence  of 
posi t ive ion b o m b a r d m e n t ,  a poor vacuum,  or a la rge  
electric field. A compar i son  b e t w e e n  the  p e r f o r m a n c e  
of molded  n icke l  cathodes and  tha t  of ox ide -coa ted  
cathodes in  th ree  appl ica t ions  d e m o n s t r a t e d  the  
super io r i ty  of the  molded  cathodes.  

In  the  first appl ica t ion,  a typica l  cathode ray  gun  
was m o u n t e d  in  a d e m o u n t a b l e  v a c u u m  sys tem for 
the purpose  of e v a l u a t i n g  phosphors.  C a t h o d e - c u r -  
r e n t  r e q u i r e m e n t s  a re  fa i r ly  low, abou t  1.5/~a. How-  
ever, the d e m o u n t a b l e  sys tem is opened  to air  sev-  
eral  t imes  a day  for v a r y i n g  per iods of t ime. A typ i -  
cal molded  n icke l  ca thode surv ives  80-100 such cy-  
cles and  is st i l l  able  to de l iver  the  r e q u i r e d  cur ren t .  
In  contrast ,  typ ica l  ox ide-coa ted  cathodes last  on ly  
10-20 cycles. 

In  the  second appl ica t ion,  a s imi la r  e lec t ron  gun  
was m o u n t e d  in  a d e m o u n t a b l e  v a c u u m  sys tem for 
the  purpose  of e v a l u a t i n g  e l ec t ron-op t i ca l  s t ruc -  
tures.  In  this gun,  however ,  the  b e a m  c u r r e n t  was  
abou t  150/~a. A molded  n icke l  ca thode pe r fo rmed  
sa t i s fac tor i ly  t h r ough  abou t  30 open ings  of the  de-  
m o u n t a b l e  system, bu t  an  oxide ca thode  las ted 
t h r ough  about  3 such openings .  In  this  appl ica t ion ,  
the  cathode is no t  hea ted  whi le  the  sys tem is open to 
air, as descr ibed  by  Haas and  J e n s e n  (4) .  

In  the th i rd  appl ica t ion ,  a molded  n icke l  ca thode 
was  used in  a d e v e l o p m e n t a l  p ro jec t ion  kinescope.  
In  this s t ruc ture ,  the  a p e r t u r e  of gr id  No. 1 is 0.035 
in. in  d iameter ,  the acce le ra t ing  vol tage  is 40 kv, 
and  the  b e a m  c u r r e n t  is 1000/La. Because  the  gun  
s t ruc tu re  has no ion t rap,  the cathode is sub jec ted  to 
heavy  ion b o m b a r d m e n t .  Af te r  1500 hr  of opera t ion  
u n d e r  these condi t ions,  the  emiss ion f rom the  
molded  cathode was  st i l l  sat isfactory.  A typica l  ox-  
ide cathode lasts on ly  abou t  600 hr  u n d e r  such con-  
dit ions.  
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ABSTRACT 

A study has been made of the heterogeneous equi l ibr ium involving H~- 
W-WO~-H~O in the tempera ture  range 500~176 using a static equi l ib r ium-  
type of apparatus. The s tandard heat of formation and entropy of WO~, as 
calculated from the equi l ibr ium data, was found to be ~ H ~  __ 0.3 
kcal and 17.1 • 1.0 e.u. The heats of formation of WO~ and the two higher sub-  
oxides were de termined by direct  combustion. ~H ~ of W~80~ (WO~.~)-~ 
--183 • 1 kcal /mole  W, AH ~ of W~00~ (WO~9o) : --193 • 1 kcal /mo]e W, and 
~H ~ of WO.~ = --137 • 1 kcal /mole  W. 

The oxide ana lyses  of Glemser  and  Sauer  (1) and  
the s ingle  crys ta l  s tudies  by  Magnel i ,  et al. (2) have  
es tab l i shed  the ex is tence  of the  fo l lowing  t u n g s t e n  
oxide phases  which  are s table  at room t e m p e r a t u r e :  

W O 3 - -  y e l l o w - -  t r ic l in ic  p s e u d o - o r t h o r h o m b i c  
(s table  be low 740~ 

fl W~oOos--blue-- (WO~.~o) monoc l in ic  

~, Wl~O4~--violet-- (WO~.7~) monoc l in ic  

W O ~ - - b r o w n - - m o n o c l i n i c  

The homogene i ty  ranges  of the  above oxides are 
ve ry  n a r r o w  according to Magnel i ,  et al. The exis t -  
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Fig. 1. Equilibrium Apparatus. 1, mechanical forepump; 
2, diffusion pump; 3, liquid N~ trap; 4, quartz-Pyrex seal; 
5, reaction furnace; 6, thermocouple well; 7, quartz reaction 
chamber; 8, auxiliary circulating heater; 9, condensing bulb; 
10, liquid N= trap; 11, vacuum gauge; 12, drier; 13, H=O 
vessel; 14, drier; 15, constant volume manometer. 

ence  of a s t a b l e  t e t r a g o n a l  f o rm  of WO~ a b o v e  720 ~ 
740~ has  been  r e p o r t e d  (3 -5 ) .  T h e r e  is i n c r e a s i n g  
ev idence  of an  ox ide  p h a s e  W~O ( b e t a  t u n g s t e n )  
( 6 - 8 ) .  This  p o i n t  has  been  in  d i s p u t e  (9-11)  and  
the  ques t ion  r e m a i n s  a po in t  of con t rove r sy .  

H o w e v e r ,  t he  t h e r m o d y n a m i c  d a t a  t ha t  a r e  a v a i l -  
ab le  for  t h e  t u n g s t e n  ox ides  a r e  b a s e d  in mos t  p a r t  
on s tud ies  (12-17)  m a d e  p r i o r  to t hese  ox ide  phase  
inves t iga t ions .  In  a d d i t i o n  to t h e  u n c e r t a i n t i e s  con-  
c e r n i n g  the  o x i d e  phases ,  i t  has  been  p o i n t e d  ou t  
(18) t h a t  c o n s i d e r a b l e  e r ro rs ,  d u e  to t h e r m a l  d i f fu -  
s ion effects,  a r e  e n c o u n t e r e d  in  t h e  use  of a D e v i l l e  
(19) t y p e  of  a p p a r a t u s  such as was  a lmos t  u n i v e r -  
s a l l y  used  in  e a r l i e r  s tudies .  The  p u r p o s e  of t he  
p a p e r  is to p r e s e n t  a r e d e t e r m i n a t i o n  of t he  W-WO~-  
H~-H~O e q u i l i b r i a  as a first  s t ep  in  t he  s t u d y  of t he  
poss ib le  e q u i l i b r i a  i n v o l v e d  in  t he  r e d u c t i o n  of  WO~ 
to W b y  H2. 

Experimental 
F i g u r e  1 shows  the  e x p e r i m e n t a l  a p p a r a t u s  de -  

s igned  to avo id  t h e  s e p a r a t i o n  of t h e  e q u i l i b r i u m  
m i x t u r e  of H~ and  H~O b y  t h e r m a l  diffusion.  The  a p -  
p a r a t u s  consis ts  of a s q u a r e  d o u g h n u t - s h a p e d  1 in. 
q u a r t z  t u b i n g  r e a c t i o n  c h a m b e r  in to  w h i c h  a s m a l l  
q u a r t z  boat ,  4 cm long,  1 cm wide ,  a n d  0.8 cm high,  
con t a in ing  the  sol id  phase s  ( W  and  WO~), is p laced .  
The  r e a c t i o n  c h a m b e r  is s ea l ed  off f r o m  the  a t m o s -  
p h e r e  b y  a s t a n d a r d  t a p e r  24/40 jo in t  c o n t a i n i n g  the  
t h e r m o c o u p l e  wel l .  The  r e a c t i o n  f u r n a c e  w i n d i n g s  
a r e  spaced  so t h a t  t h e r e  is no a p p r e c i a b l e  r a d i a l  
t e m p e r a t u r e  g r ad i en t ,  and  the  c o n s t a n t  t e m p e r a t u r e  
( • 1 7 6  zone  is a p p r o x i m a t e l y  3 cm long.  A l l  c h r o -  
m e l - a l u m e l  t h e r m o c o u p l e s  and  l e a d  ex tens ions  w e r e  
c a l i b r a t e d ,  ove r  t he  e n t i r e  r ange ,  aga in s t  a B u r e a u  

of S t a n d a r d s  Cer t i f ied  p l a t i n u m - p l a t i n u m  10 % 
r h o d i u m  t h e r m o c o u p l e  to -----I~ A l u m i n u m  foil  is 
used  as a h e a t  sh ie ld  to he lp  r e d u c e  the  l a r g e  end 
losses and  to keep  the  en t i r e  r e a c t i o n  c h a m b e r  at  an  
e l e v a t e d  t e m p e r a t u r e  to p r e v e n t  c o n d e n s a t i o n  of 
w a t e r  p r e s e n t  in t he  r e a c t i o n  gases.  The  t h e r m o -  
coup le  se rves  bo th  to con t ro l  and  i n d i c a t e  t he  t e m -  
p e r a t u r e  s ince  t he  r e s p o n s e  of t he  d e t e c t o r  to t he  
a d d i t i o n  or  loss of hea t  is a lmos t  i n s t a n t a n e o u s  due  
to t he  q u a r t z  cons t ruc t ion .  A s m a l l  a u x i l i a r y  h e a t e r  
on the  v e r t i c a l  l eg  a s su re s  a c i r c u l a t i o n  of t h e  gases  
b y  convec t ion  cu r ren t s .  T h e  c h a m b e r  is connec t ed  
b y  a q u a r t z - P y r e x  sea l  to t he  condens ing  bu lb ,  con-  
s t an t  v o l u m e  m e r c u r y  m a n o m e t e r ,  a n d  v a c u u m  
man i fo ld .  The  v a c u u m  s y s t e m  inc ludes  a m e c h a n -  
ical  f o r e p u m p ,  a t w o - s t a g e  m e r c u r y  d i f fus ion  p u m p ,  
l i qu id  N~ t r ap ,  a n d  t h e r m o c o u p l e  v a c u u m  gauge.  The  
c o n d e n s i n g  bu lb  i nc ludes  a co ld  f inger  a n d  c i r c u l a t -  
ing  tube .  T h e  s m a l l  h e a t e r  in t he  c i r c u l a t i n g  side 
a r m  causes  t h e  gas  to r ise  a n d  thus  m a i n t a i n s  a con-  
vec t ion  c u r r e n t  w h i c h  causes  a l l  of t he  H~O v a p o r  in 
t he  s y s t e m  to b e  f rozen  ou t  in  t he  co ld  p o r t i o n  i m -  
m e r s e d  in l i qu id  N~. The  m a n o m e t e r  r e a d i n g s  w e r e  
m a d e  w i t h  a p rec i s ion  c a t h e t o m e t e r  to • 0.05 mm.  
A l l  m a n o m e t e r  r e a d i n g s  w e r e  co r rec ted ,  w h e n  nec -  
essary ,  for  t he  cool ing  effect  of l i qu id  N~. 

A l l  e q u i l i b r i u m  m e a s u r e m e n t s  w e r e  m a d e  b y  a l -  
t e r n a t e  r e d u c t i o n  a n d  o x i d a t i o n  of the  samples .  This  
a l t e r n a t i n g  p r o c e d u r e  y i e l d e d  cons i s t en t  va lue s  for  
Kp a f t e r  2 to 3 cond i t i on ing  runs .  The  p r e s e n c e  of 
bo th  phases  ( W  and  WO~) e n a b l e d  e s t a b l i s h m e n t  of 
e q u i l i b r i u m  in as sho r t  a t i m e  as pos s ib l e  w h i c h  
p r e v e n t e d  su r f a c e  d e p l e t i o n  of e i the r  p h a s e  a n d  
s in t e r i ng  effects.  This  t i m e  v a r i e d  f r o m  2 h r  for  
l o w e r  t e m p e r a t u r e s  to less t h a n  V2 h r  for  h i g h e r  
t e m p e r a t u r e s .  A 2 -g  s a m p l e  was  p l a c e d  in  t h e  r e -  
ac t ion  c h a m b e r  a n d  the  s y s t e m  e v a c u a t e d  to less t h a n  
0.1 m i c r o n  for  a p e r i o d  of 2 hr .  H~ a n d / o r  H20 v a p o r  
was  i n t r o d u c e d  in to  t he  c h a m b e r  w h i c h  was  t hen  
c losed  off f r o m  the  r e s t  of the  sys tem.  The  t e m p e r a -  
t u r e  of t he  c h a m b e r  was  r a i s e d  to t h e  d e s i r e d  po in t  
and  the  e q u i l i b r i u m  r u n  m a d e  w h i l e  t he  c o n d e n s -  
ing b u l b  a n d  m a n o m e t e r  w e r e  be ing  p u m p e d  down.  
Upon  c o m p l e t i o n  of t he  run ,  t he  ho t  gases  w e r e  e x -  
p a n d e d  in to  t he  c onde ns ing  b u l b  and  m a n o m e t e r .  
The  to t a l  p r e s s u r e  and  the  p r e s s u r e  a f t e r  t he  H~O 
was  f rozen  ou t  w e r e  t hen  noted .  

A l l  r e a g e n t s  w e r e  p r e p a r e d  f r o m  pur i f i ed  WO~, 
w h i c h  was  m a d e  b y  f i r ing H~WO~ at  900~ for  11/2 
hr .  S p e c t r o g r a p h i c  a n a l y s i s  of t he  WO~ is g iven  in 
T a b l e  I. 

The  H~ gas  was  pur i f i ed  b y  pa s sa ge  t h r o u g h  a 
Deoxo  c a t a l y t i c  un i t  to r e m o v e  O~ a n d  t h e n  t h r o u g h  
a l i qu id  N~ t r a p  to r e m o v e  t r aces  of H~O. The  H~ 
gas  was  o b t a i n e d  d i r e c t l y  f r o m  m a n u f a c t u r i n g  f a c i l -  

�9 O b t a i n e d  f r o m  C h e m i c a l  P roduc t s ,  G e n e r a l  E lec t r i c  Co., C l e v e -  
l and ,  Ohio.  

Table h Analysis of WO~ starting material 

Meta l l i c  e l e m e n t s  
A1 NIo Si  Ca Fe  Ni  Cu Cr  Mr  T i  Sn ,Co ,Pb  

% by wt  0.002 0.002 0.020 0.001 0.001 0.001 0.001 0.001 0.001 t race  absent 
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i t ies  p r o v i d i n g  a h i g h l y  pur i f i ed  gas. P u r e  W m e t a l  
was  o b t a i n e d  b y  the  r e d u c t i o n  of T O ,  w i t h  d r y  H.~ 
(400 c c / m i n )  at  650~ for  a 2 4 - h r  pe r iod .  M a t e r i a l  
b a l a n c e  a n d  x - r a y  a n a l y s i s  s h o w e d  the  p r o d u c t  to 
be  a -W.  100 g r a m s  of t u n g s t e n  was  m a d e .  T h e r e  a r e  
two  p r i m a r y  m e t h o d s  for  p r o d u c i n g  WO~ and  the  
o the r  sub  ox ides  (1, 2) .  Bo th  y i e l d  t he  s ame  p r o d u c t  
as e v i d e n c e d  b y  x - r a y  ana lys i s .  The  b u l k  of t he  
WO~ used  for  e q u i l i b r i u m  s a m p l e s  was  p r e p a r e d  b y  
r e d u c t i o n  of 15-g cha rges  of WO~ at  700~ b y  H~ gas  
(200 c c / m i n ) ,  s a t u r a t e d  w i th  H~O v a p o r  a t  45~ 
for  1/2 hr .  A p p r o x i m a t e l y  160 g of WO~ was  so p r e -  
pa r ed .  60 g each  of W~oO~, (WO~.~) and  W~,O~ 
(WO~.~) w e r e  p r e p a r e d  b y  h e a t i n g  s t o i ch iome t r i c  
q u a n t i t i e s  of W and  WO3 in e v a c u a t e d  sea l ed  q u a r t z  
tubes  as d e s c r i b e d  b y  Magne l i ,  et al. (2) .  

The  s t a n d a r d  hea t  of f o r m a t i o n  of WO~ was  also 
d e t e r m i n e d  (as  w e l l  as v a l u e s  for  WO2.~ and  WO~.7_~) 
b y  c o m b u s t i o n  me thods .  The  b o m b  a s s e m b l y  con-  
s i s ted  of a s i n g l e - v a l v e  P a r r  o x y g e n  b o m b  and  
Ser ies  1300 P l a i n  C a l o r i m e t e r .  The  b o m b  was  
f lushed a t  25 a t m  w i t h  O~ once to r e d u c e  the  N~ con-  
tent .  The  O.~ c o n t a i n e d  0.3% a r g o n  w i t h  a b o u t  
0.001% h y d r o c a r b o n  impur i t i e s .  The  c a l o r i m e t e r  
r u n  was  c a r r i e d  out  a c c o r d i n g  to t he  m a n u f a c t u r e r ' s  
r e c o m m e n d a t i o n s .  T e m p e r a t u r e s  w e r e  m e a s u r e d  
w i t h  a P a r r  C a l o r i m e t e r  t h e r m o m e t e r  s u p p l i e d  w i t h  
a t es t  ce r t i f i ca te  w h i c h  e n a b l e d  scale  co r r ec t i on  to 
w i t h i n  • 1 7 6  to be  made .  T h e  t h e r m o m e t e r  
r e a d i n g s  w e r e  m a d e  w i t h  a c a t h e t o m e t e r  to avo id  
p a r a l l a x .  No. 34 B & S g a u g e  n i c k e l - c h r o m i u m  
a l loy  w i r e  was  used  as a fuse. T h e  combus t i o n  c a p -  
sules  w e r e  m a d e  of 25-20 s t a in less  s tee l  and  w e r e  
l ined  w i t h  a 10-g l a y e r  of WO~ for  each  r u n  w i t h  t he  
e x c e p t i o n  of  the  d e t e r m i n a t i o n  of t h e  w a t e r  e q u i v a -  
l en t  b y  s t a n d a r d i z e d  benzoic  acid.  A co r r ec t i on  was  
m a d e  for  t he  d i f fe rence  in h e a t  capac i ty .  The  s a m -  
ples  w e r e  p r e s s e d  into  pe l l e t s  1 in. d i a m  x 1/8 in. 
th ick .  T u n g s t e n  was  p r e s s e d  at  12,000 psi  w h i l e  the  
o t h e r  t h r e e  ox ides  w e r e  p r e s s e d  a t  51,000 psi. The  
s a m p l e s  cons i s ted  of  p ieces  of t he se  b r o k e n  pe l le t s .  
C o m p l e t e  c o m b u s t i o n  was  not  o b t a i n e d  for  s a m p l e s  
of W a n d  WO~, b u t  t h e  h i g h e r  ox ides  WO~.~ and  
WO~.~o r e a c t e d  c o m p l e t e l y  w h e n  m i x e d  w i t h  W m e t a l  
pe l le t s .  The  r e s idues  of a l l  r uns  w e r e  c rushed  and  
d i g e s t e d  in  5% N a O H  at  85~ for  24 hr ,  t he  ho t  
so lu t ions  f i l t e red  and  the  m e t a l l i c  W we ighed .  X - r a y  
e x a m i n a t i o n  of the  t r e a t e d  r e s idues  showed  on ly  W 
p r e s e n t  fo r  t he  r u n s  i n v o l v i n g  W, WO~.~, and  W ... .  
T u n g s t e n  d iox ide  s a m p l e s  w e r e  r e a c t e d  w i t h o u t  a n y  
a d d i t i o n  of W m e t a l ;  r e s idues  w e r e  t r e a t e d  as above,  
and  on ly  WO~ was  found  a f t e r  f i l t ra t ion .  O t h e r  l a b -  
o r a t o r y  t echn iques  s h o w e d  tha t  i f  130 m g  of WO~ 
is so t r e a t e d ,  the  r e c o v e r y  is c lose to 123 m g  or  
be t t e r .  This  loss cou ld  be  a t t r i b u t e d  to e i t he r  t he  
so lu t ion  of t he  WO~ or, as has  been  r e p o r t e d  (20) ,  
the  r e a c t i o n  of the  WO~ w i t h  ( O H ) -  to y i e l d  a h i g h e r  
ox ide  and  m e t a l l i c  W. In  e i t he r  case the  co r r e c t i on  
i n v o l v e d  is less  t h a n  t h e  f inal  e s t i m a t e d  e r ro r .  The  
c o m b u s t i o n  v a l u e s  for  W O ~  a n d  WO~.~o h a v e  been  
c o r r e c t e d  for  t he  e n e r g y  s u p p l i e d  b y  the  c o m b u s t i o n  
of t he  a d d e d  W me ta l .  

The  AE va lues  f r o m  the  c o m b u s t i o n  runs  w e r e  
c o r r e c t e d  to un i t  f u g a c i t y  of O~ b y  r e f e r e n c e  to t he  
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w o r k  of Ross in i  a n d  F r a n d s e n  (21) .  The  c o n v e n -  
t i ona l  conve r s ion  of  AE to •  was  m a d e  a n d  a l l  r e -  
sul ts  w e r e  c a l c u l a t e d  on the  bas is  of 1 m o l e  of W, 
for  r ea sons  of  compar i son .  

Results and Discussion 
The  e x p e r i m e n t a l  t e c hn ique s  d e s c r i b e d  a b o v e  

w e r e  first  u sed  to d e t e r m i n e  the  Fe-H~O-H2-Fe~O4 
e q u i l i b r i u m  ove r  t he  t e m p e r a t u r e  r a n g e  400~176 
The  d a t a  of E m m e t t  a n d  Sc hu l t z  (18) was  used  for  
compar i son .  R e a g e n t  g r a d e  Fe~O3 ( r e d )  was  used  as 
a s t a r t i n g  m a t e r i a l .  T w e n t y  g of Fe30,  was  p r e p a r e d  
b y  r e d u c t i o n  of Fe~O~ a t  700~ b y  w e t  H~(H~O/H~ 
ra t i o  1 .8:1)  for  1 h r :  x - r a y  a n d  m a t e r i a l  b a l a n c e  
a n a l y s i s  i n d i c a t e d  Fe~O,. M e t a l l i c  F e  was  p r e p a r e d  
b y  r e d u c t i o n  at  700~ w i t h  d r y  H~ for  3 � 8 9  hr .  E x -  
p e r i m e n t a l  r e su l t s  c he c ke d  v e r y  f a v o r a b l y  w i t h  t he  
l i t e r a t u r e  va lues .  

The  e q u i l i b r i u m  v a l u e s  for  t h e  r eac t i on :  

V2 WO~ + H~ ~ 1/2 W + H20 

in the temperature interval 500~176 are given 

in Table II and Fig. 2. 
ACp for the reaction, 

WO2 ~- 2H,_,--~ W -I- 2H~O(500~176 

was calculated on the basis of literature values for 
H~, H~O(22), W(23), and using Cp = 14.0 cal~ 

Table II. Equilibrium data for the system WO~-H2-W-H20 

R u n  No.  T e m p ,  C ~ Kp = PH~o/PH~ I n i t i a l  c o n d i t i o n s  

64A 500 0.112 
68 500 0.118 
82 500 0.120 
83 500 0.121 
88 500 0.120 

83A 600 0.214 
83B 600 0.212 
83C 600 0.210 
88A 6O0 0.208 
88B 600 0.218 
90 600 0.206 

86A 700 0.356 
86B 700 0.346 
86C 700 0.348 
87 700 0.340 
91A 700 0.351 
91B 7OO O.355 

88 800 0.507 
90A 800 0.460 
90B 800 0.460 
90C 800 0.515 
90D 800 9.520 
90E 800 0.510 

72A 900 0.694 
72B 900 0.684 
73 900 0.705 
75A 900 0.690 
75B 900 0.709 
75C 900 0.695 

94A 1000 0.931 
94C 1000 0.935 
94D 1000 0.935 
95A 1000 0.945 
95B 1000 0.937 
95C 1000 0.934 

reducing 
reducing  
oxidizing 
oxidizing 
reducing 

reducing  
reducing 
oxidiz ing 
reducing  
oxidizing 
oxidizing 

oxidizing 
reducing 
oxidizing 
oxidiz ing 
reducing  
reducing 

reducing  
reducing  
oxidizing 
reducing 
oxidiz ing 
oxidizing 

oxidizing 
reducing  
oxidizing 
reducing 
oxidizing 
reducing 

reducing 
reducing 
oxidizing 
oxidizing 
oxidizing 
reducing  
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Table I I I .  Bomb calorimeter results 

I / T U K  X 103 

PH2o 
Fig. 2. Plot of log Kp = vs. 1 / T ~  for the system 

PHe 
WO~-H~-W-H~O. 

(Kopp ' s  ru l e )  for  WO.~ since no l i t e r a t u r e  va lues  are  
ava i lab le .  

hCp = 6.96 + 4.32 • 10-~T-- 0.08 X 10~T o (I)  

The  e q u i l i b r i u m  va lues  in Tab le  II w e r e  t r e a t e d  by  
m e a n s  of S i g m a  func t ions  and  the  m e t h o d  of least  
squares ,  us ing  the  v a l u e  for ACp, to y ie ld  the  fo l -  
l owing  equa t ions  for  this  r eac t ion :  

4.32 
~,H~ ~ 2 1 , 0 0 0 - - 6 . 9 6 T +  • 10-~T~+0.08 • 10~T-~ (I I )  

2 

4.32 
AF ~ -~ 21,000 + 6.96 TlnT - -  - -  • 10-"T ~ + 

2 
0.08 

- -  • 10~T - ~ -  63.1T ( I I I )  
2 

F r o m  these  w e r e  ca lcu la ted ,  

• = +19 .4  ---- 0.2 k c a l / m o l e  W 

AF%~ = +13.9  +-- 0.2 k c a l / m o l e  W 

L i t e r a t u r e  va lues  of AF~ and AH~ (24) for the  

r eac t ion  2H: + O~--, 2H~O, w e r e  used to ca lcu la te  

the  fo l l owing  va lues  of 5 F ~  and  •176 for  t he  r e -  

action,  
W + O.o--, WO~ 

AF~ = --123.1 ----- 0.3 k c a l / m o l e  W 

AH~ -~ --135.0 ----- 0.3 k c a l / m o l e  W 

The  s t a n d a r d  e n t r o p y  va lues  for  W and  O o (25) 
w e r e  used  to ca lcu la te  the  s t anda rd  e n t r o p y  of WO_o. 

S~ WOo ---- 17.1 + 1.0 e.u. 

401 

- -AH~  
R e a c t i o n  k c a ~ m o l e  W 

W + 3 / 2 0 ~ - - - W O .  199.5 
W + 3 / 2 0 , - - W O ~  198.5 
W + 3 / 2 0 ~ - - , W O ,  199.1 

W O ~ +  1/20~-- ,WO~ 62.0 
W O ~ +  1 / 2 0 ~ - , W O ~  61.4 
W O ~ +  1 / 2 0 ~ - , W O ~  60.8 
W O ~ +  1 / 2 0 , - - . W O ,  62.3 

W O ~ . ~ + 0 . 2 8 / 2 0 ~ - - W O ~  15.0 
WO~.~+0 .28 /20~- - ,WO,  16.2 
WO2,~+0.28/20~-- ,WO~ 17.1 
WO .... + 0 . 2 8 / 2 0 ~ W O ~  15.8 

WO .... + 0.10/20~ -- WO, 4.7 
WO .... + 0.10/2 O._, ~ WO, 5.9 
WO .... + 0.10/2 O2 ~ WO3 6.2 
WO2.,0 + 0.10/20~ ~ WO~ 6.4 

T h e r e  is no l i t e r a t u r e  v a l u e  a v a i l a b l e  for  c o m p a r i -  
son, bu t  it is r e a sonab l e  s ince S~ of WO~ = 19.9 
e.u. (26).  The  hea t  of f o r m a t i o n  of WO~ was  also ob-  
t a ined  by  d i rec t  combus t ion  t echn ique .  The  resu l t s  
of the  bomb c a l o r i m e t e r  runs  are  t a b u l a t e d  in 
Tab le  III. 

The  da ta  in T a b l e  I I I  can be  used  to d e t e r m i n e  the  
hea ts  of f o r m a t i o n  of the  oxides  as s u m m a r i z e d  in 

Tab le  IV. 

S u m m a r y  

The  e q u i l i b r i u m  va lues  ob ta ined  for  t he  sys tem 
W-WOo_-H~O-H~ are  s l igh t ly  l o w e r  t h a n  the  e x -  
p e r i m e n t a l  da ta  a v a i l a b l e  in the  l i t e r a t u r e  for  this  
sys tem.  AH ~ of WO~ =- -135 .0 - -+  0.3 kca l  as ca lcu -  
l a ted  f r o m  these  da t a  and  AH ~ of WO~ = --137.0 +-- 1 
kca l  as ca l cu la t ed  f r o m  combus t ion  e x p e r i m e n t s  
also r e p o r t e d  here .  S ~  of WO~ ~ 17.1--+ 1.0 e.u. 
( f r o m  e q u i l i b r i u m  d a t a ) .  AH~ .... (W,~O,~) = 
--183 _+ 1 kca l  and AH~ .... (W~oO~) : --193 +-- 1 
kcal.  These  va lues  w e r e  ob t a ined  by combus t ion  
e x p e r i m e n t s  and  no l i t e r a t u r e  va lues  are  ava i l ab l e  

for  compar ison .  
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sions of the  G e n e r a l  E lec t r i c  C o m p a n y  for  the i r  

he lp fu l  assis tance.  

Manuscript  received Sept. 19, 1957. This paper  was 
prepared  for del ivery  before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the June  1959 
J O U R N A L .  

Table IV. Heats of formation of tungsten oxides 

O x i d e  

n e a t  of  f o r m a t i o n  
AH ~ M e t h o d  of L i t e r a t u r e  v a l u e  

k c a l / m o l e  W d e t e r m i n a t i o n  k c a l / m o l e  W 

WO~ --199 ___ 1 combustion 
WO~ --137 -+ 1 combustion 
WOo. --135.0 -+ 0.3 equi l ibr ium 
WO~.~(W~80~) --183 -+ 1 combust ion 
W O ~  (W_~O~8) -- 193 ___ 1 combustion 

--200.2+__0.10 
--135 
--134--+2 

( 2 0 )  
(27) 
(27) 
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Electropolishing Silicon in Hydrofluoric Acid Solutions 
Dennis R. Turner 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Sil icon is e lect ropol ished in hydrof luor ic  acid solutions if  a cr i t ica l  cur ren t  
dens i ty  is exceeded.  Below the cr i t ical  c.d., si l icon dissolut ion is l a rge ly  d iva -  
lent, and a th ick solid l ayer  forms. This film is uns tab le  and reacts  s lowly wi th  
the e lec t ro ly te  to form te t r ava len t  sil icon and hydrogen  gas. In  the e lec t ro-  
pol ishing region, sil icon dissolut ion is ma in ly  t e t r ava len t  wi th  the fo rmat ion  
of a ve ry  thin high resis tance type  of film. 

Expe r imen ta l  resul ts  on the effect of H F  concentrat ion,  viscosity, and t em-  
pe ra tu re  indicate  tha t  e lect ropol ishing begins when  ~he I-IF concentra t ion  at  
the silicon becomes l imi ted  by  the ra te  of "mass t ransfer"  of H F  f rom the 
solut ion bulk  to the surface. 

S i l i con  is a s e m i c o n d u c t o r  m a t e r i a l  used  in  m a k -  
ing  s o l i d - s t a t e  e lec t ron ic  devices .  In  t he i r  m a n u -  
fac ture ,  i t  is n e c e s s a r y  to e m p l o y  c h e m i c a l  and  e lec-  
t r o c h e m i c a l  t e chn iques  to r e m o v e  d a m a g e d  su r face  
m a t e r i a l  a n d / o r  shape  the  s i l icon to a p a r t i c u l a r  
g e o m e t r y .  The  p r i n c i p l e  a d v a n t a g e  of e l e c t r o c h e m -  
ical  ove r  c h e m i c a l  m e t h o d s  of r e m o v i n g  s i l icon is 
t ha t  t he  a m o u n t  and  the  p l ace  w h e r e  t he  m a t e r i a l  
is to be  r e m o v e d  can  be  con t ro l l ed  m o r e  eas i ly .  I t  is 
u s u a l l y  d e s i r a b l e  t h a t  t he  su r f ace  of the  s i l icon be  
po l i shed  a f t e r  p rocess ing .  

T h e  t e c h n i q u e  of e l e c t r o p o l i s h i n g  invo lves  m a k -  
ing  the  m e t a l  to be  po l i shed  a n o d e  in a s u i t a b l e  
e l e c t r o l y t e  a t  a c u r r e n t  d e n s i t y  sufficient  to p r o -  
duce  a th in  con t inuous  a n o d e  fi lm on the  sur face .  
The  anode  fi lm m u s t  be  so lub le  in  the  e l ec t ro ly t e ,  
b u t  not  too so lub le  or  no a p p r e c i a b l e  e l e c t r o p o l i s h -  
ing  f i lm wi l l  be  b u i l t  up  a t  a r e a s o n a b l e  c u r r e n t  
dens i ty .  The  e l e c t r o p o l i s h i n g  a n o d e  fi lm is d e s c r i b e d  
b y  va r i ous  w o r k e r s  as e i t he r  a sol id  or  h i g h l y  v i s -  
cous l i qu id  l aye r .  P o l i s h i n g  r e q u i r e s  bo th  b r i g h t e n -  
ing  and  smooth ing .  H o a r  and  M o w a t  (1)  h a v e  p r o -  
posed  t h a t  t he  b r i g h t e n i n g  effect  is d u e  to a r a n -  
d o m  t r a n s f e r  of me ta I  a t o m s  into  v a c a n t  ca t ion  s i tes  
in the  anode  film. S m o o t h i n g  is due  to p r e f e r e n t i a l  

d i s so lu t ion  of  t h e  f i lm a t  h igh  po in t s  on the  sur face .  
P r e v i o u s  w o r k  on e l e c t r o p o l i s h i n g  s i l icon is a l -  

mos t  nonex i s t en t .  U h l i r  (2)  was  ab l e  to e l e c t r o -  
po l i sh  p - t y p e  s i l icon in a l a r g e l y  n o n a q u e o u s  e l ec -  
t r o l y t e  of e t h y l e n e  g lyco l  c o n t a i n i n g  some  HF.  

E l e c t r o p o l i s h i n g  s i l icon a p p e a r s  p r a c t i c a l  on ly  for  
p - t y p e  m a t e r i a l  a t  the  p r e s e n t  t i m e  s ince  an  i n t e r n a l  
v o l t a g e  b a r r i e r  is f o r m e d  in n - t y p e  s e m i c o n d u c t o r s  
(3)  w h i c h  causes  excess ive  h e a t i n g  of  t he  e l ec t rode  
be fo re  t h e  r e q u i r e d  po l i sh ing  c u r r e n t  is a t t a ined .  
M e thods  of b r e a k i n g  d o w n  the  v o l t a g e  b a r r i e r  b y  
i n t r o d u c i n g  h o l e - e l e c t r o n  p a i r s  w i t h  h e a t  a n d / o r  
l igh t  is e f fec t ive  w i t h  g e r m a n i u m ,  b u t  th is  is diffi- 
cu l t  i f  no t  i m p o s s i b l e  w i t h  s i l icon b e c a u s e  of i ts  
h i g h e r  e n e r g y  gap.  

The  e x p e r i m e n t a l  w o r k  was  done  in  two  par t s .  
F i r s t ,  a n u m b e r  of e x p l o r a t o r y  e x p e r i m e n t s  w e r e  
p e r f o r m e d  to d e t e r m i n e  t h e  bes t  e l e c t r o l y t e  and  
g e n e r a l  cond i t ions  for  e l ec t ropo l i sh ing .  This  w o r k  
was  done  w i t h  s i l icon e l ec t rodes  he ld  v e r t i c a l l y  in  
so lu t ion  and  w i t h o u t  t e m p e r a t u r e  control .  The  sec-  
ond  p a r t  was  done  m o r e  c a r e f u l l y  w i t h  the  s i l icon 
pos i t i oned  h o r i z o n t a l l y  f ac ing  up  and  the  t e m p e r a -  
t u r e  con t ro l l ed .  
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Preliminary Experiments 

Most  of the  p r e l i m i n a r y  e x p e r i m e n t s  w e r e  c a r r i e d  
out  w i t h  1 ohm cm s i n g l e - c r y s t a l  p - t y p e  s i l icon 
e lec t rodes .  A n u m b e r  of e l e c t r o l y t e s  w e r e  i n v e s t i -  
g a t e d  to d e t e r m i n e  one  s u i t a b l e  for  e l e c t r o p o l i s h i n g  
si l icon.  

S t r o n g  a l k a l i n e  so lu t ions  c h e m i c a l l y  a t t a c k  s i l i -  
con, f o r m i n g  a so lub le  s i l i ca te  and  h y d r o g e n  gas. 
The  r a t e  of  r e a c t i o n  inc reases  r a p i d l y  w i t h  t e m p e r a -  
ture .  I f  a p iece  of s i l icon is m a d e  anod ic  in ho t  1N 
KOH,  h o w e v e r ,  t he  c h e m i c a l  a t t a c k  s tops  a b o v e  a 
c r i t i ca l  a n o d e  po ten t i a l .  The  su r f ace  is p a s s i v a t e d .  
F u r t h e r m o r e ,  a f t e r  the  cel l  c u r r e n t  is i n t e r r u p t e d ,  
t he  ho t  a l k a l i n e  so lu t ion  r e q u i r e s  s e v e r a l  m i n u t e s  
to b r e a k  t h r o u g h  t h e  pa s s ive  l a y e r  and  r e s u m e  
c h e m i c a l  a t t a c k  of t he  si l icon.  A b r i e f  ca thod ic  
t r e a t m e n t  r e a c t i v a t e s  t h e  s i l icon i m m e d i a t e l y .  A l k a -  
l ine  so lu t ions  do no t  a p p e a r  p r o m i s i n g  for  e l e c t r o -  
po l i sh ing  s i l icon.  The  p a s s i v a t i n g  anod ic  f i lm fo rmed ,  
howeve r ,  m a y  be  of v a l u e  in s t ab i l i z i ng  the  su r f ace  
e l e c t r o n i c a l l y  (4) .  

E l e c t r o l y t e s  con t a in ing  the  f luor ide  ion w e r e  con-  
s i d e r e d  s ince  t h e y  can  be  m a d e  to fo rm so lub le  
f luos i l ica te  c o m p l e x e s  w i t h  si l icon.  The  mos t  suc-  
cessful  e l e c t r o l y t e  f o u n d  for  e l e c t r o p o l i s h i n g  s i l icon 
was  hyd ro f luo r i c  acid.  F o r  a g iven  set  of cond i t ions  
of H F  concen t r a t i on ,  t e m p e r a t u r e ,  v iscos i ty ,  and  
s t i r r ing ,  t h e r e  is a c r i t i ca l  c u r r e n t  d e n s i t y  w h i c h  
m u s t  be  e x c e e d e d  b e f o r e  e l e c t r o p o l i s h i n g  can t a k e  
place .  B e l o w  th is  c r i t i ca l  c u r r e n t  dens i ty ,  a t h i ck  
sol id  a n o d e  fi lm fo rms  on the  si l icon.  F o r  e x a m p l e ,  
Uh l i r  (2)  r e p o r t e d  t h a t  s i l icon does  no t  e l ec t ropo l i sh  
in 24 to 48% H F  so lu t ions  up  to 0.5 a m p / c m  ~ b e -  
cause  of a t h i c k  a n o d e  deposi t .  As  wi l l  be  seen  l a t e r ,  
h i g h e r  c u r r e n t  dens i t i e s  a r e  r e q u i r e d  to e l e c t r o -  
po l i sh  s i l icon a t  these  H F  concen t ra t ions .  

The  H F  c o n c e n t r a t i o n  r a n g e  in  w h i c h  a v e r t i c a l  
p - t y p e  s i l icon e l e c t r o d e  is e l e c t r o p o l i s h e d  at  400 
m a / c m  ~ c u r r e n t  d e n s i t y  is shown  in Fig .  1. T h e r e  
was  no t e m p e r a t u r e  con t ro l  in th is  e x p e r i m e n t .  The  
ef fec t ive  r e s i s t ance  of  t he  e l e c t r o l y t i c  cel l  a n d  the  
p o w e r  d i s s i pa t ed  in  t he  cel l  w e r e  m e a s u r e d  at  the  
s ame  t ime.  These  d a t a  a r e  i n c l u d e d  on ly  to show the  
q u a l i t a t i v e  effect of H F  c o n c e n t r a t i o n  on the  cel l  
r e s i s t ance  and  p o w e r  d i s s ipa t ion .  A t  low H F  con-  
c e n t r a t i o n s  t he  cel l  r e s i s t ance  is h igh ,  t h e  p o w e r  
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Fig. 1. Cell resistance and power dissipated in an electro- 
polishing cell vs. HI: concentration using a vertical p-type 
silicon anode at 400 ma/crn = density. 

d i s s ipa t e d  as hea t  is l a rge ,  a n d  the  s i l icon is a n o d i c -  
a l l y  e t ched  bu t  no t  e l ec t ropo l i shed .  A c l ea r  po l i shed  
s i l icon su r f a c e  is no t  o b t a i n e d  u n t i l  the  H F  concen -  
t r a t i o n  is a t  l eas t  2.5%. More  c o n c e n t r a t e d  so lu-  
t ions  of H F  d e c r e a s e  t he  effect ive  cel l  r e s i s t ance  
and  thus  the  p o w e r  d i s s i p a t e d  in  the  cell .  The  t h i c k  
fi lm beg ins  to f o r m  at  a b o u t  8.5% H F  u n d e r  the  con-  
d i t ions  of th is  e x p e r i m e n t ?  T h e r e  is no  d i s c o n t i n u i t y  
in t h e  ce l l  r e s i s t a nc e  w i t h  f i lm f o r m a t i o n  w h i c h  in -  
d ica tes  t h a t  t he  t h i c k  f i lm is p r o b a b l y  porous .  

A n o d e  efficiency m e a s u r e m e n t s  w e r e  m a d e  d u r i n g  
e l e c t r o p o l i s h i n g  in  5% H F  us ing  a v e r t i c a l  p - t y p e  
s i l icon  e lec t rode .  S ince  t h e r e  was  a t e n d e n c y  for  t he  
c u r r e n t  to osc i l l a te  in t h e  e l e c t r o p o l i s h i n g  r ange ,  i t  
was  n e c e s s a r y  to e m p l o y  a copper  c o u l o m e t e r  to 
i n t e g r a t e  the  c u r r e n t  used.  A s s u m i n g  a s i l icon v a -  
l ence  of 4, an  a n o d e  efficiency of 105 • 2% was  ob -  
t a i n e d  w h i c h  ind i ca t e s  t h a t  a b o u t  5 % of t he  c u r r e n t  
f o r m e d  d i v a l e n t  si l icon.  The  anode  efficiency a p -  
p e a r s  to be i n d e p e n d e n t  of  c u r r e n t  d e n s i t y  ove r  t he  
r a n g e  s t u d i e d  b e t w e e n  110 and  850 m a / c m  2. The  r a t e  
of s i l icon d i s so lu t ion  b y  e l e c t r o p o l i s h i n g  in 5% H F  
c a l c u l a t e d  f r o m  the  o b s e r v e d  anode  eff iciency and  
the  e l e c t r o c h e m i c a l  e q u i v a l e n t  for  s i l icon is 3.3 • 
104 cm2/coulomb.  A t  500 m a / c m  ~, t he  e t ch ing  r a t e  is 
1.7 • 10 -~ c m / s e c  (0.0004 i n . / m i n ) .  

A s i l icon e l e c t r o d e  he ld  v e r t i c a l l y  in the  so lu t ion  
w i t h o u t  t e m p e r a t u r e  con t ro l  r e q u i r e s  a r e l a t i v e l y  
h igh  m i n i m u m  c u r r e n t  d e n s i t y  of a b o u t  300 m a / c m  2 
to s t a r t  e l e c t r o p o l i s h i n g  in  5% HF.  A h igh  c u r r e n t  
d e n s i t y  p r o m o t e s  r a p i d  e l e c t r o p o l i s h i n g  w h i c h  is 
o f ten  des i r ab le .  H o w e v e r ,  t he  I2R h e a t  g e n e r a t e d  in 
t he  s i l icon at  these  c u r r e n t  dens i t i e s  can  be  exces -  
s ive  and  cause  t h e  so lu t ion  a r o u n d  the  e l ec t rode  to 
boi l  and  even  m e l t  t he  soft  so lde r  connec t ion  m a d e  
to a coppe r  wi re .  I t  was  of a p r a c t i c a l  in te res t ,  
t he re fo re ,  to i n v e s t i g a t e  t he  va r i ous  p a r a m e t e r s  of 
the  s i l icon e l e c t r o p o l i s h i n g  p rocess  to d e t e r m i n e  h o w  
t h e  m i n i m u m  c u r r e n t  d e n s i t y  for  e l e c t r o p o l i s h i n g  
could  be  r educed .  

Experimental Arrangements Using a 
Horizontal Electrode 

A c ros s - s ec t i on  v i ew  of t he  e l e c t ro ly t i c  cel l  d e -  
s igned  for  these  e x p e r i m e n t s  is shown  in Fig .  2. The  
s i l icon e l e c t r o d e  was  m o u n t e d  h o r i z o n t a l l y  fac ing  up  

�9 S i n c e  t h i s  p a p e r  w a s  s u b m i t t e d  f o r  p u b l i c a t i o n ,  P .  W a n g ,  of  
S y l v a n i a ,  i n  a n  o r a l  p r e s e n t a t i o n  a t  t h e  B u f f a l o  M e e t i n g  of  t h e  
S o c i e t y  r e p o r t e d  t h a t  p - t y p e  s i l i con  c o u l d  be  e l e c t r o p o l i s h e d  in  
1 -10% a q u e o u s  I-IF so lu t ions .  
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to m i n i m i z e  s t i r r i ng  by  convect ion.  The a r r a n g e -  
m e n t  also provides  for a fa i r ly  u n i f o r m  p r i m a r y  
c u r r e n t  d i s t r i bu t i on  over  the si l icon and  pe rmi t s  a 
v isua l  e x a m i n a t i o n  of the surface  at  all  t imes.  A 
c i rcu la r  piece of s ingle  crys ta l  3.5 a cm p - t y p e  si l i-  
con about  2.5 cm in  d i ame te r  and  0.5 cm th ick  was 
used in  most  of the exper imen t s .  Af te r  the si l i-  
con was mcke l  p la ted  by  the "electroless"  process 
(5) ,  a coil of 3 - ram d i a m e t e r  copper t u b i n g  was  soft 
soldered to the back side. This served the dua l  p u r -  
pose of f o rming  an  ohmic contact  to the  si l icon and  
a c o n v e n i e n t  m e a n s  of con t ro l l ing  the  si l icon t e m -  
pera tu re .  The  t e m p e r a t u r e  of the  si l icon d u r i n g  an 
e lec t ropol i sh ing  e x p e r i m e n t  was u sua l l y  cont ro l led  
to --+0.3~ by  p u m p i n g  wa t e r  t h rough  the  coil at the 
r a t e  of abou t  400 c c / m i n  f rom a 1-gal  t he rmos t a t  
reservoir .  A Wes t e rn  Electr ic  t he rmis to r  type  17A 
was also soldered to the  back side of the electrode 
to measu re  t e m p e r a t u r e .  The the rmis to r  was con-  
nec ted  in  series wi th  a 5 ma  m i l l i a m m e t e r  and  a 1.5 
v No. 6 d ry  cell and  ca l ib ra ted  in  t e rms  of c u r r e n t  
as a f u n c t i o n  of t empera tu re .  

P r i o r  to each expe r imen t ,  the  top surface  of the 
si l icon was l apped  wi th  No. 600 mesh  si l icon ca r -  
bide. The  electrode was held t igh t ly  aga ins t  the 
r u b b e r  gasket  by  two r u b b e r  bands  (not  shown)  
a t t ached  to the  fingers of the copper  r ing.  

Also not  shown is the po lye thy l ene  syphon  used 
to m a k e  e lect rode po ten t i a l  m e a s u r e m e n t s  aga ins t  a 
s a tu ra t ed  ca lomel  re fe rence  electrode.  One end  of 
the  syphon  was hea ted  and  d r a w n  to a fine cap i l l a ry  
tip. The syphon  was filled wi th  the HF solu t ion  and  
p lugged  at  the  large end  wi th  r o l l e d - u p  filter paper.  
The p lugged  end of the  syphon  d ipped  in to  a sa tu -  
ra ted  so lu t ion  of KC1 which  con ta ined  the  r e f e r -  
ence electrode,  wh i l e  the cap i l l a ry  t ip end  d ipped 
in to  the  e lect rolyt ic  cell and  was pos i t ioned so tha t  
on ly  one corner  touched the silicon. This a r r a n g e -  
m e n t  produces  a negl ig ib le  a m o u n t  of m a s k i n g  by  
the  cap i l l a ry  tip and  yet  insures  sufficient p r o x i m i t y  
to avoid i n c l u d i n g  an  apprec iab le  so lu t ion  IR drop 
in  the po ten t i a l  m e a s u r e m e n t .  A n  er ror  of 10 or 
even  100 m v  in  the  po ten t i a l  is no t  i m p o r t a n t  in  this  
s tudy.  Cons ide rab le  difficulty was  encoun te r ed  in 
ob t a in ing  po ten t i a l  da ta  w h e n  gas was be ing  evolved 
at  the electrode.  Gas  bubb le s  have  a t e n d e n c y  to 
en te r  the cap i l l a ry  t ip w h e n  close to a gassing elec-  
trode. This  of ten  produces  an  open circuit .  The best  
p rocedure  was to lower  the  t ip to touch the si l icon 
for each po ten t ia l  m e a s u r e m e n t  and  then  w i t h d r a w  
it some dis tance  away.  

The  cathode was  a 1 cm squa re  sheet  of p l a t i n u m  
welded  to a p l a t i n u m  wire.  Al l  the  HF  solut ions  
were  m a d e  up us ing  48% by  weigh t  r eagen t  grade  
hydrof luor ic  acid. Abou t  100 cc of so lu t ion  was used 
in  each e x p e r i m e n t  as this was the  cell capacity.  The 
power  supp ly  consisted of one or two large  45-v  d ry  
ba t te r ies  w i th  two sl ide wi re  rheos ta ts  in  series to 
ad jus t  the  cur ren t .  

Anode Potential~Current Density Characteristic 
A typica l  anode  p o t e n t i a l - c u r r e n t  dens i ty  curve  

for a hor izon ta l  p - t y p e  si l icon e lect rode facing up  is 
shown in  Fig. 3. The curve  was ob t a ined  b y  s lowly 
decreasing the  rheos ta t  res i s tance  whi le  the  anode 
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Fig. 3. Typical anode potential-current density curve for o 
horizontal p-type silicon anode facing up in 5% HF at 25~ 

po ten t i a l  and  c u r r e n t  were  recorded an  a L&N X - Y  
Recorder .  In  the in i t i a l  por t ion  of the  curve,  a th ick  
film forms and  there  is cons iderab le  gassing. At  a 
cr i t ical  c u r r e n t  densi ty ,  the  thick film s u d d e n l y  
s tar ts  coming  off and  floats to the  surface.  Gass ing  
v i r t u a l l y  ceases. If no change  is made  in  the rheos ta t  
set t ing,  the c u r r e n t  s lowly  decreases whi le  the  anode 
po ten t i a l  increases.  This is due  to a h igh  res i s tance  
film be ing  fo rmed  on the  silicon. The nega t ive  slope 
in  the  anode p o t e n t i a l - c u r r e n t  dens i ty  curve  above 
the  cr i t ical  c.d. is d e t e r m i n e d  by  the  power  supp ly  
vo l tage  and  the rheos ta t  res is tance.  If the  s t ra igh t  
l ine  sections are  pro jec ted  back  to zero cur ren t ,  they  
in te rsec t  the po ten t i a l  axis at  the power  supp ly  
vol tage  as shown in  Fig. 3. W h e n  the anode po ten t i a l  
reaches abou t  10 v, osci l la t ions  in  c u r r e n t  and  po-  
t en t i a l  occur. I t  m a y  take  severa l  m i n u t e s  to reach 
this condit ion.  The t r a n s i t i o n  can be  has t ened  by  
ra i s ing  the vol tage  appl ied  to the  cell. If the  t r an s i -  
t ion stage in  Fig. 3 had been  a l lowed to cont inue ,  
the c u r r e n t  and  po ten t i a l  wou ld  have  changed  f u r -  
ther  a long  the same s t ra igh t  l ine ;  however ,  the 
osci l la t ions wou ld  have  s topped at  abou t  17 v. In  one 
expe r imen t ,  the  t r ans i t i on  s tage was  a l lowed to con-  
t i nue  for about  1 hr  and  the  anode  po ten t i a l  rose to 
about  30 v whi le  the  c u r r e n t  dens i ty  dropped  to 
20 m a / c m .  The anode  p o t e n t i a l - c u r r e n t  dens i ty  
curve  above the  in i t i a l  t r ans i t i on  stage is e r ra t ic  as 
seen in  Fig. 3. I t  is i n t e r e s t i ng  to no te  t h a t  above 
20 v anode  potent ia l ,  if the  c u r r e n t  is i n t e r rup t ed ,  a 
bu r s t  of gas is g iven  off the  sur face  of the  hor izon ta l  
si l icon electrode.  At  a second cr i t ical  c u r r e n t  d e n -  
sity, con t inuous  oxygen  evo lu t ion  begins  and  the  
anode  po ten t i a l  decreases whi le  the c u r r e n t  i n -  
creases in  a r u n a w a y  process. 

The E - I  curve  for a ver t ica l  e lectrode (wi th  con-  
vec t ion  s t i r r ing)  differs f rom the  cu rve  shown in  
Fig. 3 in  tha t  there  is no a b r u p t  change  in  the  cu r -  
r en t  and  po ten t i a l  w h e n  e lec t ropol i sh ing  starts.  P e r -  
haps this  is due  to e lec t ropol i sh ing  b e g i n n i n g  at on ly  
some areas at first and  g r a d u a l l y  sp read ing  to the  
en t i re  surface  w i th  inc reas ing  cur ren t .  

If  a vol tage  is sudden ly  appl ied  to the  cell which  
is sufficient to pass m o r e  t h a n  the  cr i t ical  c u r r e n t  
dens i ty  in i t ia l ly ,  the anode po ten t i a l  a nd  c u r r e n t  
wi l l  pass qu ick ly  in to  the e lec t ropol i sh ing  region.  



VoZ. 105, No. 7 E L E C T R O P O L I S H I N G  Si  I N  H F  S O L U T I O N S  405 

3 0  

j 20 
o 
> 

7 
- 10 

d r 

~ 0 

.d 

(8) STEADY 22V2 VOLTS APPLIED TO CELL 

' 

I0 15 20 25 30 35 40 
TIME IN SECONDS 

,.z I (b) PULSED DC (22V2V) APPUEO TO CELL 
CYCLE = 4 SECONDS ON, 4 SECONDS OFF 

20 

10 i 

I I 
ISEC i t I 

CYCLE ~ ~ 9 t8 2,5 73 
NO. 

TIME 2 M I N  3MIN  9MIN 
ELAPSED--~- 4 SEC 6 4  SEC 24  SEC 335EC 40 SEC 

Fig.  4 .  A n o d e  p o t e n t i o l - t J r n e  c u r v e s  f o r  p - t y p e  s i l i c o n  in 

5% HF at 30~ (o) steady 221/2 v applied to cell; (b) 
pulsed D.C. (221/2 v) applied to cell cycle: 4 sec on, 4 sec off. 

A shor t  i nduc t i on  p e r i o d  is r e q u i r e d  b e f o r e  the  t r a n -  
s i t ion  t a k e s  p lace ,  howeve r ,  as shown  in Fig.  4a 
w h i c h  is a r e c o r d  of the  anode  p o t e n t i a l  c h a n g e  w i t h  
t ime.  A 221/2-v b a t t e r y  was  connec t ed  d i r e c t l y  
across  t he  cel l  w i t h  no e x t e r n a l  res i s tance .  E l e c t r o -  
po l i sh ing  does  no t  beg in  u n t i l  a f t e r  20 sec, a t  w h i c h  
t ime  t h e r e  is a s t ep  in  t h e  curve .  Osc i l l a t ions  also 
beg in  a n d  t e n d  to i nc rea se  in a m p l i t u d e  w i t h  t ime.  
E v e n t u a l l y  the  osc i l l a t ions  s top and  the  a n o d e  p o -  
t e n t i a l  r i ses  to a f a i r l y  s t e a d y  v a l u e  a p p r o a c h i n g  the  
s u p p l y  vo l t age .  

A n o t h e r  t e c h n i q u e  e m p l o y e d  was  to a p p l y  a 
pu l s ed  d - c  v o l t a g e  to  t he  cell .  The  anode  p o t e n t i a l -  
t ime  cu rves  o b t a i n e d  u n d e r  these  cond i t ions  a r e  
shown  in Fig .  4b. A cyc le  of 4 sec on and  4 sec off 
was  used.  T h e  first  a p p e a r a n c e  of the  s tep  in p o t e n -  
t i a l  comes  d u r i n g  the  n i n t h  cyc le  or  a b o u t  1 ra in  
a f t e r  t h e  s tar t .  In  success ive  pulses ,  the  E - t  c u r v e  
c hanges  so t h a t  a g r e a t e r  p o r t i o n  of t he  p u l s e  t i m e  
is occup ied  in the  e l e c t r o p o l i s h i n g  region .  

The  s i m p l e s t  m e a n s  of e l e c t r o p o l i s h i n g  s i l icon in 
aqueous  hyd ro f luo r i c  ac id  so lu t ions  is to a p p l y  a 
c o n s t a n t  v o l t a g e  b e t w e e n  10 a n d  20 v d i r e c t l y  across  
the  cell .  I n i t i a l l y  the  c u r r e n t  is l a r g e  and  is l i m i t e d  
m a i n l y  b y  the  e l e c t r o l y t e  r e s i s t ance .  As  the  h igh  
r e s i s t ance  e ] ec t ropo l i sh ing  fi lm forms,  the  c u r r e n t  
d rops  a n d  an  i n c r e a s i n g  a m o u n t  of the  a p p l i e d  
v o l t a g e  a p p e a r s  across  the  e l e c t r o p o l i s h i n g  film. The  
p o t e n t i a l  b e t w e e n  the  s i l icon a n d  the  e l e c t r o l y t e  
thus  a u t o m a t i c a l l y  s tays  in t he  e l e c t r o p o l i s h i n g  
reg ion .  

Nature of Thick Anode Film Prior to Electropolishing 
The  mos t  r e p r o d u c i b l e  and  s t ab le  p a r t  of t he  E - I  

c u r v e  for  s i l icon in H F  so lu t ions  is the  i n i t i a l  sec t ion  
w h e r e  a th ick ,  sol id  f i lm forms .  The  fi lm is r e m o v e d  
eas i ly  for  s t u d y  b y  b r i e f y  r a i s i ng  the  c u r r e n t  
above  t h e  c r i t i ca l  va lue .  I t  comes  off in l a r g e  f lakes  
and  floats to the  sur face .  The  fi lm is a b r o w n  color  
w h e n  f o r m e d  on a su r f ace  l a p p e d  w i t h  No. 600 mesh  
s i l icon ca rb ide .  I f  t h e  s i l icon is e l e c t r o p o l i s h e d  b e -  
fo rehand ,  s e v e r a l  o r d e r s  of i n t e r f e r e n c e  colors  can  
be  seen  as t he  f i lm th i ckens .  Th ick  p ieces  g r o w n  on 

an  e l e c t r o p o l i s h e d  su r f ace  a r e  an  o r a n g e - r e d  color  
and  g lassy  in a p p e a r a n c e .  E l e c t r o n  a n d  x - r a y  d i f -  
f r ac t i on  s tud ies  show the  fi lm to be  a m o r p h o u s .  This  
is c h a r a c t e r i s t i c  of a n o d i c a l l y  g r o w n  films. The  f i lm 
a p p e a r s  to be  a good i n s u l a t o r  s ince i t  ho lds  a s ta t ic  
c h a r g e  wel l .  P i eces  of t h e  f i lm r e a c t  w i t h  exp los ive  
v io l ence  w h e n  p u t  in  con tac t  w i t h  a s t r ong  ox id i z ing  
agen t  such as n i t r i c  acid.  Th is  r e s u l t  and  t h e  f ac t  
t h a t  U h l i r  (2)  o b t a i n e d  an  ef fec t ive  v a l e n c e  of a b o u t  
two  for  t he  d i s so lu t ion  of s i l icon w i t h  t he  t h i c k  
a n o d e  fi lm be ing  f o r m e d  m e a n s  t h a t  t he  f i lm con-  
t a ins  d i v a l e n t  s i l icon.  B r o u i l l e t  and  c o - w o r k e r s  (6)  
also f o u n d  t ha t  in p e r c h l o r i c  ac id  solut ions ,  i f  a 
m e t a l  has  s e v e r a l  v a l e n c e  s ta tes ,  t he  anod ic  d i s -  
so lu t ion  p rocess  f avo r s  t he  l owes t  one. The  gas 
e vo lve d  d u r i n g  t h e  t h i c k  f i lm f o r m a t i o n  is h y d r o -  
gen  (2 ) .  H y d r o g e n  e v o l u t i o n  at  an  anode  is unusua l .  
In  th i s  case  i t  is due  to t h e  c h e m i c a l  r e d u c t i o n  of 
h y d r o g e n  ions b y  d i v a l e n t  s i l icon in t he  , anode  film. 
H y d r o g e n  has  a lso  b e e n  o b s e r v e d  f r o m  a n o d i z e d  
a l u m i n u m  (7) and  m a g n e s i u m  (8) as t he  r e su l t  of 
a s i m i l a r  c h e m i c a l  r e d u c t i o n  process .  

F l u o r i d e  ion has  also been  d e t e c t e d  in t he  t h i c k  
anode  fi lm b y  m e a n s  of a spo t  tes t .  This  cou ld  be  
due  to some  }IF b e i n g  t r a p p e d  ins ide  b u t  i t  a lso 
could  m e a n  t h a t  t h e  f i lm is c o m p o s e d  of  s i l icon  s u b -  
f luoride.  Subf luor ides  of s i l icon  have  been  r e p o r t e d  
in the  l i t e r a t u r e .  A t t e m p t s  b y  Ruff (9)  to r e p e a t  th is  
w o r k  w e r e  unsuccess fu l ,  no r  could  he  o b t a i n  ev i -  
dence  of a subf luo r ide  b y  m e a n s  o t h e r  t h a n  those  
p r e v i o u s l y  t r i ed .  Recen t ly ,  h o w e v e r ,  S c h m e i s s e r  
(10) has  r e p o r t e d  f o r m i n g  subf luor ides  of s i l icon b y  
the  r e d u c t i o n  of SiF~Br~ or  SiFBr~ w i t h  m a g n e s i u m  
in an e t h e r  so lu t ion .  

On the  bas is  of the  e x p e r i m e n t a l  r e su l t s  i t  a p -  
p e a r s  l i k e l y  t ha t  some s i l icon sub f luo r ide  (SiF~)~ is 
f o r m e d  anod ica l ly .  This  is u n s t a b l e  in  w a t e r  so lu -  
t ions  a n d  is o x i d i z e d  to t e t r a v a l e n t  s i l icon w i t h  h y -  
d r o g e n  gas  e vo lve d  as  fo l lows :  

x S i  + 2 x H F  = (SiF~)~ + 2xH + + 2xe- 

(SiF , )~  + 2xH~_O = xSiO~ + 2 x H F  + xH~ ~" 

Critical Current Density for Electropolishing 
In  o r d e r  to e n t e r  t he  c u r r e n t - p o t e n t i a l  r eg ion  

w h e r e  the  e l e c t r o p o l i s h i n g  of s i l icon t a k e s  p lace ,  a 
c r i t i ca l  c u r r e n t  dens i ty ,  in, m u s t  be  r eached .  The  e f -  
fects  of t e m p e r a t u r e ,  H F  concen t r a t i on ,  v i scos i ty ,  
and  the  c o n c e n t r a t i o n  of t he  f inal  anode  p roduc t ,  
f luosi l icic  ac id  (H~SiF~), on ic w e r e  d e t e r m i n e d .  A l l  
of the  d a t a  w e r e  o b t a i n e d  s t a r t i n g  w i t h  a l a p p e d  
sur face .  

Effect o] temperature.--The E - I  c u r v e  in Fig .  3 
was  o b t a i n e d  at  25~ If  the  t e m p e r a t u r e  of the  s i l i -  
con is va r i ed ,  i t  is f o u n d  t h a t  t he  c r i t i ca l  c u r r e n t  r e -  
qu i r ed  to s t a r t  e l e c t r o p o l i s h i n g  s i l icon also changes .  
The  c r i t i ca l  c u r r e n t  d e n s i t y  to, is def ined  as the  c u r -  
r e n t  d e n s i t y  a t  w h i c h  the  t h i c k  a n o d e  f i lm s t a r t s  
coming  off and  t h e  t r a n s i t i o n  to t he  e l e c t r o p o l i s h i n g  
r eg ion  t a k e s  place.  H i g h e r  t e m p e r a t u r e s  r e q u i r e  
h i g h e r  c u r r e n t  dens i t ies .  This  is i l l u s t r a t e d  in  Fig .  5. 
A t  a g iven  c u r r e n t  dens i ty ,  t he  a n o d e  p o t e n t i a l  d e -  
c reases  w i th  i nc r e a s ing  t e m p e r a t u r e .  I t  can  b e  seen 
f rom Fig.  5, h o w e v e r ,  t h a t  t he  a n o d e  p o t e n t i a l  at  
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w h i c h  e l e c t r o p o l i s h i n g  s ta r t s ,  i nc reases  w i t h  t e m -  
p e r a t u r e .  

The  c r i t i ca l  c u r r e n t  d e n s i t y  r e q u i r e d  to s t a r t  e lec -  
t r o p o l i s h i n g  s i l icon in  5% H F  f r o m  5 ~ to 60~ is 
shown  in Fig.  6. Most  of the  d a t a  w e r e  o b t a i n e d  w i th  
t he  b u l k  of the  so lu t ion  n e a r  r o o m  t e m p e r a t u r e .  
The  po in t s  fa l l  a long  two  s t r a i g h t  l ines  w h i c h  i n t e r -  
sect  n e a r  r oom t e m p e r a t u r e .  The  c r i t i ca l  c u r r e n t  
d e n s i t y  is r e p r o d u c i b l e  w i t h i n  •  m a / c m  ~ b e l o w  
30~ A b o v e  30~ the  r e p r o d u c i b i l i t y  d e c r e a s e d  
w i t h  an  i nc r ea s ing  t e m p e r a t u r e  d i f fe rence  b e t w e e n  
the  s i l icon a n d  the  so lu t ion  bu lk .  A few a d d i t i o n a l  
po in t s  w e r e  o b t a i n e d  u n d e r  cond i t ions  w h e r e  t he  
so lu t ion  t e m p e r a t u r e  was  a b o u t  t he  same  as t h a t  of 
t he  si l icon.  These  r e su l t s  w i l l  be  d i scussed  l a te r .  

E~ect of H F  concentration.--At a cons t an t  s i l icon 
t e m p e r a t u r e ,  t he  io is l i n e a r l y  r e l a t e d  to t he  H F  con-  
cen t r a t ion .  D a t a  o b t a i n e d  a t  fou r  t e m p e r a t u r e s ,  two  
b e l o w  a n d  two  a b o v e  30~ a re  s h o w n  in Fig .  7. The  
s t r a i g h t  l ines  d r a w n  a r e  o b t a i n e d  f r o m  the  e m p i r i c a l  
equa t ions  d e r i v e d  f r o m  the  io-T d a t a  in Fig.  6. These  
equa t i ons  w e r e  modi f ied  to i nc lude  the  effect of H F  
concen t r a t ion ,  a s s u m i n g  t ha t  io is d i r e c t l y  p r o p o r -  
t i ona l  to t he  H F  concen t r a t ion .  The  d a t a  o b t a i n e d  
in t he  two  e x p e r i m e n t s  a g r e e  r a t h e r  wel l .  

Effect of viscosity.--The v i scos i ty  of  the  so lu t ion  
is k n o w n  to b e  a f ac to r  in e l e c t r o p o l i s h i n g  me ta l s .  
To tes t  t he  effect of v i scos i ty  a lone,  i t  is n e c e s s a r y  
t h a t  an  i ne r t  m a t e r i a l  be  used  to c h a n g e  the  v i scos -  
i ty .  G l y c e r i n  is o f ten  used  and  was  chosen  for  th is  

work .  A l l  so lu t ions  c o n t a i n e d  5% b y  w e i g h t  HF.  
So lu t ion  v iscos i t ies  w e r e  o b t a i n e d  f r o m  p u b l i s h e d  
d a t a  on g l y c e r i n - w a t e r  so lu t ions  (11) .  The  d a t a  o b -  
t a i n e d  in  two  ser ies  of e x p e r i m e n t s  a r e  p r e s e n t e d  on 
a l o g - l o g  p lo t  in  Fig .  8. The  s t r a i g h t  l ine  d r a w n  for  
t h e  e m p i r i c a l  e q u a t i o n  io = 64~? '/4 is a r e a s o n a b l e  fit 
to t he  da ta .  I t  shows  t h a t  i~ is i n v e r s e l y  p r o p o r t i o n a l  
to the  f o u r t h  roo t  of t h e  v iscos i ty .  L a r g e  de v i a t i ons  
f rom th is  r e l a t i o n  occur  on ly  a t  h igh  viscosi t ies ,  i.e., 
so lu t ions  80 and  86% b y  w e i g h t  g lyce r in .  

Effect of H~SiF~ concentration.--Some w o r k e r s  
(12) h a v e  f o u n d  t h a t  t he  c r i t i ca l  c.d. for  e l e c t r o -  
po l i sh ing  c e r t a i n  m e t a l s  is d e c r e a s e d  w h e n  the  con-  
c e n t r a t i o n  of t he  m e t a l  in so lu t ion  is inc reased .  A 
ser ies  of s ix  so lu t ions  w e r e  m a d e  up  c on t a in ing  5% 
H F  a n d  f rom 0 to 25% b y  w t  f luosi l icic ac id  (H~SiF0). 
The  c r i t i ca l  c u r r e n t  d e n s i t y  r e q u i r e d  to s t a r t  e lec -  
t r o p o l i s h i n g  s i l icon in aqueous  H F  was  no t  a f fec ted  
b y  the  a d d i t i o n  of  f luosi l icic  acid.  

Electropolishing n-Type Silicon 
A few a t t e m p t s  w e r e  m a d e  to e l ec t ropo l i sh  n - t y p e  

s i l icon at  5~ w h e r e  low p o l i s h i n g  c u r r e n t  dens i t i e s  
can  be  used  ( ~ 2 5  ma /cm~) .  The  s i l icon was  a l w a y s  
p i t t e d  a f t e r  the  anod ic  t r e a t m e n t .  This  is due  to t he  
v o l t a g e  b a r r i e r  in t he  su r f a c e  l a y e r  of t he  s i l icon 
w h i c h  b r e a k s  d o w n  on ly  at  t he  po in t s  of p i t t ing .  I t  
m a y  be  poss ib le  to o b t a i n  u n i f o r m  b r e a k d o w n  of t h e  
v o l t a g e  b a r r i e r  b y  i l l u m i n a t i n g  the  s i l icon w i t h  a 
s t r ong  l ight .  E v e n  w i t h  a v e r y  s t rong  l ight ,  h o w e v e r ,  
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i t  w i l l  not  be  poss ib le  to e l ec t ropo l i sh  n - t y p e  s i l icon 
r a p i d l y  s ince  th is  r e q u i r e s  a h igh  c u r r e n t  dens i ty .  

Discussion 

The e x p e r i m e n t a l  r e su l t s  sugges t  t ha t  s i l icon b e -  
gins to e l ec t ropo l i sh  in hyd ro f luo r i c  ac id  so lu t ions  
w h e n  the  H F  c o n c e n t r a t i o n  at  t he  anode  su r f ace  
dec reases  to a c r i t i c a l  va lue .  H y d r o f l u o r i c  ac id  is 
c o n s u m e d  in t he  a n o d e  process .  The  s u p p l y  of H F  
a t  t he  a n o d e  su r f ace  is d e t e r m i n e d  b y  i ts  r a t e  of 
"mass  t r a n s f e r , "  i.e., b y  diffusion,  convec t ion ,  a n d  
m i g r a t i o n  f r o m  the  b u l k  to the  e l ec t rode  sur face .  
The  n a t u r e  of "mass  t r a n s f e r "  of t h e  r e a c t i n g  spe -  
cies to a h o r i z o n t a l  s i l icon a n o d e  in H F  so lu t ions  
p r io r  to e l e c t r o p o l i s h i n g  is c o m p l i c a t e d  b y  the  fac t  
t h a t  an  a n o d e  f i lm is f o r m e d  a n d  gas  is evo lved .  
The  c o n t r i b u t i o n  due  to ion m i g r a t i o n  p r o b a b l y  can  
be  neg lec ted .  T h e r e  are,  h o w e v e r ,  s eve r a l  sources  
for  " f r ee  convec t i on"  a t  the  su r f ace  as a r e su l t  of 
d e n s i t y  d i f fe rences  in  t he  so lu t ion  n e a r  the  sur face .  
The  t h i c k  a n o d e  f i lm t h a t  fo rms  consumes  H F  w h i c h  
t ends  to m a k e  the  so lu t ion  l a y e r  a t  t he  su r f ace  less  
dense  t h a n  the  b u l k .  The  anode  f i lm reac t s  s l o w l y  
w i t h  t he  e l ec t ro ly t e ,  h o w e v e r ,  to fo rm  fluosi l icic 
ac id  a n d  h y d r o g e n  gas. F luos i l i c i c  ac id  shou ld  t e n d  
to c o u n t e r  t he  dec rea se  in  d e n s i t y  due  to the  con-  
s u m p t i o n  of HF.  The  h y d r o g e n  gas  t h a t  comes  off 
p r o d u c e s  a s t i r r i n g  effect l i ke  t h a t  due  to d e n s i t y  
d i f fe rences  in  fluids. B u b b l e  size is p r o b a b l y  an  i m -  
p o r t a n t  f ac to r  in  d e t e r m i n i n g  the  e f fec t iveness  of 
s t i r r i n g  due  to gass ing.  T h e r m a l  g r a d i e n t s  in so lu -  
t ions  also p r o d u c e  convec t ion  s t i r r ing .  I f  t he  h o r i -  
zon ta l  s i l icon e l ec t rode  is co lde r  t h a n  t h e  so lu t ion  
a b o v e  it,  t h e  so lu t ion  l a y e r  a t  t he  su r f ace  is m o r e  
dense  t h a n  t h e  b u l k  a n d  t h e r e  is no t e n d e n c y  for  
convec t ion  s t i r r i n g  due  to t h e r m a l  effects. W h e n  the  
s i l icon e l ec t rode  becomes  w a r m e r  t h a n  the  b u l k  
solut ion,  h o w e v e r ,  t he  su r f ace  l a y e r  becomes  less 
dense  t h a n  t h e  b u l k  and  convec t ion  s t i r r i n g  resu l t s .  
The  b r e a k  in t he  i , -  T cu rve  in  Fig.  6 shows  this  
effect v e r y  c l ea r ly .  A b o v e  30~ the  s i l icon is w a r m e r  
t h a n  the  b u l k  so lu t ion  a n d  t h e  t h e r m a l  g r a d i e n t  
c o n t r i b u t e s  to t h e  " f r e e  convec t ion . "  A n  a t t e m p t  
was  m a d e  to t h e r m o s t a t  t he  so lu t ion  to the  s a m e  
t e m p e r a t u r e  as t he  si l icon.  The  f ew  e x p e r i m e n t a l  
po in t s  o b t a i n e d  u n d e r  t h e s e  cond i t ions  l ie  b e t w e e n  
an  e x t e n s i o n  of t he  l o w e r  l ine  and  t h e  u p p e r  l ine  in  
Fig.  6. The  r e su l t s  a r e  in  t h e  r i g h t  d i rec t ion ,  b u t  a p -  
p a r e n t l y  t h e r m a l  g r a d i e n t s  h a v e  not  been  e n t i r e l y  
e l i m i n a t e d .  

If  t h e  r e a c t i n g  spec ies  r eaches  t h e  e l e c t r o d e  on ly  
b y  d i f fus ion  u n d e r  s t e a d y - s t a t e  condi t ions ,  t he  c r i t i -  
cal  (or  l i m i t i n g )  c u r r e n t  d e n s i t y  m a y  be  g iven  b y :  

nFDCb 
io = ( I )  

w h e r e  n = the  n u m b e r  of e l ec t rons  i n v o l v e d  in  the  
e l e c t r o d e  reac t ion ,  F = F a r a d a y ' s  cons tan t ,  a m p  
s e c / g  e q u i v a l e n t ,  D = d i f fus ion  coefficient,  C a =  
b u l k  c o n c e n t r a t i o n  of r e a c t i n g  species,  and  ~ = 
th i ckness  of h y p o t h e t i c a l  d i f fus ion  l aye r .  The  d i f fu-  
s ion l a y e r  t h i cknes s  ~ is no t  a c o n s t a n t  u n d e r  cond i -  
t ions  t h a t  a r e  n o n s t e a d y  s t a t e  and  w h e r e  " f r ee  con-  
vec t i on"  c o n t r i b u t e s  to t he  " m a s s  t r a n s f e r "  of t he  

r e a c t i n g  species.  Tobias ,  E i senbe rg ,  a n d  W i l k e  (13) 
h a v e  shown  t h a t  the  d i f fus ion  l a y e r  t h i cknes s  d e -  
pends  on the  e l e c t r o l y t e  compos i t ion ,  v i scos i ty ,  d i f -  
fus ion  cons tan t ,  d e n s i t y  coefficient,  e l e c t r o d e  r e a c -  
t ion,  e l ec t rode  he igh t ,  shape ,  and  o r i en t a t i on .  W i t h  
v e r t i c a l  e l ec t rodes  u n d e r  cond i t ions  of " f ree  convec -  
t ion" ,  

g ( e b - p ~ ) p  

w h e r e  x = v e r t i c a l  he igh t  on e l e c t r o d e  sur face ,  ,~ = 
v iscos i ty ,  pb = b u l k  so lu t ion  dens i ty ,  p, = so lu t ion  
d e n s i t y  a t  the  sur face ,  p = a v e r a g e  so lu t ion  dens i ty ,  
and  g = a c c e l e r a t i o n  due  to g r a v i t y .  I t  is c o n v e n i e n t  
to r e l a t e  the  d e n s i t y  d i f fe rence  to the  c o n c e n t r a -  
t ion  d i f fe rence  b y  a specific dens i f lca t ion  coefficient,  
c~, def ined  by :  

a = pb - -  p, ( I I I )  
pb(Cb --  C,)  

whe re  C, is the reac t ing  species concen t ra t ion  at 
the surface. A t  ic, C, = O, t hen  f r o m  Eqs. ( I ) - ( I I I )  

ic=0.52nFD~/'C'/'[ g~P ] ' / '  ( IV)  
x~q 

The  g e n e r a l  f o rm  of th is  e q u a t i o n  has  been  ver i f i ed  
e x p e r i m e n t a l l y  b y  W a g n e r  (14) and  Wi lke ,  et al. 
(15) .  

A s i m i l a r  m a t h e m a t i c a l  ana lys i s  for  h o r i z o n t a l  
e l ec t rodes  has  no t  been  d e v e l o p e d  b e c a u s e  of t h e  
c o m p l e x i t y  of t he  p r o b l e m .  H o w e v e r ,  e m p i r i c a l  
s tud ies  b y  S c h m i d t  (16) on h e a t  t r a n s f e r  and  F e n -  
ech  (17) on copper  depos i t i on  u n d e r  f r ee  convec t ion  
cond i t ions  i nd i ca t e  t h a t  t he  c r i t i ca l  or  l i m i t i n g  c u r -  
r en t  d e n s i t y  on ho r i z on t a l  e l ec t rodes  is p r o p o r t i o n a l  
to the  4 /3  p o w e r  of t h e  b u l k  c o n c e n t r a t i o n  a n d  is 
i n v e r s e l y  r e l a t e d  to the  1/3 p o w e r  of t he  v iscos i ty .  

The  c r i t i ca l  c u r r e n t  d e n s i t y  at  w h i c h  e l e c t r o p o l -  
i sh ing  s t a r t s  on a h o r i z o n t a l  s i l icon e l ec t rode  in H F  
so lu t ions  was  f o u n d  e x p e r i m e n t a l l y  to v a r y  l i n e a r l y  
w i t h  H F  c o n c e n t r a t i o n  and  t e m p e r a t u r e  and  in -  
v e r s e l y  w i t h  t he  f o u r t h  roo t  of v i scos i ty .  T h e  d i f fu-  
s ion cons t an t  a n d  v i scos i ty  in Eq. ( IV)  a r e  bo th  
t e m p e r a t u r e  sens i t ive .  Ove r  a sho r t  r a n g e  of t e m -  
p e r a t u r e s ,  io shou ld  be  a p p r o x i m a t e l y  a l i n e a r  f u n c -  
t ion  of t e m p e r a t u r e  s ince  D c c  T and  log ~ cc 1/T. 
These  effects of H F  concen t r a t ion ,  v i scos i ty ,  a n d  
t e m p e r a t u r e  a r e  in the  r i g h t  o r d e r  of m a g n i t u d e  to 
a s s u m e  t h a t  the  io for  e l e c t r o p o l i s h i n g  s i l icon in  H F  
so lu t ions  is c o n t r o l l e d  b y  the  r a t e  of " m a s s  t r a n s f e r "  
of H F  f rom t h e  b u l k  to t he  sur face .  T h e  s u d d e n  
c h a n g e  in t he  s lope  of t he  i c - - T  c u r v e  in Fig .  6, 
s i gn i fy ing  the  s t a r t  of convec t ion  s t i r r i n g  due  to 
t h e r m a l  effects,  is also i n d i c a t i v e  t h a t  io is con-  
t r o l l e d  b y  the  "mass  t r a n s f e r "  of H F  to t he  s i l icon 
sur face .  

T h e  m e c h a n i s m  for  e l e c t r o p o l i s h i n g  s i l icon in H F  
so lu t ions  invo lves  an  u n d e r s t a n d i n g  of  t h e  s ignif i -  
cance  of t h e  c r i t i ca l  c u r r e n t  d e n s i t y  r e q u i r e d  to 
s t a r t  e l ec t ropo l i sh ing .  E x p e r i m e n t a l  resu l t s ,  w h i l e  
not  ex t ens ive ,  do sugges t  t h a t  io is d e t e r m i n e d  b y  
the  r a t e  of "mass  t r a n s f e r "  of H F  f r o m  t h e  b u l k  to 
the  surface .  As  long  as t he  H F  c o n c e n t r a t i o n  a t  t he  
su r f ace  r e m a i n s  a b o v e  a c r i t i ca l  va lue ,  s i l icon d i s -  
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solu t ion  is d iva l en t  and  a solid anode  film is formed,  
p r e s u m a b l y  (SiF2),. A t  ic, there  is insuff icient  HF 
at the  anode  surface to con t inue  this  process and  
the n e x t  anode  reac t ion  begins.  This  involves  dis-  
so lut ion of si l icon in  the t e t r a v a l e n t  form. The anode  
p roduc t  fo rmed  u n d e r  these condi t ions  produces  the  
e lec t ropol i sh ing  film. The  most  l ike ly  a s sumpt ion  is 
tha t  it  is some form of SiO... Si l icon dioxide  is r ead -  
i ly dissolved in  HF which  is cons is ten t  w i th  the ob-  
se rva t ion  tha t  the e lec t ropol i sh ing  film on si l icon is 
a lways  v e r y  t h i n - - l e s s  t h a n  i n t e r f e r ence -co lo r  
thickness.  
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Electrochemical Measurement of Oxide Formation 
Douglas G. Hill, Bernard Porter, 1 and Arthur S. Gillespie, Jr. 2 
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ABSTRACT 

Measurements  have been made of the potential  developed between a metal  
wire covered with its oxide and a p la t inum wire over which air or oxygen was 
passed. The electrolyte was the eutectic mix ture  of Li~SO, and K~SO4, contain-  
ing dissolved CaO and operated at various temperatures  between 550 ~ and 
750~ Heavy metal  oxides are only very slightly soluble in this melt, so that  
the measured potential  corresponds to the formation of metal  oxide from the 
elements. Iron probably formed FeO, nickel formed NiO below 658 ~ and prob-  
ably a solid solution of LiNiO~ in NiO at higher temperatures,  while copper 
formed Cu~O. Gold showed only the thermoelectric potential  expected. The 
values found are in agreement  with the free energy of format ion of the oxides 
as determined by other methods. 

A n  elect rode revers ib le  to oxygen  gas and  oxygen  
ion is usefu l  bo th  for t h e r m o d y n a m i c  m e a s u r e m e n t s  
i nvo lv ing  oxide fo rma t ion  and  for d e t e r m i n i n g  the 
oxide ion ac t iv i ty  in  reac t ions  of me t a l l u rg i ca l  i n -  
terest.  Such an  electrode has no t  been  possible in  
wa te r  solut ion,  b u t  it  was shown m a n y  years  ago 
tha t  m o l t e n  me ta l  in  contact  w i th  oxygen  gas ap-  
peared  to serve as such an  electrode in  fused salts at 
h igh  t e m p e r a t u r e s  (1) .  More r ecen t ly  a s tudy  of solid 
me ta l  electrodes wi th  oxygen  gas in  fused salts has 
been  pub l i shed  by  Lux  (2) ,  whose work  has been  
cr i t ica l ly  r ev iewed  and  ex t ended  by  Flood, For land ,  
and  Motzfeldt  (3) .  These last  worke r s  showed tha t  
a p l a t i n u m  wi re  s u r r o u n d e d  by  oxygen  and  i m-  
mersed  in  a fused sal t  gave  r ep roduc ib le  potent ia ls ,  

1Presen t  address :  Ka i se r  A l u m i n u m  & Chemical  Corp., P e r m a -  
nente,  Calif. 

P resen t  address :  Research  Laborator ies ,  A l u m i n u m  Company  of 
Amer ica ,  N e w  Kens ington ,  Pa. 

d e p e n d i n g  on the  oxide ion concen t r a t i on  in  the 
melt .  The  dependence  of the  po ten t i a l  on the  con-  
cen t r a t i on  was discussed by  Flood and  F o r l a n d  (4) .  

The  au thors  combined  this  e lectrode w i th  one 
made  f rom a he a vy  me ta l  covered w i th  its oxide. 
The cell m a y  be r ep re sen t ed  as 

O=in 
M / M O / F u s e d  S a l t / O J P t  

The  meta l s  s tudied  form oxides which  are on ly  ve ry  
s l ight ly  soluble  in  the mo l t en  salt, the  me l t  g iv ing  
no chemical  test  for the me ta l  a f ter  use. The au thors  
assume sa tu r a t i on  w i th  the  me t a l  oxide and,  t he re -  
fore, assume tha t  the  reac t ion  m e a s u r e d  is the  for-  
m a t i o n  of the me t a l  oxide f rom its e lements .  In  such 
a react ion,  the oxide ion concen t r a t i on  should have  
no effect on the  m e a s u r e d  potent ia l ,  which  was  
found  to be the case, save in  one e x p e r i m e n t  to be  
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discussed below. The on ly  va r i ab l e  is the oxygen  
pressure ,  to which  the m e a s u r e d  po ten t i a l  showed 
the  p roper  re la t ion .  

Experimental 
Solvent - -The  fused sal t  so lvent  was  the eutect ic  
m i x t u r e  of Li2SO, and  K:SO4, w i th  28.4% K2SO,. 
This  has the  high t e m p e r a t u r e  s t ab i l i ty  of the  other  
a lka l i  sulfates,  and  the  a d v a n t a g e  of a lower  m e l t -  
ing point ,  535~ The lower  m e l t i n g  po in t  pe r mi t t e d  
s tudy  at  t e m p e r a t u r e s  a t  which  corrosion by  the  
o x i d e - c o n t a i n i n g  mel t  was  less severe,  and  lowered  
the vapor  p ressure  of a lka l i  oxides to a neg l ig ib le  
value.  Lux  was forced to opera te  at 950 ~ where  
bo th  p rob lems  were  accentua ted .  The  salts we re  r e -  
agen t  g rade  and  were  used w i thou t  pur i f ica t ion  
other  t h a n  d r y i n g  at 110% Ca lc ium oxide was  added 
to es tabl ish  the  oxide  ion concen t ra t ion ,  which  was  
var ied  f rom 0.1% to sa tu ra t ion .  The  la t te r  is on ly  
a p p r o x i m a t e l y  k n o w n ,  bu t  is no t  far  f rom 1%. 
Cell and furnace.--The cell was hea ted  in  a L i n d -  
berg  Pot  F u r n a c e  w i th  a con t ro l le r  opera ted  b y  a 
the rmocoup le  which  m e a s u r e d  air  t e m p e r a t u r e  in  
the  furnace .  This was  cons tan t  on ly  to •  ~ bu t  the 
la rge  hea t  capaci ty  of the  cell i tself  r educed  the  
v a r i a t i o n  as m e a s u r e d  in  the  e lec t ro ly te  to --+1 ~ 
whi le  in s t a l l a t ion  of a s ta inless  steel pot l a te r  re -  
duced it to a few ten ths  of a degree. 

A th ick  i n s u l a t i n g  top for the  fu rnace  was  con-  
s t ruc ted  of Mar ion i t e  asbestos, which  was  covered 
on the  bo t tom wi th  a s ta inless  steel  sheet  w h e n  the 
me ta l  pot was  used. The  top was  m o u n t e d  on a 
T r a n s i t e  board  w i th  guides, suppor t  rods, and  p u l -  
leys so tha t  it  could be ra ised and  lowered  whi le  
r e m a i n i n g  a l igned  wi th  the  furnace .  Al l  e lectrodes 
and  o ther  fi t t ings were  m o u n t e d  r ig id ly  on the  top, 
and  ra ised  and  lowered  into the  me l t  by  this means .  
Where  the  me ta l  reflector was  no t  used, the top was  
pa in t ed  w i th  wa t e r  glass to p r e v e n t  loose asbestos 
f rom fa l l ing  in to  the  mel t .  

The  cell i tself  was  a fused a l u m i n a  crucible,  Mor-  
ganite,  which  was  not  a t tacked  by  the fused sul -  
fates or even  by  mode ra t e  oxide concent ra t ions .  
T u b i n g  of this  g rade  a l u m i n a  was  no t  ava i lab le ,  so 
the rmocoup le  wel l  and  gas in le t  tubes  were  of less 
r e s i s t an t  a l u m i n a  con t a in ing  some silica. There  is no 
ev idence  tha t  a ve ry  smal l  sil ica or a l u m i n a  con ten t  
in  the  fused salt  was objec t ionable .  

In  the most  successful  cell the  s impl ic i ty  of the 
electrode sys tem is no tewor thy .  The  h e a v y  m e t a l  
e lectrode was  a s tout  wi re  of the  me t a l  a r r a n g e d  
to pro jec t  into the m e l t  w h e n  the  top was  lowered.  
A n  a l u n d u m  shield was  tried, bu t  appeared  to m a k e  
no difference in  the emf,  and  no t  as m u c h  as hoped 
in  the  corrosion.  P r e o x i d a t i o n  of the  wi re  surface  
did no t  change  the  u l t i m a t e  vol tage  bu t  decreased 
the  t ime  r equ i r ed  to reach  equ i l i b r ium.  

The  most  successful  type  of oxygen  electrode was  
mode l led  on the  H i l d e b r a n d  h y d r o g e n  electrode long 
used in  aqueous  solut ion.  A n  a l u n d u m  t u b e  8 m m  
OD, 3 m m  ID i m m e r s e d  1 cm in  the fused salt  and  
e x t e n d i n g  t h rough  the  top a d m i t t e d  the  gas, e i ther  
air  or oxygen.  A p l a t i n u m  wi re  was inse r ted  
th rough  this  tube  and  a l lowed to ex t end  abou t  1 cm 
fu r t he r  into the l iquid.  A l u n d u m  appears  to be a 

good enough  in su l a to r  up to our  h ighes t  t e m p e r a -  
tu res  so tha t  no e lect r ical  losses were  observed.  
Gases.--Air f rom a r egu la t ed  p ressure  l ine  or oxy-  
gen f rom a cy l inde r  was  dr ied  w i th  su l fur ic  acid 
and  fi l tered t h r ough  glass wool. 
Potential measurement--Potentials were  m e a s u r e d  
on a L&N S t u d e n t  Po t en t i ome te r ,  wh ich  was  suffi- 
c ien t ly  precise for the e x p e r i m e n t s  w he r e  " equ i l i b -  
r i u m "  poten t ia l s  migh t  v a r y  by  severa l  mil l ivol ts .  
There  was  no cor re la t ion  b e t w e e n  the  r a n d o m  va r i -  
a t ions in  vol tage  and  the  t e m p e r a t u r e  va r i a t ions  
in  the  cell. This  wou ld  be  expected  to be the  case 
f rom the  m e a s u r e d  t e m p e r a t u r e  effect in  Tab le  I. 

Results 
The poten t ia l s  observed  w h e n  a me t a l  wi re  and  

an  oxygen  e lect rode are inse r t ed  in  a su l fa te  eutec-  
tic w i th  dissolved oxide approach  s table  va lues  at 
ra tes  di f fer ing for the  va r ious  metals .  I ron  at t imes  
was s table  af ter  1 hr,  a l t hough  u sua l l y  severa l  hours  
were  requi red .  Copper  r e q u i r e d  at  least  24 hr, whi le  
n i cke l  at  the  lowest  t e m p e r a t u r e  took even  longer .  
Special  care  is needed  to avoid a dependence  on the  
ra te  of flow of the  gas, w h e t h e r  air  or oxygen,  at 
the  oxygen  electrode.  Flood, Fo r l and ,  and  Motzfeldt  
found  tha t  the ra te  of flow caused a change  in  meas -  
u r ed  po ten t i a l  w h e n  us ing  oxygen  electrodes in  an  
ox ide - ion  concen t r a t i on  cell, bu t  were  ab le  to e l imi -  
n a t e  i t  by  i n s u r i n g  t ha t  the  f u r na c e  a tmosphe re  was  
iden t ica l  to the e n t e r i n g  gas. This  source of e r ror  
did not  exp la in  our  va r i a t i ons  w h e n  u s i ng  a i r  as 
the  gas in  a cell exposed to air, and  i nves t i ga t i on  of 
each electrode was  requi red .  

The heavy  m e t a l - m e t a l  oxide electrodes change  
the i r  po ten t i a l  w h e n  s t i r r i ng  takes  place a r o u n d  
them,  the  r eason  p r o b a b l y  be i ng  the  same as in  the  
case of the poisoned oxygen  e lect rode to be dis-  
cussed below. However ,  it was  possible to show by  
phys ica l ly  m o v i n g  the e lect rode that ,  w h e n  located 
as m u c h  as 2 cm f rom the  gas s t ream,  no appre -  
c iable  s t i r r ing  took place. The  emf  repor ted  is 
m e a s u r e d  w h e n  the  me t a l  oxide is in  a reg ion  es- 
sen t i a l ly  quiescent .  

The  poten t ia l s  m e a s u r e d  at  these electrodes migh t  
be expected  to be incor rec t  due  to the occur rence  of 
"mixed  potent ia l s . "  I t  was  observed  tha t  the  me ta l  
wi res  were  heav i ly  oxidized above the  so lu t ion  
level  by  di rect  r eac t ion  w i th  the gas p r e se n t  in  the  
cell. I n  some cases the  w i r e  was  led in  t h r ough  an  
a l u n d u m  tube  jus t  d ipp ing  into the mel t ,  which  
should m u c h  decrease the  ra te  of chemica l  ox ida-  
t ion. The  po ten t ia l s  were  the  same as w i th  a b a r e  
wi re  exposed to the gas th roughout ,  so the  prac t ice  
was  d i scon t inued  in  order  to s impl i fy  the  expe r i -  
m e n t a l  a r r a n g e m e n t .  The  fact  tha t  the  po ten t ia l s  
m e a s u r e d  agree r ea sonab ly  wel l  w i th  those ca lcu-  
la ted  f rom the  free energies  of f o r ma t i on  of the 
m e t a l  oxides appears  to m e a n  tha t  m i x e d  e lec t rode  
condi t ions  were  no t  present .  I t  is suggested tha t  the  
so lubi l i ty  of oxygen  in  the  me l t  is qui te  low, and  
tha t  the diffusion of oxygen  gas t h r o u g h  a me ta l  
oxide l ayer  is ve ry  slow. U n d e r  these  c i rcumstances ,  
the condi t ions  for m i xe d  po ten t i a l  due to di rect  re -  
act ion wou ld  on ly  be a t t a i n e d  ve ry  close to the  
sur face  of the  melt .  The  g rea te r  pa r t  of the  w i r e  be -  
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l ow  the  su r f ace  could  r e a c t  on ly  in t h e  e l e c t r o c h e m -  
ica l  sense,  so t h a t  t he  s t a n d a r d  p o t e n t i a l  w o u l d  be  
obse rved .  I t  w o u l d  seem to be of c o n s i d e r a b l e  i n -  
t e r e s t  t h a t  such  s i m p l e  e x p e r i m e n t a l  a r r a n g e m e n t s  
m a y  be  used  w i t h o u t  the  a p p e a r a n c e  of m i x e d  p o -  
t en t ia l s .  

A t  t h e  o x y g e n  e l e c t r o d e  cond i t ions  a r e  d i f f e ren t  
s ince  s t i r r i n g  occurs ,  a n d  s t i r r i n g  caused  p o t e n t i a l  
changes  in some  cases. The  o b s e r v a t i o n  t h a t  depos i t s  
w e r e  f o r m e d  on the  p l a t i n u m  w i r e  of the  o x y g e n  
e l e c t r o d e  in  a l l  cel ls  w h i c h  showed  a s t i r r i n g  p o t e n -  
t i a l  a t  t ha t  e l ec t rode  p r o v i d e d  the  e x p l a n a t i o n  for  
it. The  depos i t s  g a v e  an  i ron  tes t  on so lu t ion  in 
HC1, so t ha t  i r on  compounds ,  p r e s u m a b l y  ox ide ,  a r e  
the  cause  of  the  v a r i a b i l i t y .  Occas iona l  cel ls  in  
w h i c h  no depos i t  f o r m e d  w e r e  f r ee  of s t i r r i n g  p o -  
ten t ia l .  I t  p r o v e d  v e r y  diff icult  to keep  the  i ron  con-  
t en t  of  t he  m e l t  l ow  e n o u g h  to p r e v e n t  f o r m a t i o n  
of the  depos i t ,  s ince even  r e a g e n t  g r a d e  chemica l s  
u s u a l l y  h a v e  a t r a c e  of i ron.  W h e n  an  i ron  w i r e  e l ec -  
t r o d e  was  b e i n g  m e a s u r e d ,  i t  was  a t  f irst  cons ide red  
t ha t  s t i r r i n g  p o t e n t i a l s  w e r e  u n a v o i d a b l e .  H o w e v e r ,  
i t  was  f o u n d  t ha t  i f  t h e  gas  s t r e a m  was  shu t  off, t he  
o b s e r v e d  p o t e n t i a l  rose  to a s t e a d y  a n d  r e p r o d u c i b l e  
va lue ,  and  m a i n t a i n e d  i t  for  m a n y  hours ,  f ina l ly  
f a l l i ng  off as t h e  d i s so lved  o x y g e n  c o n c e n t r a t i o n  in  
t he  cel l  dec reased .  M a n y  o b s e r v a t i o n s  w e r e  m a d e  
w i t h  th is  t echn ique ,  a n d  some of the  va lue s  g iven  
a re  open,  t he re fo re ,  to the  ob j ec t i on  tha t ,  a l t h o u g h  
r e p r o d u c i b l e ,  t h e y  m a y  no t  r e p r e s e n t  t r ue  e q u i l i b -  
r i u m  for  t he  r e a c t i o n  pos tu l a t ed .  These  p o t e n t i a l s  
a r e  i n d i c a t e d  as such. 

L a t e r  in the  w o r k  a m e t h o d  was  d e v e l o p e d  w h i c h  
p r e v e n t e d  the  f o r m a t i o n  of the  depos i t s  on t h e  p l a t i -  
n u m  wi re .  A d d i t i o n  of ac t ive  a l u m i n u m  o x i d e  or  
z i r c o n i u m  oxide ,  bo th  of w h i c h  h a v e  v e r y  low so lu-  
b i l i t ies ,  to the  cel l  con ten t s  b e f o r e  i n s e r t i n g  the  
e l ec t rodes  p r e c i p i t a t e s  the  s m a l l  a m o u n t  of d i s so lved  
i r on  (as  a r e d d i s h  b r o w n  sol id  on the  p o w d e r e d  
o x i d e ) ,  and  p r e v e n t s  t he  depos i t i on  on the  p l a t i n u m  
of a n y  w h i c h  m a y  be  d i s so lved  l a te r ,  so t ha t  s t ab l e  
p o t e n t i a l s  a r e  ob ta ined ,  i n d e p e n d e n t  of s t i r r i n g  ra te .  
W i t h  an  i ron  e l ec t rode  in t he  cell,  a po rous  a l u n d u m  
f i l ter  t h i m b l e  s u r r o u n d i n g  the  o x y g e n  e l e c t r o d e  
se rves  to p r o t e c t  i t  f r o m  the  v e r y  low i ron  conc e n -  
t r a t i o n  w h i c h  is p r e s e n t  in  t he  mel t .  M a n y  tes ts  on 
used  m e l t s  h a v e  s h o w n  t h a t  the  e q u i l i b r i u m  con-  
c e n t r a t i o n  of i ron  in  t h e  p r e s e n c e  of d i s so lved  CaO 
is too low for  de tec t ion ,  b u t  un le s s  i t  is m a d e  s t i l l  
l o w e r  b y  a m e t h o d  l ike  t h a t  ind ica ted ,  depos i t s  f o rm  
on the  o x y g e n  e lec t rode .  I t  shou ld  also b e  m e n -  
t i oned  t ha t  no s u b s t a n c e  has  been  f o u n d  w h i c h  is 
ab le  to r e m o v e  a depos i t  once fo rmed .  I t  is e s sen t i a l  
to keep  the  o x y g e n  e l ec t rode  f r ee  of i ron  a t  a l l  
t imes .  

The  po i son ing  o b s e r v e d  for  the  Pt-O.., e l e c t rode  
m i g h t  be  d e s c r i b e d  e q u a l l y  we l l  as a " m i x e d  p o t e n -  
t ia l , "  as W a g n e r  (5)  has  s h o w n  for  s im i l a r  po i son -  
ing  at  a Pt -H~ e l e c t r o d e  in aqueous  solut ion .  The  
a i m  in t he  p r e s e n t  e x p e r i m e n t s  has  been  to f ind a 
c h e m i c a l  e x p l a n a t i o n  and  m e a n s  for  p r e v e n t i n g  the  

depos i t  of poison.  
The  effect of  i ron  ox ide  is to r a i se  t he  a p p a r e n t  

p o t e n t i a l  of t he  o x y g e n  e lec t rode ,  w h i l e  s t i r r i n g  

Table I. Standard potentials for metal oxide formation 

Temp,  
Me ta l  ~ E0, v Eo(l i t t )  Ref.  

Fe 584 1.111" 
588 1.085 
616 1.097" 
667 1.089" 

714 0.520 

658 0.788 
682 0.884* 
692 0.932* h igher  

valence 
708 1.032" n icke l  

oxide 

617 0.025-0.008 
716 0.025-0.008 

C u  

Ni 

Au  

1.070(FEO) 1.079(Fe80~) (6) 
1.058 (FeO)  1.062 (Fe,  O,) 
1.043 (FeO) 1.043 (Fe~O4) 

0.540 (au tO)  (6) 

0.792 (NiO) (6-8) 

(b lack  
oxide)  

* S t e a d y  e m f  a f t e r  t u r n i n g  off gas.  

l ower s  it, m a k e s  i t  less  pos i t ive .  Suf f ic ien t ly  r a p i d  
s t i r r i n g  m i g h t  b r i n g  the  emf  d o w n  to t h a t  of an  
unpo i sone d  wi re ,  b u t  an  i m p r a c t i c a l  r a t e  w o u l d  be  
r e q u i r e d .  Us ing  two  po i soned  p l a t i n u m  w i r e s  a n d  
s t i r r i n g  w i t h  o x y g e n  a r o u n d  one,  i t  has  been  poss i -  
b le  to m e a s u r e  a p o t e n t i a l  as m u c h  as 200 m v  b e -  
t w e e n  t h e m  a l t h o u g h  no v o l t a g e  is f o u n d  for  u n -  
s t i r r e d  wi res .  We  p r o p o s e  t h a t  an  i ron  ox ide  depos i t  
abso rbs  ca t ions  f r o m  the  me l t ,  thus  r a i s i n g  i ts  pos i -  
t i ve  po ten t i a l ,  and  t h a t  s t i r r i n g  d i s r u p t s  th is  l aye r ,  
thus  l o w e r i n g  the  vo l tage .  

The  p o t e n t i a l s  m e a s u r e d  w i t h  s e v e r a l  m e t a l /  
m e t a l  ox ide  e l ec t rodes  a g a i n s t  a Pt-O~ e l e c t r o d e  in  
Li~SO,-K~SO~ eu tec t i c  c o n t a i n i n g  CaO a re  g iven  in  
T a b l e  I. Most  of t he  m e a s u r e m e n t s  w e r e  m a d e  w i t h  
a i r  r a t h e r  t h a n  oxygen ,  s ince  cor ros ion  of  t h e  m e t a l s  
was  m u c h  r educed .  E n o u g h  use  was  m a d e  of p u r e  
o x y g e n  to show the  e x p e c t e d  obed i ence  to t he  
N e r n s t  e q u a t i o n  in  t e r m s  of o x y g e n  p re s su re .  The  
va lue s  g iven  a r e  t he  s t a n d a r d  p o t e n t i a l s  for  the  fo r -  
m a t i o n  of so l id  m e t a l  ox ide  f r o m  the  e l e m e n t s  a t  1 
a t m  o x y g e n  p re s su re .  The  l i t e r a t u r e  va lue s  g iven  
for  c o m p a r i s o n  a re  c a l c u l a t e d  f r o m  the  s t a n d a r d  
f r ee  ene rg i e s  of f o r m a t i o n  of  t h e  ox ides  as d e t e r -  
m i n e d  f r o m  hea t  capac i t i e s  or  f r o m  e q u i l i b r i a  such 
as t he  r e d u c t i o n  of t he  o x i d e  w i t h  CO. The  p o t e n -  
t i a l s  a r e  r e p r o d u c i b l e  to ___0.005 v, w h i c h  w o u l d  be  
c ons ide r e d  v e r y  poo r  in  aqueous  solut ion.  H o w e v e r ,  
v a r i a t i o n s  as l a r g e  or  l a r g e r  t h a n  th is  a r e  c o m m o n  
and  so fa r  u n e x p l a i n e d  in  a l l  h igh  t e m p e r a t u r e  
cells.  Some  d i scuss ion  of t he  i n d i v i d u a l  cel ls  fol lows.  

Iron-oxygen cell.--Equilibrium was  r a p i d l y  es-  
t a b l i s h e d  b e t w e e n  e i t he r  an  i n i t i a l l y  b r i g h t  i ron  
w i r e  or  one  supe r f i c i a l l y  ox id i zed  a n d  an  o x y g e n  
e lec t rode ,  u s u a l l y  o p e r a t e d  w i t h  air .  C o n s i d e r a b l e  
o x i d a t i o n  of the  w i r e  o c c u r r e d  ou t s ide  t h e  l iquid ,  
s h o r t e n i n g  the  l i fe  of a w i r e  as t h e  t e m p e r a t u r e  was  
ra i sed .  A l t h o u g h  i ron  r e duc e s  a l k a l i  su l fa t e s  a t  h igh  
t e m p e r a t u r e s ,  tes t  of sol ids,  mel t ,  a n d  e x h a u s t  gas  
s h o w e d  t h a t  no r e d u c t i o n  h a d  o c c u r r e d  in  an  e x p e r i -  
men t .  

The  emf  a t  588 ~ was  o b t a i n e d  w i th  an  u n p o i s o n e d  
o x y g e n  e l e c t r o d e  p r o t e c t e d  w i t h  an a l u n d u m  fi l ter  
t h imble .  The  o t h e r  va lue s  w e r e  a l l  o b t a i n e d  e a r l i e r  
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wi th  poisoned electrodes,  and  the  s teady vol tage  
af ter  t u r n i n g  off the  a i r  s t r eam as recorded.  These 
l a t t e r  va lues  are the re fore  too high.  

A t t e m p t s  were  m a d e  to d e t e r m i n e  the  f o r m u l a  of 
the  oxide fo rmed  on the  wire.  The  oxide was 
cracked off a wi re  a f t e r  use  in  a ceil, and  the  ra t io  
of F e ( I I )  to F e ( I I I )  d e t e r m i n e d  by  the  me thod  of 
Cheesbrough  (9) .  The  ra t io  va r i ed  f rom 2 to 5, a ve r -  
aging 3.2 over  t en  samples,  and  no cor re la t ion  be-  
tween  l eng th  of t ime  in  the cell and  oxide composi-  
t ion  could be found.  We bel ieve  tha t  FeO is the 
oxide p r i m a r i l y  formed,  and  tha t  the  h igher  oxides 
are fo rmed  by  d i rec t  oxidat ion,  which  is no t  e lectro-  
chemica l  in  na tu re .  In  no case could any  i ron  be 
found  in  the  m e l t  af ter  a run .  

Copper-oxygen celL--At the  one t e m p e r a t u r e  
s tudied  this  cell gave a po ten t i a l  for the fo rma t ion  
of Cu~O. Since  at this  t e m p e r a t u r e  CuO is less s table  
by  abou t  6 kcal,  there  seems l i t t le  doub t  tha t  the 
reac t ion  m e a s u r e d  was  the  fo rma t ion  of the  lower  
oxide. Both  oxides were  found  on the  wire,  w i th  the  
red  a d h e r i n g  closely and  the  b lack  on the outs ide as 
is of ten  found  in  the air  ox ida t ion  of copper.  The  re -  
act ion was  no t  s tudied  wi th  p u r e  oxygen,  s ince the 
cell was  m u c h  s lower  t h a n  the  i ron  cell to reach  
e q u i l i b r i u m  and  des t ruc t ion  of the  me ta l  occurs 
wi th  too long exposure.  No copper  was found  in  the  
used mel t .  

S t i r r i ng  po ten t ia l s  were  found  in  some, not  all, 
cases in  these  cells, a p p a r e n t l y  caused by  i ron  i m -  
puri t ies .  The cells quoted  were  f ree  of s t i r r ing  po t en -  
tials,  bu t  the  vo l tage  was r a t h e r  lower  t h a n  ca lcu-  
lated,  so t h a t  it is possible  tha t  t rue  e q u i l i b r i u m  
had  not  yet  been  a t ta ined .  A n  a t t emp t  to p r e v e n t  
s t i r r ing  po ten t ia l s  wi th  a l u m i n a  d e m o n s t r a t e d  tha t  
this was  possible,  bu t  the  cell fa i led to reach an  
e q u i l i b r i u m  po ten t i a l  in  12 hr. 

Nickel-oxygen cell.--At 658 ~ this  cell gave a po-  
t en t i a l  ag ree ing  ve ry  closely w i th  tha t  expected  for 
NiO. The  oxide was  g reen i sh  in  color and  fo rmed  
as a t ight  l ayer  w i th  an  e x t r e m e l y  high resis tance.  
P r e s u m a b l y  because  of this p roper ty ,  it was  not  
possible to reach e q u i l i b r i u m  s t a r t i ng  w i th  a b r igh t  
n icke l  wire.  I t  was necessa ry  to equ i l i b r a t e  at h igher  
t empera tu re s ,  f o rming  "b lack  oxide"  (see be low)  and  
then  to r educe  the  t e m p e r a t u r e .  The c o m p o u n d  
t h e n  t u r n e d  g reen  rapid ly ,  and  the  po ten t i a l  fell  as 
r ap id ly  to tha t  g iven  for NiO. The high electr ical  
res i s tance  of NiO layers  has been  noted  by  V e r w e y  
(10).  Pe rhaps  by  accident ,  s t i r r i ng  po ten t ia l s  were  
not  e n c o u n t e r e d  in  the  m e a s u r e m e n t s  at 658 ~ g iv ing  
green  oxide, and  no deposits  fo rmed  on the p l a t i n u m  
wire.  This was  no t  the case w i th  the  h igher  t e m p e r -  
a tu re  "b lack  oxide" exper imen t s .  

At  the  h igher  t e m p e r a t u r e s  a b lack  m a t e r i a l  
fo rmed  on the n ickel  wire.  I t  was  a good conductor ,  
bu t  st i l l  came  to e q u i l i b r i u m  v e r y  slowly. I t  gave  a 
m u c h  h igher  po ten t i a l  t h a n  did green  NiO and  
showed p r o n o u n c e d  s t i r r i ng  po ten t ia l s ;  the emf rose 
wi th  the  t e m p e r a t u r e .  The subs tance  appears  to con-  
ta in  n icke l  in  a h igher  va lence  state, s ince it  was 
able  to oxidize HC1 to CI.~, and, slowly, wa t e r  to O~. 
Ve rwey  p r e p a r e d  a b lack  m a t e r i a l  w i th  a h igh oxi-  
da t ion  po ten t i a l  and  a low elect r ical  res i s tance  by  
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the  reac t ion  of NiO wi th  LifO at 1200~ It  is de-  
scr ibed as h a v i n g  the same crys ta l  la t t ice  as NiO, 
(NaC1), bu t  wi th  a s l ight ly  sma l l e r  u n i t  cell. In  the  
crystal ,  Li § ions fill some of the  posi t ions  of Ni § 
ions at  r a n d o m  and,  for each l i th ium,  one n icke l  
mus t  become t r i v a l e n t  to keep  charge  ba lance .  This  
migh t  be descr ibed  as a solid so lu t ion  of LiNiO~ in  
NiO. 

Our  e xpe r i me n t s  are  cons is ten t  wi th  the  h y p o t h -  
esis tha t  this  solid so lu t ion  is fo rmed  above  663 ~ in  
contac t  wi th  our  su l fa te  eutec t ic  c o n t a i n i n g  Li + and  
O= ions. Below this  t e m p e r a t u r e  it  decomposes to 
solid NiO, whi le  LifO dissolves in  the mel t .  If our  
m e a s u r e d  Eo va lues  are p lo t t ed  aga ins t  t e m p e r a -  
ture ,  i n c l u d i n g  the Eo va lues  ca lcu la ted  for  NiO 
f rom free energies ,  a t r a n s i t i o n  at 663 ~ seems to be 
ind ica ted  (see Fig. 1). The  open  circles are ca lcu-  
la ted  f rom the  t h e r m a l  da ta  (5) .  

We have  a t t emp ted  to ob ta in  ev idence  for this 
t r a n s i t i o n  by  me a ns  of cooling curves.  A m i x t u r e  of 
Ni, NiO, sul fa te  eutect ic  and  a smal l  a m o u n t  of CaO 
(dissolved)  was  hea ted  at  800 ~ u n t i l  e q u i l i b r i u m  
was p r e s u m e d  to have  been  reached,  and  t h e n  a l -  
lowed to cool slowly, fo l lowing  the  t e m p e r a t u r e  on 
a the rmocoup le  recorder .  Hal ts  were  no t  ob ta ined  
in  eve ry  tr ial ,  bu t  they  were  found  b e t w e e n  660 ~ 
and  663~ in  a n u m b e r  of cases. P r o b a b l y  the t r a n s i -  
t ion  is no t  fast  enough  for  u n a m b i g u o u s  t h e r m a l  
analysis ,  bu t  the  resul t s  l end  confidence to the  
theory.  

The  "b lack  oxide" was ob ta ined  wi th  e i ther  air  or 
oxygen  at the  oxygen  electrode,  and  the  po ten t i a l  
fol lowed the  Nerns t  law, (observed  increase  in  emf 
f rom air  to oxygen,  31 mv,  calc 33 m v ) .  The po t en -  
t ia l  in  this  case should  also be d e p e n d e n t  on the 
oxide ion concen t ra t ion ,  bu t  the  changes  in  the  l a t -  
ter  we re  u n f o r t u n a t e l y  no t  l a rge  enough  to provide  
u n a m b i g u o u s  evidence.  In  no case was  n icke l  found  
in  the  mel t ,  no r  in  the  deposit  on the p l a t i n u m  wire.  

We therefore  suggest  tha t  n icke l  in  a fused su l fa te  
ba th  con t a in ing  both  Li + and  O: ions reacts  w i th  O,_, 
be low 663 ~ to fo rm NiO, whi le  above this  t e m p e r a -  
t u r e  the p roduc t  is a solid so lu t ion  of LiNiO2 in  NiO. 
The poss ib i l i ty  of s imi la r  reac t ions  w i th  o ther  heavy  
meta l s  and  a lkal ies  m a y  depend  on ionic d iameters .  

This  e x p l a n a t i o n  wou ld  i mp l y  tha t  our  emf va lues  
above the  t r ans i t i on  are no t  t r ue  Eo values ,  both  be-  
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cause the  oxide ion was  no t  at u n i t  ac t iv i ty  and  be -  
cause a solid phase  t r ans i t i on  migh t  r equ i r e  a v e r y  
long  t ime  to reach equ i l i b r ium.  U n d e r  these c i r cum-  
stances,  the  r ise  of a p p a r e n t  emf  wi th  t e m p e r a t u r e  
is no t  surpr i s ing .  

Gold-oxygen cel l . - -Gold is not  expected  to form a 
s table  oxide at  the t e m p e r a t u r e s  of our  expe r imen t s .  
The on ly  po ten t i a l  to be expected  is the  t he rmoe lec -  
t r ic  po ten t i a l  b e t w e e n  A u  and  Pt,  which  should  
a m o u n t  to about  10 mv.  A l though  the  po ten t ia l s  
were  errat ic ,  those found  were  of the  correct  order  
of m a g n i t u d e .  
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Manuscript  received Oct. 4, 1956. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the June  1959 
J O U R N A L .  

REFERENCES 
1. E. Baur  and H. Ehrenburg,  Z. Elektrochem., 18, 

1002 (1912); W. D. Treadwell,  Z. Elektrochem., 
22, 414 (1916). 

2. H. Lux, Z. Elektrochem., 45, 303 (1939) and subse- 
quent  papers. 

3. H. Flood, T. Forland,  and K. Motzfeldt, Acta Chem. 
Scand., 6, 257 (1952). 

4. H. Flood and T. Forland, Farad. Soc. Discussion No. 
I, 302 (1947). 

5. C. Wagner  and W. Traut,  Z. Elektrochem. 44, 391- 
402 (1938). 

6. F. D. Richardson and J. E. Jeffes, J. Iron Steel Inst. 
(London) 160, 261 (1948). 

7. A. F. Kapust inski  and M. J. Nowesselezew, J. Phys. 
Chem. (USSR) 11, 61 (1938). 

8. D. P. Bogatski, J. Gen. Chem. (USSR) 21, 1 (1951). 
9. E. W. Cheesbrough, Chemist Analyst, 20, No. 3, 14 

(1931). 
10. E. J. Verwey, "'Semi-Conducting Materials", Aca- 

demic Press, New York, 1951, p. 151. 

Equivalent Conductivities of AgNO-KNO Mixtures 
F. R. Duke and R. A. Fleming 
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The specific conduct iv i t i es  and  the densi t ies  of 
AgNO~-KNO~ m i x t u r e s  have  b e e n  d e t e r m i n e d  by  
Po lyakov  (1) .  The  densi t ies  have  also been  de te r -  
m i n e d  by  Bloom and  Rhodes (2) .  The dens i ty  da ta  
of the  two inves t iga tors  agree w i t h i n  1% where  
compar i son  is possible, except  at  the  h igher  AgNO.~ 
concent ra t ions .  Bloom and  Rhodes agree w i th  
Spooner  and  We tmore  (3) on the dens i ty  of pu re  
AgNO~. Thus ,  at  h ighe r  AgNO~ concent ra t ions ,  t he  
da ta  of Bloom and  Rhodes were  used. Po lyakov ' s  
da ta  on the specific conduc t iv i ty  of pu re  AgNO~ 
differ f rom those of Spooner  and  Wetmore .  Thus,  
the p re sen t  w o r k  is a r e d e t e r m i n a t i o n  of the  spe-  
cific conduct iv i t i es  of the mix tu res ,  the  va lues  at 
h igh concen t r a t ions  of AgNO, be ing  s igni f icant ly  
different  f rom those of Po lyakov .  

Experimental 
The appa ra tu s  and  t echn iques  used were  iden t ica l  

wi th  those used by  Duke  and  F l e m i n g  in  a prev ious  
s tudy  (4) .  The  the rmocoup le  used for the  m e a s u r e -  
m e n t  of the  t e m p e r a t u r e  of the cell was ca l ib ra ted  
at the  t in  and  lead f reez ing  points ,  u s ing  especia l ly  
purif ied samples  of the  meta ls .  

The  salts used  were  CP r e a g e n t  grade,  a nd  the  

mixtures were prepared by mixing carefully weighed 
amounts of each salt. In addition, the salt mixtures 
were partially analyzed, silver being determined by 
the Volhard method. 

Results 
Resul ts  are  l is ted in  Tab le  I. 
It  is of in te res t  to note  that ,  w h e n  a plot  of equ iva -  

l en t  conduc t iv i ty  vs. composi t ion  is made,  a ve ry  
s l ight  nega t ive  dev ia t ion  f rom a s t ra igh t  l ine  is ob-  
served at  al l  t empera tu re s .  Thus,  AgNO~-KNO3 m i x -  
t u re s  are, in  this  sense, " r e gu l a r "  solutions.  

Manuscript  received Jan. 21, 1958. Work was per-  
formed in the Ames Laboratory of the U. S. Atomic 
Energy Commission. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1959 
J O U R N A L .  
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Table I. Densities, specific and equivalent conductivities of AgNO~-KN03 mixtures at various temperatures 

T 
Mole  
f rac -  
t i on  350~ 325"C 300~ 275 ~ 250~ 

AgNO3 p L X p L k p L k p L X p L X 

1.00 3.81 1.230 54.8 3.84 1.138 50.4 3.87 1.038 45.6 3.89 0.938 40.9 3.92 0.836 36.2 
0.832 3.42 1.127 52.2 3.45 1.028 47.1 3.48 0.927 42.2 3.50 0.824 37.4 3.53 0.723 32.6 
0.700 3.15 1.033 48.9 3.17 0.935 44.0 3.19 0.840 39.3 3.22 0.744 34.5 3.25 0.650 29.9 
0.475 2.67 0.900 45.0 2.69 0.811 40.3 2.72 0.718 35.4 2.74 0.624 30.5 2.77 0.531 25.7 
0.295 2.36 0.798 41.1 2.38 0.719 36.7 2.40 0.634 32.1 2.43 0.545 27.2 2.44 0.470 23.4 
0.149 2.10 0.715 37.9 2.12 0.641 33.6 2.15 0.561 2 9 . 1  . . . .  
000 1.86 0.670 36.4 - -  - -  

p t a k e n  f r o m  Ee l .  (2) fo r  p u r e  AgNOs and  0.832 m o l e  f r a c t i o n  AnNOs,  and  f r o m  Ref. (1) in  t he  o t h e r  cases. 
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A t h o r o u g h  d i scuss ion  of a l l  a spec t s  of t he  p r o -  
duc t ion  a n d  use of e l e c t r o l y t i c  i r on  p o w d e r  o b -  
v ious ly  w o u l d  r e q u i r e  m o r e  space  t h a n  is a v a i l a b l e  
here .  Consequen t ly ,  a f t e r  a b r i e f  h i s t o r i c a l  r ev i ew,  
w e  sha l l  d e s c r i b e  the  p r o d u c t i o n  a n d  p r o p e r t i e s  of 
e l e c t r o l y t i c  i ron  p o w d e r  as i t  is now p r e p a r e d  for  
the  m a r k e t  b y  th is  co rpora t ion .  

Historical Background 
The  first  r e c o r d e d  l a b o r a t o r y  p r o d u c t i o n  of e lec -  

t r o l y t i c  i ron  in  a n y  f o r m  was  b y  t h e  F r e n c h  sc ien-  
t ist ,  Becquere l ,  in  1831. The  first  p r a c t i c a l  use  of 
e l e c t ro ly t i c  i r on  p l a t i n g  a p p e a r s  to h a v e  been  in 
m a k i n g  i ron  e l e c t r o t y p e s  for  p r i n t i n g  b a n k  no tes  b y  
the  Russ i an  Min t  in  1868 (1) .  This  process ,  d e v e l -  
oped  b y  Kle in ,  u sed  a co ld  f e r r o u s  su l f a t e  b a t h  at  
v e r y  low c u r r e n t  dens i t ies .  The  process  was  qu i t e  
successfu l  a n d  i t  was  s t i l l  in use  at  t he  t i m e  of t he  
Russ i an  R e v o l u t i o n  in 1917. 

Hot  i r on  ch lo r ide  b a t h s  w e r e  d e v e l o p e d  for  c o m -  
m e r c i a l  p r o d u c t i o n  of e l e c t ro ly t i c  i ron  shee t  and  
tubes  in F r a n c e  in  1910 (2) .  Th is  F r e n c h  p l a n t  op -  
e r a t e d  success fu l ly  for  15 to 20 yea r s ,  a f t e r  w h i c h  
i t  was  fo r ced  to close because  of economic  reasons .  
Two ambi t ious ,  b u t  unsuccess fu l ,  a t t e m p t s  w e r e  
m a d e  in th is  c o u n t r y  d u r i n g  1920-1930 to e l e c t r o -  
f o r m  i ron  shee ts  a n d  tubes ,  u s ing  ho t  ch lo r ide  b a t h s  
(3, 4) .  These  a t t e m p t s  w e r e  m a d e  b y  the  M i l fo rd  
and  N i a g a r a  E l e c t r o l y t i c  I ron  Compan ies .  A n  i m -  
p r o v e d  ho t  i ron  ch lo r ide  b a t h  was  d e v e l o p e d  in 1930 
b y  T h o m a s  a n d  B l u m  for  t h e  p r o d u c t i o n  of e l e c t r o -  
ly t i c  i r on  p r i n t i n g  p l a t e s  b y  the  U. S. B u r e a u  of E n -  
g r a v i n g  and  P r i n t i n g  (5) .  So f a r  as w e  know,  th is  
p rocess  is s t i l l  in use. T h e  first  k n o w n  c o m m e r c i a l  
p r o d u c t i o n  of e l e c t ro ly t i c  i ron  p o w d e r  was  b y  the  
W e s t e r n  E lec t r i c  C o m p a n y  in 1921. This  was  be fo re  
t he  e r a  of p o w d e r  m e t a l l u r g y  as w e  n o w  k n o w  it. A 
m i x e d  f e r r o u s  su l fa te ,  f e r rous  ch lor ide ,  and  a m -  
m o n i u m  su l f a t e  b a t h  was  used,  a t  a c u r r e n t  d e n s i t y  
of 12 a m p / f t  ~. A d e s c r i p t i o n  of t he  process  is f o u n d  
in t he  l i t e r a t u r e  (6 ) .  The  W e s t e r n  E lec t r i c  p l a n t  h a d  
a c a p a c i t y  of 100,000 lb  of i ron  p o w d e r  p e r  mon th .  
The  p o w d e r  was  used  b y  th is  f i rm chief ly in the  con-  
s t ruc t ion  of l o a d i n g  coils for  t e l e p h o n e  circui ts .  
E l e c t r o l y t i c  i ron  p o w d e r  has  s ince  been  r e p l a c e d  b y  
P e r m a l l o y  in th is  a p p l i c a t i o n  b e c a u s e  of i ts  h i g h e r  
m a g n e t i c  p e r m e a b i l i t y .  The  e r a  of m o d e r n  i ron 

p o w d e r  m e t a l l u r g y  b e g a n  in  t he  e a r l y  1930's. The  
n e w  i n d u s t r y  r e c e i v e d  m u c h  p u b l i c i t y  and  e x t r a v a -  
gan t  c l a ims  w e r e  m a d e  for  i t  b y  en thus i a s t i c  s p o n -  
sors. As  f r e q u e n t l y  h a p p e n s  in such s i tua t ions ,  m o r e  
peop le  w e r e  a t t r a c t e d  to t h e  i n d u s t r y  t h a n  i t  cou ld  
suppor t .  U n i t e d  S t a t e s  f i rms w h o  h a v e  e n g a g e d  in 
the  c o m m e r c i a l  p r o d u c t i o n  of  e l e c t r o l y t i c  i ron  p o w -  
de r  s ince  1930 and  the  a p p r o x i m a t e  pe r i ods  of t h e i r  
a c t i v i t y  fo l low:  

P l a s t i c  Meta l s  Div i s ion  of 
The  N a t i o n a l - U .  S. R a d i a t o r  
C o r p o r a t i o n  - -  1934 to P r e s e n t  

The  N a t i o n a l  L e a d  C o m p a n y  - -  1940 to 1945 
Bu-E1 Meta l s  C o m p a n y  - -  1947 to 1949 
T a c o m a  P o w d e r e d  Meta l s  

C o m p a n y  - -  1948 to 1954 

The  on ly  one of these  f i rms in  p r o d u c t i o n  t o d a y  
is The  P la s t i c  Meta l s  Div i s ion  of The  N a t i o n a l - U .  S. 
R a d i a t o r  Corpo ra t i on .  The  m a i n  r ea son  for  th is  h igh  
m o r t a l i t y  is p r o b a b l y  f a i l u r e  of t h e  d e m a n d  for  
e l e c t ro ly t i c  i ron  p o w d e r  to g r o w  a t  the  r a t e  e x -  
p e c t e d  b y  m a n y .  T h e r e  has  been  a s t e a d y  g r o w t h  
in i ts  app l i ca t ions ,  b u t  i t  has  m e t  s eve re  c o m p e t i -  
t ion  f rom n o n e l e c t r o l y t i c  i ron  p o w d e r s  w h i c h  sel l  a t  
30 to 40% as much .  A t  p re sen t ,  one  d o m e s t i c  and  
two  fo re ign  f i rms a r e  a c t i v e l y  se l l ing  e l e c t ro ly t i c  
i ron  p o w d e r  in th is  coun t ry .  The  fo r e ign  f i rms a r e  
H u s q v a r n a  V a p e n f a b r i k  of S w e d e n  a n d  G e o r g e  
Cohen  Sons and  C o m p a n y ,  Ltd. ,  of Eng land .  

F r e q u e n t  i nqu i r i e s  a r e  m a d e  a b o u t  how our  
co rpora t ion ,  w h o s e  m a i n  p r o d u c t s  a r e  boi le rs ,  r a d i -  
a tors ,  and  o the r  h e a t i n g  e q u i p m e n t ,  b e c a m e  in -  
vo lved  in the  p r o d u c t i o n  of e l e c t r o l y t i c  i r on  p o w d e r .  
The  s to ry  is as fo l lows.  T h e  N a t i o n a l  R a d i a t o r  C o m -  
pany ,  now the  N a t i o n a l - U .  S. R a d i a t o r  Corp. ,  e s t a b -  
l i shed  a F e l l o w s h i p  at  Me l lon  I n s t i t u t e  in 1929, for  
the  p u r p o s e  of d e v e l o p i n g  a process  for  e l e c t r o f o r m -  
ing  i ron  r ad i a to r s .  I t  soon b e c a m e  e v i d e n t  t h a t  
e l e c t r o f o r m e d  i ron  r a d i a t o r s  cou ld  no t  c o m p e t e  in 
cost  w i t h  c o n v e n t i o n a l  cas t  i ron  and  n o n f e r r o u s  r a -  
d i a to r s  and  convectors .  The  p r o d u c t i o n  of e l e c t r o -  
l y t i c  i ron  shee t  was  i nves t i ga t ed ,  b u t  also was  a b a n -  
d o n e d  for  economic  and  t e c h n i c a l  reasons .  A t  th is  
t i m e  the  n e w  i ron  p o w d e r  m e t a l l u r g y  a p p e a r e d  on 
the  scene.  Effor ts  w e r e  t hen  d i r e c t e d  t o w a r d  s a l v a g -  
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Fig. 1. Electrolytic iron cells 

ing the knowledge  and exper ience  gained, in devel -  
oping a process for the product ion of e lectrolyt ic  
iron powder.  

Production 
The first pi lot  p lan t  was bui l t  in Johnstown in 

1934, and commercia l  shipments  of e lectrolyt ic  iron 
powder  were  made that  year.  Product ion and sale 
has increased manyfo ld  in the years  since then. 

A descr ipt ion of the present  process for producing 
electrolyt ic  iron powder  follows. 

Electrolytic Iron Deposition 
Cell dimensions, inside, 10 ft long x 2.5 ft wide x 

2.5 ft deep;  cell composition, Haveg No. 42; e lec t ro-  
lyte, mixed  ferrous and ammonium sulfates;  pH of 
electrolyte,  5.0-6.0; anode mater ia l ,  Armco ingot 
iron plates;  cathodes, 16 gauge Type 430 stainless 
steel; cu r ren t  density,  25 amp/ f t ' ;  number  of anodes 
per  cell, 17; number  of cathodes per  cell, 16; source 
of current ,  d-c  motor -genera to rs ;  t empera tu re  of 
electrolyte,  120~176 p la t ing  time, 31/2 days; 
p la t ing thickness,  3/32 in. to 1/4 in.; k i lowat t  hours /  
lb of iron produced,  1.50; quan t i ty  of iron produced 
per  cell per  day, 100 lb. View of the e lectrolyt ic  
iron cells wi th  cathodes and anodes in posit ion is 
shown in Fig. 1. 

Cell Operation 
The cathode efficiency of 95 to 99% is high, but  

not quite as high as the anode efficiency. This causes 
a g radua l  increase of iron in the cell, and there  is 
some sludge formation.  The sludge settles to the 
bot tom of the cell and is removed  about  every  3 
weeks. 

Use of the usual  low-carbon  steel plates  as anodes 
instead of Armco plates  resul ts  in an increase of 
carbon, sulfur, and manganese  in the deposits. 

Some ferr ic  iron is produced by the surface oxida-  
t ion of the e lec t ro ly te  and is helpful  in producing  
br i t t le  deposits.  

Cell solutions are analyzed week ly  and adjus ted  
to specified levels of pH, NH~, and Fe §247 

Washing and Stripping 
The cathodes, wi th  thei r  deposits, are given cold 

and hot wate r  rinses to remove as much of the elec-  
t ro ly te  as possible. This washing is especial ly  im-  
por tan t  in achieving low values of to ta l  sulfur. De- 

Fig, 2. Ball mill which grinds chips to powder of the de- 
sired mesh. 

posits are a l lowed to d ry  and are removed from the 
cathodes by flexing and s t r ik ing against  a tab le  top. 
S t r ipped  cathodes are sanded, s t ra ightened  when 
necessary,  and re tu rned  to the cells. 

Crushing and Grinding of Deposits 
The s t r ipped deposits, made  br i t t le  by thei r  hy -  

drogen content, are broken to approx ima te ly  1 in. 
chips in a spike rol l  crusher.  Samples  of the chips 
are  analyzed  for total  sulfur,  total  carbon, and oxy-  
gen. Some iron is sold in this form as mel t ing  stock. 
Melt ing stock is analyzed fu r the r  by chemical  and 
spect rographic  methods for to ta l  sulfur, carbon, 
oxygen, manganese,  nickel,  copper, silicon, and lead. 

The chips are ground to powder  of the desired 
mesh size in large  bal l  mills  such as shown in Fig. 2. 
The bal l  mills  contain 11,000 lb of 2 in. steel  bal ls  
and 3,000-4,000 lb of gr inding stock at a time. 
Closed- type  mil ls  are  used since it is genera l ly  nec-  
essary to use an iner t  a tmosphere,  such as nitrogen,  
to p reven t  firing and excessive oxidation.  

Ba tch - type  mil ls  wi th  1 in. d iamete r  steel bal ls  
are  used in gr inding powders  to 200 mesh and finer. 
These mills must  be kep t  t ight  dur ing  grinding,  and 
precaut ions  must  be taken  in discharging in order  to 
prevent  firing. 

Classification 
The next  step af ter  gr inding the powder  is to sep-  

a ra te  it into the desired mesh. This is done by  both 
screens and air  classifiers. In some cases the classi-  
fier is a t tached to the mill ;  this is p re fe r r ed  because 
of the obviously lower  costs. This combinat ion of 
mil l  and classifier is not a lways  possible especial ly 
in producing finer mesh powders,  because of fire 
hazards.  

Annealing 
The powder  is hard,  due to work  hardening,  and 

contained hydrogen as it  leaves the ba l l  mi l l  or 
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Table I. Typical chemical analyses of Armco ingot iron 
and electrolytic iron 

Armco  ingot Electrolytic iron 
Analysis, % iron Grade  A-101 Grade  A-104 

Fig. 3. Annealing furnaces 

Carbon 0.03 0.015 0.004 
Manganese  0.02 0.002 <0.001 
Sul fur  0.025 0.004 0.003 
Phosphorus  0.006 0.004 0.002 
Silicon 0.020 0.005 0.001 
Nickel  0.030 0.010 0.005 
Cobalt  0.007 0.005 0.002 
Chromium 0.005 0.002 <0.002 
Lead  0.005 Nil  Nil  
Arsenic  0.012 Nil  Ni l  
Boron - -  Nil Nil  
Copper  0.040 0.008 0.003 
Total  i ron - -  99.840 99.900 

Fig. 4.25,000 Ib capacity mixers 

classif ier ;  i t  is d a r k  in color  because  of su r face  ox i -  
da t ion .  The  p o w d e r  can  be  used  in  th is  f o rm  for  a 
few c h e m i c a l  and  p h a r m a c e u t i c a l  app l i ca t ions .  A 
c o m b i n a t i o n  a n n e a l i n g  and  r e d u c i n g  o p e r a t i o n  is r e -  
q u i r e d  to sof ten  i t  and  r e m o v e  the  su r f ace  ox ide  for  
s a t i s f a c t o r y  use  in  p o w d e r  m e t a l l u r g y  p r e s s i n g  and  
s i n t e r i n g  opera t ions .  The  a n n e a l e d  p o w d e r  is soft  
a n d  b r igh t .  A n n e a l i n g  is c a r r i e d  ou t  a t  1200~176 
for  30-45 min,  in h y d r o g e n  or  c r a c k e d  a m m o n i a ,  in 
fu rnaces  such  as t h e  one  s h o w n  in Fig .  3. The  a n -  
n e a l i n g  t e m p e r a t u r e  and  t i m e  a re  a d j u s t e d  to the  
mesh  of t he  p o w d e r  to p r e v e n t  f o r m a t i o n  of an  e x -  
ces s ive ly  h a r d  s in t e r  cake.  F i n e  p o w d e r s  r e q u i r e  
l o w e r  t e m p e r a t u r e s  t h a n  coarse  p o w d e r s .  The  s in t e r  
cake  is g iven  a l i gh t  b r e a k - u p  in a c r u s h e r  and  r e -  
classif ied.  

Mixing and Packing 
As a f inal  s tep  in  p rocess ing ,  t he  p o w d e r  is m i x e d  

to i n su re  u n i f o r m i t y .  The  o p e r a t i o n  is c a r r i e d  out  in 
m i x e r s  of 25,000-1b c a p a c i t y  as shown  in Fig .  4. 
S a m p l e s  of p o w d e r  a r e  t a k e n  d u r i n g  p a c k i n g  for  
c h e m i c a l  and  p h y s i c a l  tes ts  and  check ing  aga ins t  
specif icat ions .  

Properties of Electrolytic Iron Powder 
The  s u p e r i o r  p r o p e r t i e s  of e l e c t ro ly t i c  i ron  p o w -  

de r  a r e  due  m a i n l y  to i ts  h igh  pu r i t y .  T a b l e  I shows 
a c o m p a r i s o n  of the  c h e m i c a l  ana lys i s  of A r m c o  
Ingo t  I ron  w i th  t ha t  of two  g rades  of e l e c t ro ly t i c  

i ron  g r i n d i n g  or  m e l t i n g  stock.  G r a d e  A-101  is t he  
usual ,  l o w e r  cost, g r i n d i n g  or  m e l t i n g  stock.  I t  is 
m a d e  b y  e l e c t r o l y t i c  re f in ing  of A r m c o  Ingo t  I ron.  
Note  the  r e d u c t i o n  of impur i t i e s .  G r a d e  A-104  was  
d e v e l o p e d  for  those  i n t e r e s t e d  in  u n u s u a l l y  p u r e  
iron,  w h o  a r e  w i l l i n g  to p a y  for  it. This  g r a d e  is 
m a d e  b y  f u r t h e r  re f in ing  of G r a d e  A-101 .  

T a b l e  II  shows  c o m p a r a t i v e  d a t a  on t y p i c a l  100 
m e s h  e l ec t ro ly t i c  and  n o n e l e c t r o l y t i c  c o m m e r c i a l  
i ron  powder s ,  e x c l u d i n g  c a r b o n y l  p o w d e r .  Note  t he  
s u p e r i o r  p u r i t y  of the  e l e c t r o l y t i c  p roduc t .  I t  is not ,  
h o w e v e r ,  qu i t e  as p u r e  as t he  g r i n d i n g  s tock  f r o m  
w h i c h  i t  i s - m a d e  because  of i m p u r i t i e s  p i c k e d  up  
in  g r i n d i n g  and  c lass i fy ing .  

T a b l e  I I I  shows  a c o m p a r i s o n  of t he  p r e s s i n g  and  
s i n t e r i n g  p r o p e r t i e s  of e l e c t r o l y t i c  and  n o n e l e c t r o -  
l y t i c  i ron  powder s .  Note  e spec i a l l y  t he  h i g h e r  
p r e s s e d  dens i t i e s  and  b e t t e r  s i n t e r i n g  p r o p e r t i e s  of 
t he  sof te r  and  p u r e r  e l e c t r o l y t i c  p o w d e r .  This  m a k e s  
poss ib le  the  p r o d u c t i o n  of "h igh  d e n s i t y "  s i n t e r e d  
i ron  p a r t s  w i t h  good p h y s i c a l  p rope r t i e s .  

T a b l e  IV shows p r o p e r t i e s  of e l e c t ro ly t i c  i ron  s in -  
t e r ings  o b t a i n e d  u n d e r  va r i ous  p rocess ing  cond i -  
t ions.  Note  e spec i a l l y  t he  p r o p e r t i e s  a c h i e v e d  at  u n -  
u s u a l l y  h igh  dens i t i e s  and  w i t h  t he  use  of carbon .  
The  N a t i o n a l  Cash  R e g i s t e r  C o m p a n y  has  been  
p a r t i c u l a r l y  success fu l  in  t h e  p r o d u c t i o n  of h igh  

Table II. Comparative data on typical 100 mesh electrolytic 
and nonelectrolytic iron powders 

Proper ty  Electrolytic Noneleetrolytic 

Chemical  analysis,  % 
Total  Carbon 0.02 0.08 
Sul fur  0.008 0.03 
Silicon 0.01 0.15 
Oxygen  0.40 0.60 
Manganese  0.002 0.20 
Phosphorus  0.005 0.03 
Al l  Others  0.03 0.25 

Phys ica l  Proper t ies  
Appa ren t  density,  g /cc  2.45 2.40 
F low (Hall)  35.00 30.00 
Screen, % 

On 100 mesh 1.00 1.00 
On 150 mesh 17.00 25.00 
On 200 mesh 14.00 30.00 
On 250 mesh 8.00 7.00 
On 325 mesh 15.00 15.00 
<325 mesh 45.00 22.00 



416 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1958 

Table Ill. Some comparative pressing and sintering properties 
of 100 mesh electrolytic and nonelectrolytic iron powders 

Pres s ing  p r o p e r t i e s  E lec t ro ly t i c  Nonc l ec t ro ly t i c  

At 30 tsi  pressure:  
Pressed density,  g /cc  6.70 
Green  s t rength  of 
Transverse  bar,  psi  3000 

At  50 tsi pressure :  
Pressed density,  g /cc  7.10 
Green  s t rength  of 
Transverse  bar,  psi 5000 

6.25 

2000 

6.65 

4000 

S i n t e r i n g  p r o p e r t i e s  

At  30 tsi  pressure :  
Ul t imate  tensi le  

strength,  psi 22,000 16,000 
Elongation, % 7.00 4.00 
Hardness,  RH 55.00 70.00 

At  50 tsi pressure :  
Ul t imate  tensi le  

s trength,  psi 30,000 24,000 
Elongation, % 12.00 6.00 
Hardness,  RH 60.00 75.00 

Note :  One per  cent  zinc s t ea ra t e  was  m i x e d  w i t h  p o w d e r s  as a 
l u b r i c a n t  for  p r e s s i n g  and  s i n t e r i n g  was  a t  2050~ fo r  45 rain in  
hyd rogen ,  ts i  e q u a l s  tons  pe r  s q u a r e  inch .  

dens i ty ,  h igh  s t r e n g t h  pa r t s ,  w i t h  a r e s u l t i n g  sav ing  
in costs. 

As  m e n t i o n e d  p rev ious ly ,  the  first  c o m m e r c i a l  use  
for  e l e c t ro ly t i c  i ron  p o w d e r  was  in a m a g n e t i c  core  
a p p l i c a t i o n  b y  W e s t e r n  E lec t r i c  C o m p a n y .  Some  

m a g n e t i c  a p p l i c a t i o n s  for  cores,  po le  pieces,  etc., 
s t i l l  exis t .  Se r ious  c o m p e t i t i o n  is met ,  h o w e v e r ,  f r om 
the  fe r r i t es ,  c a r b o n y l  i ron  p o w d e r ,  a n d  P e r m a l l o y .  
T a b l e  V shows  some of the  m a g n e t i c  p r o p e r t i e s  of 
e l e c t ro ly t i c  i ron  in  solid,  p o w d e r ,  and  f lake form.  

The  use  of e l e c t r o l y t i c  i ron  in f lake f o r m  p e r m i t s  
the  a c h i e v e m e n t  of h i g h e r  m a g n e t i c  p e r m e a b i l i t i e s  
and  l o w e r  core  losses  t h a n  w h e n  p o w d e r  is used,  
because  the  f lakes  b e c o m e  s o m e w h a t  o r i e n t e d  d u r -  
ing  p ress ing .  M a x i m u m  p e r m e a b i l i t y  and  m i n i m u m  
core  losses a r e  a c h i e v e d  w h e n  t h e  long axes  of the  
f lakes a r e  p a r a l l e l  to the  m a g n e t i c  flux. 

Concluding Remarks 
I t  has  been  shown  h o w  e l e c t r o l y t i c  i ron  p o w d e r  is 

p r o d u c e d  and  some  of i ts  p r o p e r t i e s  h a v e  been  d i s -  
cussed.  E l e c t r o l y t i c  i ron  p o w d e r  is bo th  s u p e r i o r  in 
q u a l i t y  and  h i g h e r  in  cost  as  c o m p a r e d  w i t h  n o n -  
e l e c t ro ly t i c  i ron  powder s ,  e x c l u d i n g  c a r b o n y l  iron.  
I ts  c h a r a c t e r i s t i c s  su i t  i t  to t he  p r o d u c t i o n  of h igh  
d e n s i t y  s in t e r ings  w i t h  s u p e r i o r  p h y s i c a l  p rope r t i e s .  
These  a p p l i c a t i o n s  wi l l  i n c r e a s e  in n u m b e r  and  vo l -  
u m e  as the  q u a l i t y  is i n c r e a s e d  and  the  r e l a t i v e  cost  
is r educed .  

Manuscr ip t  received March 6, 1958. This paper  was 
p repa red  for de l ive ry  before  the Buffalo Meeting, Oct. 
6-10, 1957. 

Any  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  June  1959 
J O U R N A L .  

Table IV. Some properties of electrolytic iron sinterings obtained under various processing conditions 

Ult .  t ens i l e  E l o n g a t i o n  R o c k w e l l  Source  of 
P roces s ing  c o n d i t i o n s  D e n s i t y  s t r e n g t h ,  ps i  in  2 in.,  % h a r d n e s s  i n f o r m a t i o n  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Ingot  i ron - -  hot ro l led  rods or 42,000 to 22.00 to 39 to 
plates  7.87 48,000 28.00 55 RB 
Pressed at 50 tsi, s in tered at  2050~ 
for 45 min  7.10 30,000 12.00 60 RH P.M.* 
Pressed  at 50 tsi, s in tered at 2050~ 
for 45 min, 
r e -p ressed  at  50 tsi, r e - s in t e red  at 
2050~ for 30 min 7.60 44,000 23.00 36 RB P.M. 
Pressed at  160 tsi, s in tered at 
2012~ 1 hr  7.79 47,700 37.50 44 RB (7) 
Mixed wi th  0.8% C, pressed at  30 tsi, 
s in tered 1 h r  at  2050~ quenched 
and t empered  6.65 105,000 - 88 RB P.M.* 
Mixed wi th  0.40% C, pressed at  50 tsi, 
s in tered 1 hr  at  2050~ 7.00 65,000 5.00 P.M.* 
Pressed,  s in tered at  2070~ for 30 min, 
sized, carbur ized  to depth  of 0.05 to 
0.06 in., quenched,  and h.ardened 7.00 170,000 2.00 (8) 

* P .M. - -P l a s t i c  Meta l s  Div .  Data .  

Table V. Typical magnetic values 

Cores from insulated 
Sol id  S i n t e r e d  e l ec t ro ly t i c  i r on  

e l ec t ro ly t i c  A r m c o  e l ec t ro ly t i c  16 Mesh  100 Mesh  
i ron  i r o n  i ron  f lakes p o w d e r  

A.S.M. 
Handbook  

M ax imum 20,000 to 
pe rmeab i l i ty  (D.C.) 41,000" 

In i t ia l  
pe rmeab i l i t y  410 

Sa tura t ion  
induction,  gauss 23,050 

Core loss 
e rgs / cc /cyc le  

7,250 

250 

22,000 

1,200 to 
15,000" 380 120 

450 

15,000 

18,000 

1,600 

* Va lue  d e p e n d s  on p u r i t y ,  hea t  t r e a t m e n t ,  a nd  dens i ty .  
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Electromagnetic Forces in Large Aluminum Furnaces 
O. Chr. Bockman and J. Wleiigel 

Elektrokemisk A/S,  Oslo, Norway, and A / S  Norsk Aluminium Company, Oslo, Norway, respectively 

The  h e a v y  d i r ec t  c u r r e n t s  u sed  in l a r g e  a l u m i n u m  
fu rnaces  p r o d u c e  s t rong  m a g n e t i c  fields in  the  w h o l e  
v o l u m e  of t he  fu rnace .  Of p a r t i c u l a r  i n t e r e s t  to the  
p r o b l e m  is t he  m a g n e t i c  field p r o d u c e d  in t he  vo l -  
u m e  of m o l t e n  c r y o l i t e  and  a l u m i n u m ,  because  these  
m a g n e t i c  fields, b y  i n t e r a c t i o n  w i t h  the  e l ec t r i c  c u r -  
r en t s  p r e s e n t  in  th is  vo lume ,  p r o d u c e  e l e c t r o m a g -  
ne t ic  forces  ac t ing  on t h e  two  l iqu id  l ayers .  I t  has  
been  o b s e r v e d  tha t ,  u n d e r  u n f a v o r a b l e  condi t ions ,  
the  i n t e r f a c e  b e t w e e n  c r y o l i t e  and  a l u m i n u m  l a y e r s  
m a y  be  d i s to r t ed .  The  a n o d e - c a t h o d e  d i s t a n c e  m a y  
thus  ge t  out  of control ,  w h i c h  is h a r m f u l  to the  
smoo th  o p e r a t i o n  of t he  f u r n a c e  (1) .  In  add i t ion ,  the  
l iqu ids  m a y  y i e l d  to the  forces  and  flow, and  the  
s t i r r i n g  ac t ion  p r o d u c e d  m a y  inf luence  the  e l e c t r o l -  
ys is  a d v e r s e l y  b y  m i x i n g  ano]y te  and  c a t h o l y t e  and  
r educe  the  c u r r e n t  efficiency. 

A c o m p l e t e  d e s c r i p t i o n  of the  s y s t e m  w o u l d  r e -  
q u i r e  a t r a c ing  of the  forces  set  up  and  an  e v a l u a -  
t ion of  the  effects of t he se  forces  on the  flow sys tem.  
The  h y d r a u l i c  a spec t  of the  p r o b l e m  need  no t  be 
cons ide red ,  h o w e v e r ,  e x c e p t  for  the  obv ious  effect 
t ha t  a r e d u c t i o n  of the  forces  n e c e s s a r i l y  r educes  
the  flow. The  m a i n  p u r p o s e  of t h e  ana lys i s  is to 
d e m o n s t r a t e  how t h e  forces  a r e  se t  up, to i nd i ca t e  
how t h e y  affect  t he  i n t e r p o l a r  d i s tance ,  and  to show 
the  poss ib le  w a y s  of r e d u c i n g  the  h a r m f u l  e l e c t r o -  
m a g n e t i c  forces.  

The  d i s t ance  b e t w e e n  the  anode  and  the  m e t a l  
l a y e r  a c t i ng  as c a thode  is s m a l l  c o m p a r e d  w i t h  t he  
size of t he  fu rnace ,  a n d  the  m a g n e t i c  field in  n e i g h -  
b o r i n g  v o l u m e s  of t he  two  l i qu id  l a y e r s  m a y  be  
c ons ide r ed  to be equal ,  bo th  in  m a g n i t u d e  and  in d i -  
rec t ion .  A n  e v a l u a t i o n  of t he  d i s t r i b u t i o n  of m a g -  
ne t ic  f lux in the  two  l iqu id  l a y e r s  is the  first  p a r t  of 
the  ana lys i s .  This  d i s t r i b u t i o n  is s t r o n g l y  in f luenced  
b y  s teel  p a r t s  in t he  f u r n a c e  s t r u c t u r e  and  does  not  
l end  i t se l f  r e a d i l y  to a n y  ca lcu la t ion .  The re fo re ,  
scale  m o d e l s  of t he  f u r n a c e  h a v e  been  used  to d e t e r -  
m i n e  the  d i s t r i b u t i o n  of  m a g n e t i c  flux. 

The  forces  a r e  set  up  b y  i n t e r a c t i o n  of m a g n e t i c  
fields w i t h  e lec t r i c  cu r ren t s .  T h e  n e x t  p a r t  of the  
ana lys i s ,  t he re fo re ,  is t he  e v a l u a t i o n  of e l ec t r i c  c u r -  
r e n t  d i s t r i b u t i o n  in t he  two l iqu id  l aye r s .  M e a s u r e -  
m e n t s  on fu rnaces  in  o p e r a t i o n  a re  e x t r e m e l y  diffi- 
cu l t  or  even  imposs ib le ,  so one m u s t  r e l y  on ca l -  
cu la t ions  b a s e d  on the  des ign  f e a t u r e s  and  the  as-  
s u m e d  e lec t r i c  r e s i s t i v i t i e s  of t h e  p a r t s  in  ques t ion .  

Such  ca l cu l a t i ons  show t h a t  t he  c u r r e n t  d i s t r i b u -  
t ion  in t he  a l u m i n u m  l a y e r  dif fers  l a r g e l y  f r o m  tha t  

in the cryolite layer. In the two liquid layers, there- 
fore, quite different patterns of forces are set up. 
The difference in densities of the two liquids being 
small, the interface is unstable and any difference 
in forces acting on the two liquids may distort the 
interface and thus influence the anode-cathode dis- 
tance. 

The evaluation of electromagnetic forces is thus 
seen to be divided into three parts: (a) evaluating 
magnetic flux distribution; (b) evaluating electric 
current distribution in cryolite and aluminum lay- 
ers; and (c) combining magnetic flux and electric 
current distributions to show the pattern of electro- 
magnetic forces acting on the two liquid layers. 

Aluminum furnaces differ largely in design and in 
the arrangement of the furnaces in pot lines. This 
work deals only with furnaces equipped with ver- 
tical contact stud SSderberg anodes with one central 
anode bus bar, the furnaces being arranged end 
to end in the pot line. 

Magnetic Flux  Distribution 

W i t h o u t  r e g a r d  to t he  effect of s tee l  pa r t s ,  t h e  
d i s t r i b u t i o n  of m a g n e t i c  f lux m a y  be  c a l c u l a t e d  a n d  
some i n f o r m a t i o n  o b t a i n e d  (2) .  H o w e v e r ,  mode l s  to 
a l i n e a r  scale  of 1:16 of  a 100 k a  f u r n a c e  h a v e  been  
o p e r a t e d  at  r oom t e m p e r a t u r e  to show the  effect of 
s tee l  p a r t s  on m a g n e t i c  f lux d i s t r i b u t i o n  (3) .  T h e  
mode l s  a r e  de s igned  to g ive  close a p p r o x i m a t i o n  to 
t he  anode  and  ca thode  bus  b a r  c u r r e n t  d i s t r i b u t i o n  
of the  p r o t o t y p e ,  and  hence  the  m a g n e t i c  field p r o -  
duced  b y  these  c u r r e n t s  is c lose ly  r e p r o d u c e d  in  t he  
models .  To o b t a i n  t he  co r rec t  m a g n e t i c  flux, the  c u r -  
r en t  of the  m o d e l  is m a d e  p r o p o r t i o n a l  to l i n e a r  
scale.  This  p r o d u c e s  a h igh  c u r r e n t  d e n s i t y  in  the  
model ,  a n d  w a t e r - c o o l e d  coppe r  t u b i n g  is used  for  
t he  conduc to r s  in the  model .  The  m a g n e t i c  f lux d e n -  
s i ty  is m e a s u r e d  at  a p p r o p r i a t e  po in t s  w i t h  a b a l -  
l i s t ic  g a l v a n o m e t e r  and  a coil, the  m e t h o d  of c o m -  
m u t a t i o n  be ing  used.  

I t  has  been  found  t ha t  the  c u r r e n t  of t he  a n o d e  
bus  b a r  mos t  s ign i f i can t ly  c o n t r i b u t e s  to the  d a n g e r -  
ous m a g n e t i c  field in  t he  l i qu id  l ayers .  Two aspec ts  
of  t he  f u r n a c e  des ign  h a v e  t u r n e d  out  to inf luence  
the  m a g n i t u d e  of  th is  m a g n e t i c  field p r o f o u n d l y ,  
viz.,  the  m e t h o d  of f e e d ing  the  c u r r e n t  to t he  a n o d e  
a n d  the  a r r a n g e m e n t  of s tee l  p a r t s  in  t he  v i c i n i t y  of 
t he  a n o d e  bus  bar ,  e spe c i a l l y  t he  v e r t i c a l  con tac t  
s tuds  and  the  a r r a n g e m e n t  for  s u s p e n d i n g  the  
anode.  
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The  h e a v y  d i r ec t  c u r r e n t s  u sed  in l a r g e  a l u m i n u m  
fu rnaces  p r o d u c e  s t rong  m a g n e t i c  fields in  the  w h o l e  
v o l u m e  of t he  fu rnace .  Of p a r t i c u l a r  i n t e r e s t  to the  
p r o b l e m  is t he  m a g n e t i c  field p r o d u c e d  in t he  vo l -  
u m e  of m o l t e n  c r y o l i t e  and  a l u m i n u m ,  because  these  
m a g n e t i c  fields, b y  i n t e r a c t i o n  w i t h  the  e l ec t r i c  c u r -  
r en t s  p r e s e n t  in  th is  vo lume ,  p r o d u c e  e l e c t r o m a g -  
ne t ic  forces  ac t ing  on t h e  two  l iqu id  l ayers .  I t  has  
been  o b s e r v e d  tha t ,  u n d e r  u n f a v o r a b l e  condi t ions ,  
the  i n t e r f a c e  b e t w e e n  c r y o l i t e  and  a l u m i n u m  l a y e r s  
m a y  be  d i s to r t ed .  The  a n o d e - c a t h o d e  d i s t a n c e  m a y  
thus  ge t  out  of control ,  w h i c h  is h a r m f u l  to the  
smoo th  o p e r a t i o n  of t he  f u r n a c e  (1) .  In  add i t ion ,  the  
l iqu ids  m a y  y i e l d  to the  forces  and  flow, and  the  
s t i r r i n g  ac t ion  p r o d u c e d  m a y  inf luence  the  e l e c t r o l -  
ys is  a d v e r s e l y  b y  m i x i n g  ano]y te  and  c a t h o l y t e  and  
r educe  the  c u r r e n t  efficiency. 

A c o m p l e t e  d e s c r i p t i o n  of the  s y s t e m  w o u l d  r e -  
q u i r e  a t r a c ing  of the  forces  set  up  and  an  e v a l u a -  
t ion of  the  effects of t he se  forces  on the  flow sys tem.  
The  h y d r a u l i c  a spec t  of the  p r o b l e m  need  no t  be 
cons ide red ,  h o w e v e r ,  e x c e p t  for  the  obv ious  effect 
t ha t  a r e d u c t i o n  of the  forces  n e c e s s a r i l y  r educes  
the  flow. The  m a i n  p u r p o s e  of t h e  ana lys i s  is to 
d e m o n s t r a t e  how t h e  forces  a r e  se t  up, to i nd i ca t e  
how t h e y  affect  t he  i n t e r p o l a r  d i s tance ,  and  to show 
the  poss ib le  w a y s  of r e d u c i n g  the  h a r m f u l  e l e c t r o -  
m a g n e t i c  forces.  

The  d i s t ance  b e t w e e n  the  anode  and  the  m e t a l  
l a y e r  a c t i ng  as c a thode  is s m a l l  c o m p a r e d  w i t h  t he  
size of t he  fu rnace ,  a n d  the  m a g n e t i c  field in  n e i g h -  
b o r i n g  v o l u m e s  of t he  two  l i qu id  l a y e r s  m a y  be  
c ons ide r ed  to be equal ,  bo th  in  m a g n i t u d e  and  in d i -  
rec t ion .  A n  e v a l u a t i o n  of t he  d i s t r i b u t i o n  of m a g -  
ne t ic  f lux in the  two  l iqu id  l a y e r s  is the  first  p a r t  of 
the  ana lys i s .  This  d i s t r i b u t i o n  is s t r o n g l y  in f luenced  
b y  s teel  p a r t s  in t he  f u r n a c e  s t r u c t u r e  and  does  not  
l end  i t se l f  r e a d i l y  to a n y  ca lcu la t ion .  The re fo re ,  
scale  m o d e l s  of t he  f u r n a c e  h a v e  been  used  to d e t e r -  
m i n e  the  d i s t r i b u t i o n  of  m a g n e t i c  flux. 

The  forces  a r e  set  up  b y  i n t e r a c t i o n  of m a g n e t i c  
fields w i t h  e lec t r i c  cu r ren t s .  T h e  n e x t  p a r t  of the  
ana lys i s ,  t he re fo re ,  is t he  e v a l u a t i o n  of e l ec t r i c  c u r -  
r e n t  d i s t r i b u t i o n  in t he  two l iqu id  l aye r s .  M e a s u r e -  
m e n t s  on fu rnaces  in  o p e r a t i o n  a re  e x t r e m e l y  diffi- 
cu l t  or  even  imposs ib le ,  so one m u s t  r e l y  on ca l -  
cu la t ions  b a s e d  on the  des ign  f e a t u r e s  and  the  as-  
s u m e d  e lec t r i c  r e s i s t i v i t i e s  of t h e  p a r t s  in  ques t ion .  

Such  ca l cu l a t i ons  show t h a t  t he  c u r r e n t  d i s t r i b u -  
t ion  in t he  a l u m i n u m  l a y e r  dif fers  l a r g e l y  f r o m  tha t  

in the cryolite layer. In the two liquid layers, there- 
fore, quite different patterns of forces are set up. 
The difference in densities of the two liquids being 
small, the interface is unstable and any difference 
in forces acting on the two liquids may distort the 
interface and thus influence the anode-cathode dis- 
tance. 

The evaluation of electromagnetic forces is thus 
seen to be divided into three parts: (a) evaluating 
magnetic flux distribution; (b) evaluating electric 
current distribution in cryolite and aluminum lay- 
ers; and (c) combining magnetic flux and electric 
current distributions to show the pattern of electro- 
magnetic forces acting on the two liquid layers. 

Aluminum furnaces differ largely in design and in 
the arrangement of the furnaces in pot lines. This 
work deals only with furnaces equipped with ver- 
tical contact stud SSderberg anodes with one central 
anode bus bar, the furnaces being arranged end 
to end in the pot line. 

Magnetic Flux  Distribution 

W i t h o u t  r e g a r d  to t he  effect of s tee l  pa r t s ,  t h e  
d i s t r i b u t i o n  of m a g n e t i c  f lux m a y  be  c a l c u l a t e d  a n d  
some i n f o r m a t i o n  o b t a i n e d  (2) .  H o w e v e r ,  mode l s  to 
a l i n e a r  scale  of 1:16 of  a 100 k a  f u r n a c e  h a v e  been  
o p e r a t e d  at  r oom t e m p e r a t u r e  to show the  effect of 
s tee l  p a r t s  on m a g n e t i c  f lux d i s t r i b u t i o n  (3) .  T h e  
mode l s  a r e  de s igned  to g ive  close a p p r o x i m a t i o n  to 
t he  anode  and  ca thode  bus  b a r  c u r r e n t  d i s t r i b u t i o n  
of the  p r o t o t y p e ,  and  hence  the  m a g n e t i c  field p r o -  
duced  b y  these  c u r r e n t s  is c lose ly  r e p r o d u c e d  in  t he  
models .  To o b t a i n  t he  co r rec t  m a g n e t i c  flux, the  c u r -  
r en t  of the  m o d e l  is m a d e  p r o p o r t i o n a l  to l i n e a r  
scale.  This  p r o d u c e s  a h igh  c u r r e n t  d e n s i t y  in  the  
model ,  a n d  w a t e r - c o o l e d  coppe r  t u b i n g  is used  for  
t he  conduc to r s  in the  model .  The  m a g n e t i c  f lux d e n -  
s i ty  is m e a s u r e d  at  a p p r o p r i a t e  po in t s  w i t h  a b a l -  
l i s t ic  g a l v a n o m e t e r  and  a coil, the  m e t h o d  of c o m -  
m u t a t i o n  be ing  used.  

I t  has  been  found  t ha t  the  c u r r e n t  of t he  a n o d e  
bus  b a r  mos t  s ign i f i can t ly  c o n t r i b u t e s  to the  d a n g e r -  
ous m a g n e t i c  field in  t he  l i qu id  l ayers .  Two aspec ts  
of  t he  f u r n a c e  des ign  h a v e  t u r n e d  out  to inf luence  
the  m a g n i t u d e  of  th is  m a g n e t i c  field p r o f o u n d l y ,  
viz.,  the  m e t h o d  of f e e d ing  the  c u r r e n t  to t he  a n o d e  
a n d  the  a r r a n g e m e n t  of s tee l  p a r t s  in  t he  v i c i n i t y  of 
t he  a n o d e  bus  bar ,  e spe c i a l l y  t he  v e r t i c a l  con tac t  
s tuds  and  the  a r r a n g e m e n t  for  s u s p e n d i n g  the  
anode.  
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Two methods  of feeding the current  to the anode, 
as i l lus t ra ted  in Fig. 1, have  been tested:  (a)  total  
cur ren t  fed to one end of the anode, and (b)  ha l f  
the total  cur ren t  fed to each end of the anode. As 
'may be expected,  the l a t t e r  method gives a less in-  
tensive magnet ic  field. Severa l  a r rangements  of steel 
par ts  have been tested; only two ex t reme  cases wil l  
be repor ted,  as i l lus t ra ted  in Fig. 2. The one a r -  
r angement  (a) is found to be especial ly unfavorab le  
as far  as magnet ic  fields a re  considered, the other  
(b) especial ly  favorable.  

F igure  3 and 4 show magnet ic  field measurements  
on models of two ex t reme  combinat ions:  (a) a fu r -  
nace designed unfavorab ly  both wi th  respect  to 
method of feeding the current  to the anode (Fig.  
l a )  and with  respect  to the a r r angemen t  of steel  
par ts  (Fig. 2a) ; (b)  a furnace  designed favorab ly  in 
both respects  (Fig. l b  and 2b). Magnet ic  flux den-  

I 

"I// I 

I 

Fig. 4 

sities a re  given in Fig. 3 for three  lengthwise  cuts of 
the anode. The hor izonta l  t ransverse  component  
(H) is given for  a centra l  cut, the ver t ica l  compo- 
nent  in cuts on the left  (VL) and r igh t  (VR) side of 
the  anode. Transverse  cuts A - A  of Fig. 1 a re  shown 
in Fig. 4. The magni tude  and direct ion of the mag-  
netic flux densi ty  are  shown in this figure by  arrows. 

It may  be concluded tha t  the magnet ic  flux den-  
si ty in the volume of in teres t  is g rea t ly  influenced 
by the design of the furnace.  

The impor tance  of the  a r r angemen t  of steel  par t s  
may  be expla ined  by  some simple exper iments .  In 
Fig. 5 a conductor pe rpend icu la r  to the plane of the 
pape r  carr ies  a heavy  direct  current ,  and the mag-  
netic  flux dens i ty  is measured  at two d iamet r i ca l ly  
opposed points. When the conductor  is sur rounded  
b y  a steel  tube, no change in flux densi ty  is ob- 
served. When a pa r t  of the tube is cut away,  leaving 
an air  gap, the flux densi ty  is seen to be increased at 
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the  s ide  of the  a i r  gap  a n d  r e d u c e d  at  the  oppos i t e  
side. 

Thus  i t  is not  poss ib l e  to r e d u c e  the  t o t a l  f lux but ,  
a cco rd ing  to  t he  des ign  of t he  s tee l  par t s ,  t h e  f lux 
is p u s h e d  to one s ide  or  t he  o ther .  In  th is  way ,  the  
des ign  g iven  in Fig.  2a is seen  to i nc rea se  t he  f lux 
d e n s i t y  b e l o w  the  a n o d e  b y  se t t i ng  up  a m a g n e t i c  
c i rcu i t  w i t h  s tee l  p a r t s  on t h r e e  sides and  the  a i r  
gap  p o i n t i n g  d o w n w a r d .  By  a r r a n g i n g  the  s tee l  
s t r u c t u r e  for  s u s p e n d i n g  the  a n o d e  b e l o w  the  anode  
bus  bar ,  a m a g n e t i c  b r i d g e  is se t  up,  sho r t  c i r cu i t i ng  
the  a i r  gap  b e t w e e n  the  rows  of v e r t i c a l  s tuds.  By 
m a k i n g  the  u p p e r  p a r t s  of t h e  s tuds  of n o n m a g n e t i c  
m a t e r i a l  an  a d d i t i o n a l  r e d u c t i o n  in f lux d e n s i t y  b e -  
low the  a n o d e  is ob ta ined .  

Current  Distribution 

The  e lec t r i c  c u r r e n t  f lows f r o m  t h e  a n o d e  t h r o u g h  
the  c r y o l i t e  and  a luminum,  l a y e r s  to t he  c a r b o n  l i n -  
ing. The  c u r r e n t  is t h e n  co l lec ted  b y  the  s tee l  co l -  
l ec to r  b a r s  and  l ed  to the  ca thode  bus  bars ,  b y  w h i c h  
the  t o t a l  c u r r e n t  is pa s sed  to the  n e x t  fu rnace .  

The  c u r r e n t  thus  flows in a l l  t h r e e  d i r ec t ions  
w h e n  pass ing  f rom the  anode  bus  b a r  of  one fu rnace ,  
t h r o u g h  t h e  fu rnace ,  and  to t he  anode  bus  b a r  of t he  
nex t  fu rnace .  In  th is  f low s e v e r a l  p a r a l l e l  c i rcu i t s  
a r e  set  up. C o m p a r e d  w i t h  t he  o the r  p a r t s  of the  
fu rnace ,  t he  a l u m i n u m  l a y e r  is a good e lec t r i c  con-  
duc to r  a n d  m a y  c a r r y  l a rge  c u r r e n t s  w i t h o u t  a p -  
p r e c i a b l e  v o l t a g e  drop .  In  the  t r a n s v e r s e  d i r ec t ion  
of the  fu rnace ,  t h e  a l u m i n u m  l a y e r  is seen (Fig .  6) 
to be  e l ec t r i c a l l y  connec t ed  in  p a r a l l e l  to the  col-  
l ec to r  bars ,  a n d  in t he  l e n g t h w i s e  d i r ec t i on  (Fig .  7) 
p a r a l l e l  to the  ca thode  bus  bars .  The re fo re ,  the  
a l u m i n u m  l a y e r  m a y  c a r r y  c u r r e n t  in  t he  h o r i z o n t a l  
d i rec t ion ,  bo th  t r a n s v e r s e  and  l e n g t h w i s e  of the  f u r -  
nace.  Ca l cu l a t i ons  h a v e  been  m a d e  on r e a s o n a b l e  
a s s u m p t i o n s  as to e l ec t r i c  r e s i s t i v i t i e s  of the  v a r i o u s  
p a r t s  of t h e  fu rnace ,  and  t h e  h o r i z o n t a l  c u r r e n t s  
have  been  f o u n d  to be  c o n s i d e r a b l e  u n d e r  c e r t a i n  
condi t ions .  

In  add i t ion ,  w h e n  the  n o r m a l  o p e r a t i o n  of the  
f u r n a c e  is d i s t u rbed ,  e.g., b y  a p a r t l y  f rozen  bo t tom,  
the  a l u m i n u m  l a y e r  is b o u n d  to c a r r y  l a r g e  c u r r e n t s  
in the  h o r i z o n t a l  d i rec t ion .  

In  t h e  c ryo l i t e  l a y e r  no h o r i z o n t a l  c u r r e n t  w i l l  be  
set  up  b e c a u s e  of t h e  poo r  conduc t i v i t y .  In  th is  w a y  
the  c u r r e n t  d i s t r i b u t i o n  in t he  two  fluid l a y e r s  dif fers  
s ign i f ican t ly .  

Pattern of Forces 

The  e l e c t r o m a g n e t i c  fo rce  ac t i ng  on a v o l u m e  e l e -  
m e n t  is e q u a l  to t h e  v e c t o r i a l  p r o d u c t  of the  e l ec t r i c  
c u r r e n t  and  m a g n e t i c  f lux f lowing t h r o u g h  the  e le -  
men t .  I f  t he  v o l u m e  e l e m e n t  is t a k e n  to be  a cube.  
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the  s ide  be ing  1 cm, and  if t he  d i r ec t ions  of t he  e lec -  
t r i c  c u r r e n t  and  m a g n e t i c  f lux a r e  those  of Fig.  8, 
the  force  wi l l  have  the  d i r ec t i on  i n d i c a t e d  on the  
f igure  and  n u m e r i c a l l y ,  in d y n e s / c m  3, w i l l  be  equa l  
to t he  p r o d u c t  of c u r r e n t  d e n s i t y  in a m p / c m  ~ and  
f lux d e n s i t y  in  gauss  ( and  m u l t i p l i e d  b y  0.1).  W h e n  
the  d i s t r i b u t i o n s  of  e l ec t r i c  c u r r e n t  and  f lux d e n s i t y  
h a v e  been  d e t e r m i n e d ,  t h e y  m a y  in th is  w a y  be  
c o m b i n e d  to g ive  the  p a t t e r n  of forces.  

In  the  v o l u m e  of m o l t e n  c ryo l i t e  on ly  ho r i zon ta l  
forces  a r e  set  up  be c a use  t he  d i r ec t i on  of the  c u r -  
r e n t  is p u r e l y  ve r t i ca l .  In  the  m e t a l  l aye r ,  forces  
m a y  be  set  up  in  the  v e r t i c a l  as we l l  as in  the  h o r i -  
zon t a l  d i rec t ion .  T h e  h o r i z o n t a l  forces,  h o w e v e r ,  a r e  
cons ide red  m o r e  i m p o r t a n t  be c a use  t h e i r  ac t ion  is 
c u m u l a t i v e  in t he  d i r ec t i on  of t he  forces.  No d o u b t  
t he  v e r t i c a l  forces  p l a y  a pa r t ,  b u t  as a tes t  of t he  
q u a l i t y  of a des ign  on ly  the  p a t t e r n  of h o r i z o n t a l  
forces  need  be  cons idered .  

The  u n f a v o r a b l e  f u r n a c e  des ign  w h i c h  has  g iven  
the  s t r o n g  m a g n e t i c  field of Fig.  3a a n d  4a, c o m b i n e d  
w i t h  a r e a s o n a b l e  d i s t r i b u t i o n  of e l ec t r i c  c u r r e n t  in 
the  a l u m i n u m  laye r ,  w i l l  t u r n  out  to g ive  the  p a t -  
t e r n  of forces  of Fig.  9a in th is  l aye r .  In  the  c ryo l i t e  
l aye r ,  howeve r ,  m u c h  w e a k e r  forces  a r e  set  up,  as 
shown  b y  Fig.  9b. 

The  m u c h  w e a k e r  m a g n e t i c  field, s h o w n  in Fig.  3b 
a n d  4b, p r o d u c e d  in a w e l l  de s igned  fu rnace ,  g ives  
r i se  to e l e c t r o m a g n e t i c  forces  so s m a l l  t h a t  t h e y  
w o u l d  need  a n o t h e r  scale  of p l o t t i n g  to be  r e a d a b l e .  

Methods o] Reducing the Electromagnetic Forces 

In  p r inc ip le ,  t he  e l e c t r o m a g n e t i c  forces  m a y  be  
r e d u c e d  b y  l o w e r i n g  the  e l ec t r i c  c u r r e n t  d e n s i t y  or 
t he  m a g n e t i c  f lux dens i ty ,  or  b y  r e d u c i n g  bo th  of 
them.  R e d u c t i o n  of c u r r e n t  d e n s i t y  is cons ide red  first.  

The  v e r t i c a l  c u r r e n t  t h r o u g h  the  c ryo l i t e  l a y e r  is 
t he  e l e c t ro lyz ing  cu r ren t ,  the  d e n s i t y  of w h i c h  is 
d e t e r m i n e d  b y  o the r  cons ide ra t ions .  The  h o r i z o n t a l  
c u r r e n t s  in t he  a l u m i n u m  layer ,  h o w e v e r ,  m a y  be  
in f luenced  b y  the  f u r n a c e  design.  These  cu r ren t s ,  
be ing  in  p a r a l l e l  to t h e  c u r r e n t s  of co l lec to r  b a r s  



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

ELECTRIC 
CURREHT 

FORCE. MAGMETIC 
FLUX 

Fig. 8 

tl 

Fig. 9 

and  c a t h o d e  bus  bars ,  in  the  t r a n s v e r s e  a n d  l ong i -  
t u d i n a l  d i rec t ions ,  r e spec t i ve ly ,  m a y  be  r e d u c e d  b y  
us ing  h e a v y  c ro s s - s ec t i ona l  a r e a s  of t he se  bars .  
More  gene ra l l y ,  a des ign  of co l lec to r  b a r  and  bus  

July 1958 

b a r  a r r a n g e m e n t s  t ha t  i n su re s  t ha t  no l a rge  p o t e n -  
t i a l  d rop  is set  up  a long  the  b a r s  w i l l  g ive  on ly  
s m a l l  h o r i z o n t a l  c u r r e n t s  in  t he  a l u m i n u m  laye r .  

The  forces  set  up  in the  a l u m i n u m  l a y e r  m a y  be  
r e d u c e d  mos t  s ign i f i can t ly  b y  i nc r e a s ing  the  t h i c k -  
ness of th is  l aye r .  In  th is  w a y  the  d e n s i t y  of h o r i -  
zon t a l  c u r r e n t s  in t he  a l u m i n u m  l a y e r  m a y  be  
k e p t  a t  a low l e v e l - - w h e n  the  f u r n a c e  is in  good 
opera t ion .  A n y  d i s t u r b a n c e  of t h e  good ope ra t ion ,  
e.g., a p a r t l y  f rozen  bo t tom,  w i l l  cause  h e a v y  h o r i -  
zon t a l  c u r r e n t s  to be  set up  in the  a l u m i n u m  laye r .  
Such  d i s t u r b a n c e s  n o r m a l l y  occur  in  t he  o p e r a t i o n  
of a po t  l ine,  a n d  u n p r e d i c t a b l e  w i l d  c u r r e n t s  in the  
a l u m i n u m  l a y e r  m u s t  be  t a k e n  as a m o r e  or  less  
n o r m a l  condi t ion .  

This  fac t  m a k e s  i t  the  m o r e  i m p o r t a n t  to r educe  
the  m a g n e t i c  f lux d e n s i t y  as fa r  as poss ib le .  As  has  
been  seen,  t he  m a g n i t u d e  of t he  f lux d e n s i t y  m a y  be  
in f luenced  l a r g e l y  b y  f u r n a c e  des ign.  B y  f eed ing  
ha l f  the  t o t a l  c u r r e n t  to each  end  of t he  anode  the  
f lux d e n s i t y  is r educed .  When ,  in  add i t ion ,  the  s tee l  
s t r u c t u r e  is d e s i g n e d  to p r o d u c e  a s c r een ing  effect, a 
f u r t h e r  r e d u c t i o n  in f lux d e n s i t y  is ob ta ined .  F i g u r e  
2a a n d  b m a y  be  t a k e n  as e x a m p l e s  of  poor  and  good 
des igns ,  r e spec t i ve ly ,  as fa r  as t he  s c reen ing  effect 
of s tee l  p a r t s  is concerned .  

Manuscr ip t  received Feb. 24, 1958. This paper  was 
presented  at  the  Washington  Meeting, May  12-16, 1957. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1959 
JOURNAL. 
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P r e s e n t  d a y  e l e c t r o c h e m i s t r y  is in a r a t h e r  p e c u l -  
i a r  s ta te .  On the  one h a n d  t h e r e  h a v e  been,  p a r -  
t i c u l a r l y  d u r i n g  the  l as t  two decades ,  i m p o r t a n t  
t h e o r e t i c a l  d e v e l o p m e n t s  b a s e d  on f u n d a m e n t a l  
p r i nc ip l e s  of  t h e r m o d y n a m i c s  and  k ine t ics ,  as w e l l  
as c o n s i d e r a b l e  p r o g r e s s  on the  e x p e r i m e n t a l  s ide 
on accoun t  of t he  a v a i l a b i l i t y  of m a n y  n e w  a n d  in -  
gen ious  m e t h o d s  a n d  devices .  On the  o t h e r  h a n d  
the re  is r e p e a t e d  ev idence  in t e x t b o o k s  a n d  in r e -  
s ea rch  p u b l i c a t i o n s  of a c o n t i n u e d  confus ion  w i t h  
r e g a r d  to f u n d a m e n t a l  concepts ,  def ini t ions ,  m a t t e r s  
of n o m e n c l a t u r e ,  etc., w h i c h  had  o r i g i n a t e d  in the  
e a r l y  s tages  of the  d e v e l o p m e n t  of e l e c t r o c h e m i s t r y ,  
bu t  for  t he  p e r s i s t e n c e  of w h i c h  t h e r e  is no v a l i d  
reason.  The  conflict  b e t w e e n  the  s o - c a l l e d  A m e r i c a n  

and  the  s o - c a l l e d  E u r o p e a n  s igns  for  e l ec t rode  t e n -  
s ions  is bu t  one  e x a m p l e  of th is  s i tua t ion .  C o n s t a n t l y  
r e c u r r i n g  d iscuss ions  of th is  p a r t i c u l a r  p r o b l e m  
h a v e  no t  s e t t l ed  i t  y e t  [see, for  ins tance ,  t he  r ecen t  
a r t i c l e s  of deB~ thune  (1) ,  R a m s e y  (2) ,  L i ch t  a n d  
d e B ~ t h u n e  (3)  ]. 

In  th i s  connec t ion ,  t he  r e c o m m e n d a t i o n  m a d e  a t  
S t o c k h o l m  in 1953 b y  the  I n t e r n a t i o n a l  Union  of 
P u r e  a n d  A p p l i e d  C h e m i s t r y  ( I U P A C )  and  f o r m u -  
l a t e d  b y  C h r i s t i a n s e n  and  P o u r b a i x  (4)  c o n s t i t u t e d  
a first  s tep  t o w a r d  the  r e m o v a l  of t h e s e  u n n e c e s s a r y  
diff icult ies.  This  r e c o m m e n d a t i o n  was  in  f a v o r  of  the  
E u r o p e a n  s igns  and,  in sp i te  of a p r e s e n t a t i o n  
j u d g e d  u n s a t i s f a c t o r y  even  b y  some of the  C o m m i s -  
s ion m e m b e r s  i n v o l v e d  in i ts  p r e p a r a t i o n ,  i t  is to 
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be hoped tha t  u n i v e r s a l  adop t ion  of the  recom-  
m e n d a t i o n  i tself  wi l l  t ake  place. The  problem,  h o w -  
ever,  r equ i res  a more  f u n d a m e n t a l  approach  a nd  a 
be t t e r  fo rma l  p r e s e n t a t i o n  of its solut ion.  This  has 
been  done  over  a per iod  of e ight  years  i n  the  suc-  
cessive edi t ions  of the  repor t  on Elec t rochemica l  
N o m e n c l a t u r e  and  Defini t ions  of the  I n t e r n a t i o n a l  
Commi t t ee  of E lec t rochemica l  T h e r m o d y n a m i c s  and  
Kine t ics  (CITCE) ,  now an  affiliated IUPAC  Com-  
miss ion  (5) .  

The  purpose  of the p resen t  c o m m u n i c a t i o n  is to 
ou t l ine  the  f u n d a m e n t a l  ideas which  have  been  
se rv ing  as guides for the work  of CITCE's  Com-  
miss ion  of E lec t rochemica l  N o m e n c l a t u r e  and  Defi- 
n i t ions  ( iden t ica l  wi th  the  S u b - C o m m i s s i o n  of Elec-  
t rochemica l  Symbols  and  T e r m i n o l o g y  of IU P A C ' s  
Commiss ion  of E lec t rochemis t ry ) .  In  add i t ion  the  
au thors  p resen t  some poin ts  b e y o n d  the conten ts  of 
the la tes t  CITCE repor t  bu t  w i t h i n  its spiri t ,  detai ls  
abou t  these be ing  ava i l ab le  e l sewhere  (6-11) .  

The au thors  had  the benefi t  of oral  or w r i t t e n  dis-  
cussions wi th  m a n y  e lec t rochemis ts  in  the  Un i t ed  
States,  w i th  the i r  CITCE colleagues, and  wi th  n u -  
merous  other  e lec t rochemis ts  in  Europe.  They  feel 
tha t  l a rge  areas of a g r e e m e n t  have  thus  been  es- 
tabl i shed.  I t  is the i r  hope t ha t  the  ou t l ine  offered 
here  wi l l  help in  b r i d g i n g  ce r ta in  gaps b e t w e e n  
points  of v iew and  methods  of r eason ing  a nd  in  
p romo t ing  grea te r  in te res t  t o w a r d  the  e l abora t ion  of 
a be t t e r  p r e sen t a t i on  of e lec t rochemica l  f u n d a -  
menta l s .  

The ou t l i ne  s tar ts  w i th  some essent ia l  points  con-  
ce rn ing  s ingle  electrodes and  cont inues ,  p rac t i ca l ly  
and  i n t e n t i o n a l l y  in  the  same language ,  w i th  the 
co r respond ing  aspects of the theory  of ga lvan ic  
cells. Some express ions  used in  this  paper  wi l l  be  
new  for most  readers .  This  wi l l  be the case in  p a r -  
t i cu la r  w i th  the  var ious  uses of the  word  tension 
which  we are adop t ing  as the  exact  e q u i v a l e n t  of 
the  F r e n c h  " t ens ion"  and  of the  G e r m a n  " S p a n -  
n u n g "  and  which  we are r e c o m m e n d i n g  for gen-  
era l  adopt ion.  So far  the re  has been  no "official" 
IUPAC r e c o m m e n d a t i o n  for the  use  of " t ens ion"  in 
Engl i sh  and  our  use of it  he re  m u s t  be  r ega rded  as 
a suggest ion.  This is also the  case w i t h  the  var ious  
symbols ,  s ince no list  of e lec t rochemica l  no ta t ions  
has so far  been  r e c o m m e n d e d  officially. 

Electrochemical Two-Phase Systems--Single Electrodes 
[2.1] The phases  of an  electrode are n u m b e r e d  in  

the sequence  I, II in  the  fo l lowing  m a n n e r .  T a k i n g  
as a typ ica l  examp le  a z inc-z inc  ion so lu t ion  elec- 
trode, we m a y  r ep re sen t  i t  by  the  d i a g r a m  Z n / Z n  +~, 
which  we shal l  des igna te  as x, phase  I be ing  Zn  and  
phase II  be ing  Zn+2; or we m a y  r ep re sen t  it  by  the  
d i ag ram Zn+~/Zn, which  we shal l  des igna te  as y, 
phase I be ing  now Zn  +~ and  phase II  be ing  Zn. 

The d i rec t ion  in  wh ich  the  phases  are coun ted  
and  in  which  they  are read  f rom the d i a g r a m  wi l l  
n o r m a l l y  be f rom left  to r ight ,  i n d e p e n d e n t l y  of 
whe the r  or not  a c u r r e n t  is f lowing t h rou gh  the  
electrode and,  in  the  case of c u r r e n t  flow, i nde -  
p e n d e n t l y  of the  d i rec t ion  of this cur ren t .  A cur -  
r en t  f lowing in  the  d i rec t ion  of the count ing ,  i.e., 
f rom phase  I to phase  II, wi l l  be r ega rded  as post-  
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rive, whi le  a c u r r e n t  f lowing in the  opposi te  d i rec-  
t ion, i.e., f rom II  to I, wi l l  be  r ega rded  as negat ive .  

[2.2] A n  electrode reaction is a he te rogeneous  
chemical  r eac t ion  i n v o l v i n g  t h e r m o d y n a m i c a l l y  de-  
fined reagen t s  a nd  p roduc t s  (ions, electrons,  atoms,  
and  molecules)  in  the two phases of the  electrode 
and  t r a n s f e r r i n g  a co r respond ing  e lect r ical  charge  
f rom one phase  to the other.  

The electrode reac t ion  is comple te ly  represented ,  
wi th  respect  to both  ex ten t  and  direct ion,  by  w r i t -  
ing, in  the  case of our  example ,  e i ther  e lectrode r e -  
act ion a: 

Zn  +~ (me ta l )  ~ Zn  +~ (so lu t ion)  

or its reverse,  e lectrode reac t ion  fl: 

Zn  +~ (so lu t ion)  -~ Zn  § (me ta l )  

The e lect rode reac t ion  is w r i t t e n  in  a d i rec t ion  i n -  
d e p e n d e n t  f rom tha t  of the coun t ing  of the phases  
because,  according to the d i rec t ion  of the  cur ren t ,  
we shal l  have  e i ther  reac t ion  a or reac t ion  B occur-  
r i ng  at e i ther  e lect rode x or at  e lect rode y. 

[2.3] The chemical affinity A of the  e lec t rode  r e -  
act ion and  its free enthalpy change AG (G = G. N. 
Lewis '  " f ree  ene rgy"  F)  are re la ted  to the  chemical  
po ten t ia l s  ~, of the r eac tan t s  and  products  and  to 
the i r  s to ichiometr ic  coefficients vi as follows: 

for a: Ao = --• = --~v~,o.~ 

for fl: A~ = --AG~ = --~v~,~ " ~ i  = - - A a  : +AGa 

If chemica l  forces were  a lone  effective (i.e., in  
the absence of e lectrosta t ic  forces) a posi t ive Aa 
wou ld  ind ica te  tha t  the co r re spond ing  reac t ion  is 
spontaneous ,  a nega t ive  A~ tha t  it is n o n s p o n t a n e -  
O U S .  

[2.4] The reaction charge z.F or the number  of 
charges transported z cor responds  to one occurrence  
of the  e lect rode react ion,  F r e p r e s e n t i n g  one e q u i v -  
a len t  of posi t ive  charge  or one Fa raday .  If the 
charge  t r a n spo r t e d  across the  in t e rphase  in  the  di -  
rec t ion  of the count ing ,  i.e., f rom I to II, is posit ive,  
z is posi t ive;  if a posi t ive  charge  is t r a n spo r t ed  
aga ins t  the  d i rec t ion  of the  count ing ,  i.e., f rom II  
to I, z is negat ive .  

Since the electrode reac t ion  can be  e i ther  ~ or fl 
and  the  e lect rode can be e i ther  x or y, we have  the  
fo l lowing four  possibi l i t ies  and  the  cor responding  
va lues  of z: 

Elec t rode  Elect rode 
reac t ion  a reac t ion  fl 

Elec t rode x, Z n / Z n  +~ Zo,x = + 2 z~,x : --  2 

Elect rode y, Zn+'~/Zn za,y = --  2 z~,y = + 2 

A n u m b e r  of charges such as zo,~ is r e la ted  to the  
s to ichiometr ic  coefficients vi.a., of the  r eac tan t s  i of 
r eac t ion  a located in  phase  I and  to the i r  charge  
n u m b e r s  z~ as fol lows:  

Z a , x  ~ - -  ~ / / l , a , I ' Z i  

I t  is s imi l a r ly  re la ted  to the  s to ichiometr ic  coeffi- 
cients  v,,,i~ of the products  i of r eac t ion  a located 
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in  p h a s e  I I  a n d  to t h e i r  c h a r g e  n u m b e r s  z, as  
f o l l o w s :  

Za, x ~ -~ ~ V i , a , i i ~  

[2.5]  T h e  chemical tension ~ ~ ---- A /  (z . F )  of  an  
e l e c t r o d e  r e p r e s e n t s ,  in  m a g n i t u d e  a n d  in  s ign,  t h e  
fo r ce  w i t h  w h i c h  t h e  e l e c t r o d e  r e a c t i o n  t e n d s  to 
m o v e  positive c h a r g e s  t h r o u g h  t h e  i n t e r p h a s e  in  t h e  
d i r e c t i o n  of  t h e  c o u n t i n g  of  t h e  p h a s e s  on a c c o u n t  
of  chemical (or ,  m o r e  g e n e r a l l y ,  n o n e l e c t r o s t a t i c )  
causes ,  no other forces being ef]ective. 

A p p l y i n g  t h e  g e n e r a l  r e l a t i o n  e = A / ( z - F )  to  
e l e c t r o d e s  x a n d  y a n d  to r e a c t i o n s  a a n d  fl, w e  
h a v e :  

e~ : A J ( z ~ , ~ . F )  : A f f ( z ~ , ~ . F )  

e~ = A J ( z o , ~ ' F )  = A f f ( z p , ~ - F )  = - -  E~ 

T h e  p r a c t i c a l  u n i t  of  t e n s i o n  is t h e  vo l t .  
[2.6]  T h e  Galvani tension or  inner electric tension 

of an  e l e c t r o d e  is d e f i n e d  as b e i n g  e q u a l  to t h e  i n n e r  
e l e c t r i c  p o t e n t i a l  r of  p h a s e  I m i n u s  t h e  i n n e r  e l e c -  
t r i c  p o t e n t i a l  r  of  p h a s e  II.  I t  r e p r e s e n t s ,  in  m a g -  
n i t u d e  a n d  in  s ign,  t h e  f o r c e  w i t h  w h i c h  t h e  e l e c -  
t r o d e  r e a c t i o n  t e n d s  to m o v e  positive c h a r g e s  t h r o u g h  
t h e  i n t e r p h a s e  i n  t h e  d i r e c t i o n  of  t h e  c o u n t i n g  of  t h e  
p h a s e s  o n  a c c o u n t  o f  p u r e l y  electric causes ,  i.e., on  
a c c o u n t  of  t h e  e l e c t r o s t a t i c  d i s t r i b u t i o n  of  s p a c e  
c h a r g e s ,  no forces other than the electrostatic ones 
being e~ective. 

W e  s h a l l  d e s i g n a t e  t h e s e  n o n m e a s u r a b l e  G a l v a n i  
t e n s i o n s  b y  g: 

g .... : (~i - -  (~II 

A t  e l e c t r o d e  x w e  h a v e  gx a n d  a t  e l e c t r o d e  y w e  
h a v e  g~. 

[2 .7]  T h e  electrochemical affinity of an  e l e c t r o d e  
r e a c t i o n  a o r  B (as  d e f i n e d  in  [2 .2 ] )  a t  an  e l e c t r o d e  
w i t h  a G a l v a n i  t e n s i o n  g ( d e f i n e d  in [2 .6 ] )  is g i v e n  
as f o l l o w s :  

fo r  a : A~ : A~ + zo,~. F .  g~ a t  e l e c t r o d e  x 

: Ao + z~,~-F-g~ a t  e l e c t r o d e  y 

fo r  fl : A~ : A~ + z~,~. F .  g~ a t  e l e c t r o d e  x 

= A~ + zz,y. F .  gy = - -  Ao a t  e l e c t r o d e  y 

I f  A~ is p o s i t i v e ,  r e a c t i o n  a is s p o n t a n e o u s  u n d e r  
t h e  i n f l u e n c e  of  t h e  e x i s t i n g  c h e m i c a l  and e l e c t r i c  

forces .  I f  A~ is n e g a t i v e ,  r e a c t i o n  a is n o n s p o n t a n e o u s .  

[2 .8]  T h e  electrochemical tension ~ of an  e l e c -  
t r o d e  I / I I  is de f i ned  as f o l l o w s :  

e~ = A o / ( z o . ~ . F )  : A f f ( z ~ , ~ - F )  f o r  e l e c t r o d e  x 

L :  L/Czo,.F) : : - L  
f o r  e l e c t r o d e  y 

[2.9]  W h e n  r e a c t i o n  a o r  fi a t  e l e c t r o d e  x o r  y 
is a t  electrochemica~ equilibrium, i.e., w h e n  no  c u r -  

A " t e n s i o n "  ( " t e n s i o n "  in  F r enc h ,  " S p a n n u n g "  in  G e r m a n )  be -  
t w e e n  the  i n i t i a l  p o i n t  I a nd  t he  f ina l  p o i n t  I I  of an  i n t e r v a l  is a 
force  t e n d i n g  to m o v e  p o s i t i v e  cha rges  f r o m  I to II ,  r ega rd l e s s  of 
the  p a r t i c u l a r  n a t u r e  of t he  t e n s i o n  and  of t he  s igns  of the  ions  or  
e lec t rons  a c t u a l l y  set  in  mot ion .  The  e x p r e s s i o n  "e l ec t r i c  t e n s i o n "  
is s y n o n y m o u s  w i t h  such  exp re s s ions  as " v o l t a g e , "  " p o t e n t i a l  d r o p , "  
a n d  s o m e t i m e s  " p o t e n t i a l  d i f f e rence . "  

r e n t  is f l o w i n g  t h r o u g h  t h e  e l e c t r o d e ,  t h e  e l e c t r o -  
c h e m i c a l  a f f in i t ies  a r e  e q u a l  to  ze ro :  

= 0 a n d  A~ = 0 

a n d  t h e  e l e c t r o c h e m i c a l  t e n s i o n s  a r e  l i k e w i s e  e q u a l  

to ze ro :  

~x = 0 a n d  ~y = 0 

T h i s  s t a t e  of  e q u i l i b r i u m  c a n  be  r e g a r d e d  as r e s u l t -  
i n g  f r o m  t h e  c o m p e n s a t i o n  e x e r t e d  b y  a " r e v e r s i b l e "  
G a l v a n i  t e n s i o n  g a c t i n g  as a c o u n t e r f o r c e  a g a i n s t  
a c h e m i c a l  t e n s i o n  E: 

fo r  e l e c t r o d e  x : 
gx,~ = - -  A J ( Z ~ , x - F )  = g~,~ = - -  A J ( z ~ , . ~ . F )  = - -  E~ 

fo r  e l e c t r o d e  y : 
gy,~ = - -  A J ( z o , y . F )  = g m =  - -  A J ( z ~ , y . F )  = - -  ey 

T h e  r e v e r s i b l e  G a l v a n i  t e n s i o n  of  a g i v e n  e l e c -  
t r o d e  x is t h e  s a m e  w h e t h e r  t h e  e l e c t r o d e  r e a c t i o n  is 
r e g a r d e d  as b e i n g  a o r  fl, b u t  i t  is e q u a l  to m i n u s  
t h e  r e v e r s i b l e  G a l v a n i  t e n s i o n  of  t h e  " r e v e r s e "  

e l e c t r o d e  y:  

g~,o = g~,p = -- g~,o ~ -- g m  

T h e  s ign  of  t h e  c o r r e s p o n d i n g  c h e m i c a l  t e n s i o n  
of  t h e  e l e c t r o d e  d e p e n d s  on  t h e  c h o s e n  d i r e c t i o n  of  
t h e  c o u n t i n g  of  t h e  phase s ,  b u t  i t  does  n o t  d e p e n d  
on  w h e t h e r  r e a c t i o n  a o r  fl is u s e d  fo r  t h e  c a l c u l a -  

t i o n  of  e. 
I n  t h e  case  of  t h e  Z n / Z n  § e l e c t r o d e  a t  e q u i l i b r i u m  

t h e  e l e c t r o c h e m i c a l  p o t e n t i a l s  of  t h e  Z n  § ion  h a v e  
t h e  s a m e  v a l u e  in  t w o  p h a s e s :  

~bZn+2 i : ~$Zn+2 11 

[2 .10]  A t  a G a l v a n i  t e n s i o n  g~ d i f f e r e n t  f r o m  t h e  
r e v e r s i b l e  v a l u e  g~,~ = g~,, ( d e f i n e d  in  [2 .9 ] )  t h e  
m e a s u r a b l e  overtension (o r  o v e r v o l t a g e )  Ag of  e l e c -  
t r o d e  x has  t h e  s a m e  v a l u e  w h e t h e r  r e a c t i o n  a o r  

r e a c t i o n  fl is b e i n g  c o n s i d e r e d :  

Ag~.~ : g~ - -  g~.o : Ag~,p : g~ - -  g~.~ 

W h e n  g~ > g .... w e  h a v e  Ag~,~ : Ag~,~ > 0, a n d  w h e n  

gx ~ g .... w e  h a v e  Ag~,~ = Ag~,~ ~ O. 
T h e  o v e r t e n s i o n s  a t  e l e c t r o d e  x u n d e r  t h e  a c t u a l  

t e n s i o n  g~ a r e  r e l a t e d  to  t h e  c o r r e s p o n d i n g  e l e c t r o -  
c h e m i c a l  a f f in i t ies  of  e l e c t r o d e  r e a c t i o n s  a a n d  fl as  

f o l l o w s :  

�9 ~ : Zx.~'F'Ag~.~ a n d  A~ ---- z~,~.F.Ag~.~ : - -  A~ 

T h e y  a r e  r e l a t e d  to t h e  e l e c t r o c h e m i c a l  t e n s i o n  e~ of  
e l e c t r o d e  x as f o l l o w s :  

~. = A o / ( z I . ~ . F )  : Ag,.o = ~ , , / ( z . , ~ . F )  : Ag.,p 

[2 .11]  W i t h  c u r r e n t  f l o w i n g  t h r o u g h  t h e  e l e c t r o d e  
t h e  face of  t h e  m e t a l l i c  p h a s e  of  an  e l e c t r o c h e m i c a l  
t w o - p h a s e  s y s t e m  i n t o  w h i c h  t h e  p o s i t i v e  c u r r e n t  
enters f r o m  t h e  a d j a c e n t  n o n m e t a l l i c  p h a s e  (a  s o l u -  
t ion ,  f o r  i n s t a n c e )  is c a l l e d  a cathode. I f  t h e  p o s i t i v e  
c u r r e n t  leaves t h e  f a c e  of  t h e  m e t a l l i c  p h a s e  t o w a r d  
t h e  a d j a c e n t  n o n m e t a l l i c  phase ,  th i s  f a c e  is c a l l e d  

an  anode. 
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[2.12] A n  elect rode reac t ion  t ak ing  place at a 
cathode, w i th  e lect rons  and  meta l l i c  ions m o v i n g  in  
the  appropr i a t e  d i rec t ions  defined in  [ 2.11 ], is some-  
t imes cal led a reduction. A n  electrode reac t ion  t a k -  
ing  place at an  anode is somet imes  cal led a n  oxida- 
tion. 

[2.13] The m i n i m u m  G a l v a n i  t ens ion  g (more  
posi t ive t h a n  the r eve r s ib l e  va lue  g~ or ga) of an  
e lec t rode  m e t a l  I / n o n m e t a l  I I  able  to p roduce  an  
a r b i t r a r i l y  fixed m i n i m u m  veloci ty  of the e lec t rode  
reac t ion  in  the  d i rec t ion  of ox ida t ion  m a y  be cal led 
oxidation tension, whi le  the  m a x i m u m  G a l v a n i  t e n -  
sion g (more  n e g a t i v e  t h a n  the  revers ib le  va lue  g~ 
or ga) of the same electrode able  to produce  an 
a r b i t r a r i l y  fixed m i n i m u m  veloci ty  of the electrode 
reac t ion  in  the  d i rec t ion  of r educ t ion  m a y  be cal led 
reduction tension. 

[2.14] Le t  us consider  e lect rode x and  reac t ion  a, 
w i th  the  s t a t i ona ry  c u r r e n t  J f lowing th rough  the  
electrode d u r i n g  t ime  t. The change  An,.n in  the  
n u m b e r  of moles  of ion i (electrolytic change o] 
mole number)  in  the  end  por t ion  of phase I I  in  con-  
tact  w i th  phase I and  affected by  the  electrode r e -  
act ion and  by  mig ra t i on  is g iven  by  the fo l lowing  
equa t ion  (10) : 

hn~,n : ( v,,i____i ~t,i, ) . J . t  
Z~ Z, F 

in  which  v,,, is the  s to ichiometr ic  coefficient of i in  
II, zo is the  n u m b e r  of charges t ranspor ted ,  8,,,i is 
the  t r ans fe rence  n u m b e r  of i in  II, z, is the  charge 
n u m b e r  of i. 

S imi la r ly ,  for the change  an,,~ in  the end  por t ion  
of phase I in  contact  wi th  phase  II  we have:  

AnlA = 
8,,, ) J - t  I]1" ~_ 

Z~ Zi F 

[3.2] Moving  f rom the  b u l k  of the so lu t ion  to-  
w a r d  the  ou te r  surface  of the me t a l  phase we  find 
the  dif]usion layer s t a r t ing  at some last  homogene- 
ous layer c a nd  f in ishing at  the  end layer b of solu-  
t ion  in  contact  w i th  the  meta l .  B e t w e e n  posi t ions 
b and  c the chemica l  po ten t ia l s  of the cons t i tuen t s  
of the  so lu t ion  m a y  differ f rom the i r  va lues  in  the  
bu lk  of the solut ion,  bu t  the s t a n d a r d  chemical  po-  
ten t ia l s  in b-c are the same as those in  the b u l k  of 
the solut ion.  

[3.3] Al l  i n t ens ive  quan t i t i e s  and  concepts  a l -  
r eady  cons idered  as p e r t a i n i n g  to the  b u l k  solut ion 
can be rega rded  as p e r t a i n i n g  also to the  homogene -  
ous l ayer  c. We m a y  des igna te  t hem as bulk quan- 
tities or bulk concepts and  r ep resen t  t h e m  by  the  
b u l k  symbols  w i thou t  a n y  c specification: 

the  bu lk  chemica l  po ten t i a l  t~,, 
the  bulk i n n e r  electric po t en t i a l  ~b., 
the bulk e lec t rochemica l  po ten t i a l  

~, : ~ + z , . F . $ . , ,  
the bulk electrode reac t ion  ~, 
the chemical  affinity of the  bulk electrode reac t ion  

A~ = -- ~v, "m, 
the butk chemica l  t ens ion  e = A J ( z ~  
the  bulk G a l v a n i  t ens ion  g = ~ --  ~bi,, 
the bulk revers ib le  G a l v a n i  t ens ion  

g~ : --  A J  (z..  F ) ,  
the  bulk ove r t ens ion  Ago : g - -  g~, 
the e lec t rochemica l  affinity of the  bulk electrode 

reac t ion  A~ = --  Xvi "t~ : 
A~ + z , . F . g  : z~.F.ag~, 

the  bulk e lec t rochemica l  t ens ion  

~ =  A J ( z o . F )  = Ag=, 
the bulk  elect rode po la r i za t ion  Ag = g J#0 - - g  J=0; 

at  s imple  electrodes Ag = Ag~. 

[2.15] The  Volta tension or outer electric tension 
of an  e lec t rode  is defined as be ing  equa l  to the outer  
electr ic  po ten t i a l  ~, of phase  I m i n u s  the  ou te r  elec-  
t r ic  po ten t i a l  ~bH of phase  II. 

The i n n e r  and  ou te r  e lectr ic  po ten t ia l s  of a phase,  
I for ins tance ,  are  re la ted  by  the fo rmu la  

in  which  X, is the surface  electric t ens ion  of the 
phase.  

Overtensions at Electrodes with Diffusion Layers ( 11 ) 
[3.1] The  concepts  and  def ini t ions  deve loped  

above for s ingle  electrodes me ta l  I / n o n m e t a l  II or 
n o n m e t a l  I / m e t a l  II  do no t  t ake  in to  account  the  
possible presence  of diffusion layers .  We shal l  now 
give some add i t iona l  def ini t ions app ly ing  to cases 
in  which  a diffusion l ayer  occupies the  end  por t ion  
of the  n o n m e t a l  phase  ( u s u a l l y  a so lu t ion)  a nd  is 
be ing  t a k e n  in to  account .  Such a s i tua t ion  in  genera l  
wi l l  be the resu l t  of the  passage of c u r r e n t  t h r ough  
s ingle  or m u l t i p l e  electrodes (i.e., e lectrodes at 
which,  respect ively ,  one or severa l  reac t ions  m a y  
occur) ,  bu t  it m a y  also be the  resu l t  of corrosion 
processes at mu l t i p l e  electrodes wi th  zero ne t  cu r -  
rent .  

[3.4] Some quan t i t i e s  and  concepts  p e r t a i n i n g  to 
the end  l ayer  b m a y  be des igna ted  as end quanti-  
ties or end concepts a nd  r ep re sen t ed  by  symbols  
with,  for ins tance ,  an  as ter i sk  (*) as a specification: 

the  end chemica l  po ten t i a l  tq*, 
the  end i n n e r  electr ic  po t en t i a l  Sn*, 
the end e lec t rochemica l  po ten t i a l  

~,* = t',* + z, .F.r  
the  end elect rode reac t ion  a*, 
the  chemical  affinity of the end elect rode reac t ion  

the end chemica l  t ens ion  e* = A 2 / ( z a - F ) ,  
the end G a l v a n i  t ens ion  g* = 4, --  4-*, 
the end r eve r s ib l e  G a l v a n i  t ens ion  

g2 = --  A~*/(z~.F) ,  
the ac t iva t ion  ove r t ens ion  of the end electrode r e -  

act ion • = g* --  g~*, 
the e lec t rochemica l  affinity of the  end electrode 

reac t ion  A o * = -  Xv,.t,,* ( i nc lud ing  ~ , , )  = 
A~* + z~. F .  g* = zo- F- Aga*, 

the  end e lec t rochemica l  t ens ion  

~* = A ,* / ( z~ .F )  = ~go*, 
the  end elec t rode po la r i za t ion  g = gJr -- g J=0 ' 

at  mono  or s ingle  electrodes ~g" = ~go*. 
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[3.5] We now have to consider several important 
bulk-end concepts and bulk-end relations involving 
simultaneously properties of the bulk layer c and of 
the end layer b: 

the diffusion tension in the diffusion layer 
g ~ .  = (b~* - -  ~ I  : g -  g* ,  

the  concen t r a t i on  ove r t ens ion  
Ag,~ ---- g~* -- g, = --  (A~* --  A o ) / ( z o . F ) ,  

the  fo l l owing  general r e l a t ion  b e t w e e n  the  v a r i -  
ous ove r t ens ions  at s ingle  e lec t rodes :  
Ag = Ag~ = Ag,k + Ag~* + gd~f., wh ich  can be 
s impl i f ied  to the  fo l l owing  re la t ions  u n d e r  spe-  
cial  condi t ions :  Ag : Ago : Ag~k + gd~.,  if Ag~* : 0, 
Ag : Ag~ : Agak J- Ag~*, if  gd,~f. : 0, for  ins tance  
in the  p resence  of an excess of fo re ign  e l ec t ro -  
ly te  in the  solut ion,  
Ag : Ag~ : Ag~k, if Ag~* : 0 and gd~f. : O. 

Ideal Galvanic Cells 
[4.1] A typ ica l  ideal galvanic cell is tha t  r e p r e -  

sen ted  by the  fo l lowing  d i a g r a m  in wh ich  the  suc-  
cess ive  phases  are  coun ted  f r o m  lef t  to r i gh t  as 
indica ted ,  and in w h i c h  e v e n t u a l  i r r e v e r s i b l e  di f fu-  
sion p h e n o m e n a  ( for  ins tance  at the  I I / I I I  i n t e r -  
phase)  a re  neg lec ted :  

Ag  / AgC1 / PbCI~ / Pb / Ag  
I II I I I  IV I'  

which  we  shal l  des igna te  as ga lvan ic  cell  v, or by 
the  fo l l owing  d i a g r a m :  

Pb  / PbCL / AgC1 / A g  / Pb  
I II I I I  IV I'  

which  we  shal l  des igna te  as ga lvan i c  cell  w. 
In  bo th  cases t he  c h e m i c a l l y  iden t i ca l  t e r m i n a l  

phases  I and I' a re  the  ideal poles or terminals of 
t he  open cell. In accordance  w i t h  c u r r e n t  p rac t i ce  
we  m a y  also des igna te  the  chemica l l y  d i f fe ren t  
me ta l l i c  phases  I and  IV as the  real poles of the  
cell. Besides  the  open ga lvan ic  cel l  it is useful ,  for  
m a n y  p rac t i ca l  purposes ,  to cons ider  the  c o r r e -  
sponding  closed cell  which,  in add i t ion  to phases  
I and  I', also inc ludes  a me ta l l i c  connec t ion  be-  
t w e e n  poles  I and  I' (see [4.14] b e l o w ) .  

The  m o d e  of r e p r e s e n t a t i o n  of the  cell  and  the  
o rde r  of the  coun t ing  of the  phases  m u s t  be inde -  
p e n d e n t  of w h e t h e r  a c u r r e n t  is f lowing or no t  and,  
in the  case of c u r r e n t  flow, of w h e t h e r  this c u r r e n t  
flows in the  d i rec t ion  of the  coun t ing  or  aga ins t  this 
di rect ion.  The  c u r r e n t  J is pos i t i ve  in the  f o r m e r  
case and n e g a t i v e  in t he  la t te r ,  w h e t h e r  the  ac tua l  
reac t ion  is k n o w n  or not  known.  

[4.2] T h e  cell reaction is a h e t e r o g e n e o u s  chemica l  
r eac t ion  b e t w e e n  t h e r m o d y n a m i c a l l y  def ined r e -  
agents  and p roduc t s  (ions, e lec t rons ,  a toms,  or 
molecu les )  p r e sen t  in the  h o m o g e n e o u s  in te r io r s  of 
the  phases  of the  cell,  wh i l e  a s imu l t aneous  t r a n s f e r  
of a co r re spond ing  e lec t r i ca l  cha rge  t akes  p lace  
t h r o u g h  the  cell. 

The  cel l  r eac t ion  is c o m p l e t e l y  r ep resen ted ,  w i t h  
respec t  to bo th  e x t e n t  and di rec t ion ,  by  wr i t i ng ,  in 
the  case of our  example ,  e i the r  cel l  r eac t ion  :~: 

2Ag + PbCL--> 2AgC1 + Pb  

or the  r e v e r s e  cell  r eac t ion  8: 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1958 

Pb + 2AgC1--> PbC12 -k 2Ag 

D e p e n d i n g  on the  d i rec t ion  of t he  cur ren t ,  r e -  
ac t ion  7 or r eac t ion  8 wi l l  occur  in cel l  v or in cell  w.  

T h e r e  mus t  be i n d e p e n d e n c e  of the  d i rec t ion  of 
t he  cell  r eac t ion  f r o m  the  f ixed d i rec t ion  of the  
coun t ing  of the  phases.  

[4.3] If we  wish  to cons ider  the  co r r e spond ing  
t r ans f e r  of e lec t rons  t h r o u g h  the  e x t e r n a l  me ta l l i c  
connec t ion  b e t w e e n  I and  I', we  m a y  des igna t e  this 
t r a n s f e r  as the  pole reaction. A d d i n g  this pole r e -  
ac t ion  to the  open cell reaction in the  open galvanic 
cell we obta in  the  closed cell reaction in  the  closed 
cell. I t  thus  becomes  c lear  tha t  no essent ia l  d i f fer-  
ence needs  to be i n t roduced  b e t w e e n  the  t r e a t m e n t s  
of open and  closed cells and cell  reac t ions  (see 
[4.14] b e l o w ) .  

[4.4] The  chemical a]~nity A of the  cell  r eac t ion  
and its free enthalpy change • are  r e l a t ed  to the  
chemica l  po ten t ia l s  ~l of the  r eac t an t s  and p roduc t s  
and to the i r  s to ich iomet r i c  coefficients v, as fo l lows:  

for  r eac t ion  ~/: A~ = - -  AG~ = --  ~ , , ~ - ~  

for  r eac t ion  ~: A~ = --  • = --  ~v~,~-~ = --  A~ 

Accord ing  to w h e t h e r  cell  r eac t ion  9' is chemica l l y  
spon taneous  or n o n s p o n t a n e o u s  its chemica l  affinity 

is pos i t ive  or nega t ive .  
[4.5] T h e  reaction charge z.F and  the  numb er  of 

charges transported z cor respond  to one occur rence  
of  the  cel l  reac t ion .  If  the  c h a r g e  t r a n s p o r t e d  
t h r o u g h  the  cell  in the  d i r ec t ion  of the  count ing,  i.e., 
f r o m  I to I'  is posi t ive ,  z is pos i t ive ;  if  a pos i t ive  
cha rge  is t r a n s p o r t e d  aga ins t  the  d i rec t ion  of t he  
count ing ,  i.e., f r o m  I '  to I, z is nega t ive .  

S ince  the  cell  r eac t ion  can be e i the r  7 or 3 and  the  
cell  can be e i the r  v or w, w e  h a v e  the  fo l lowing  
four  possibi l i t ies  and co r r e spond ing  va lues  of z: 

Cel l  r eac t ion  9' Cel l  r eac t ion  

G a l v a n i c  cel l  v :  z~,~ = + 2 z~,v = - -  2 

G a l v a n i c  cell  w: z~,~. = --  2 z~,~ = + 2 

[4.6] The  open cel l  reac t ion ,  the  pole react ion ,  
and the  closed cell  reac t ion ,  w h e n  w r i t t e n  in t e rms  
of the  same s to ich iomet ry ,  h a v e  the  same n u m b e r  of 
cha rges  t r a n s p o r t e d  z. 

[4.7] The  chemical tension or electromotive force 
E = A / ( z . F )  of a ga lvan ic  cell  r epresen t s ,  in m a g -  
n i t ude  and in sign, the  force  w i t h  w h i c h  the  cell  r e -  
ac t ion  tends  to m o v e  positive charges  t h r o u g h  the  
cell  in the  d i rec t ion  of the  coun t ing  of the  phases  on 
account  of chemical (or,  m o r e  genera l ly ,  n o n e l e c t r o -  
s ta t ic)  causes, no other forces being effective. The  
chemica l  t ens ion  E is g iven  in uni t s  of tension,  for  

ins t ance  in volts .  
A p p l y i n g  the  gene ra l  r e l a t ion  E = A / ( z . F )  to 

ga lvan ic  cells  v and w and to cell  r eac t ions  ~, and 3, 

we  have :  

E, ---- A J ( z ~ , ~ - F )  : A J ( z ~ . v . F )  

E,,. : AJ(z~,~-F) : AJ(z~,,~-F) ---- --Ev 

[4.8] The cell tension U = r sometimes 
called "cell voltage," of an open galvanic cell (with 
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a chosen d i rec t ion  I to I '  for the  coun t ing  of the  
phases)  is defined as be ing  equa l  to the  i n n e r  elec- 
tr ic po ten t i a l  of pole I m i n u s  the  i n n e r  electr ic  po-  
t en t i a l  of pole I'. This  q u a n t i t y  is measurable. I t  
represents ,  in  m a g n i t u d e  and  in  sign, the force w i th  
which  the cell reac t ion  tends  to move  positive 
charges t h rough  the  cell in  the d i rec t ion  of the 
coun t ing  of the phases  on account  of p u r e l y  electric 
causes, i.e., on account  of the e lectrosta t ic  d i s t r i -  
b u t i o n  of space charges, no o ther  forces be ing  ef-  
fective. 

This  def ini t ion of the  cell t ens ion  is in  a g r e e m e n t  
w i th  the genera l  def ini t ion of a t ens ion :  U = r 
b e t w e e n  the in i t i a l  and  the  final poin ts  of an  i n t e r -  
val, whi le  the  "electr ic  po ten t i a l  difference" is, on 
the  o ther  hand ,  defined as A~ = ~b .... --~b .... I t  fol-  
lows therefore  that ,  i n  general ,  

electric tension = -- electric potential difference 
The express ion  "cell  po ten t i a l "  is somet imes  used 

in  place of "cell t ens ion ,"  bu t  this  easi ly  leads to 
confus ion  w i th  o ther  k inds  of po ten t ia l s  (chemical ,  
e lect rochemical ,  surface,  ou te r  electric,  etc.) a nd  
canno t  be r ecommended .  

[4.9] The  electrochemical affinity of the  cell re -  
ac t ion  7 or 8 of an  open cell w i th  a cell t ens ion  U~ 
or U,~ is g iven  as follows: 

A~ = A~ + z~,~'F'U~ = A~ + z~.,~'F'U,,. 

A, = A, + z,,~.F.U~ = A, + z~,w.F.U,v : --  X~ 

[4.10] The electrochemical tension E~ or E~ of 
an  open ga lvan ic  cell v or w is defined as fol lows:  

E., = X J ( z , . ~ - f )  = A , / ( z , . . , . F )  

Ew = A J ( z  .... .F )  - -  A , /  (z, . ,  . F )  = --  ]~, 

[4.11] W h e n  reac t ion  ~ or 8 of an  open cell v or 
w is at  electrochemical equilibrium, i.e., w h e n  no 
cu r r en t  is f lowing t h rough  the  cell, the  e lec t rochem-  
ical affinities are equa l  to zero: 

A~ = 0 and  A~ = 0 

and the electrochemical tensions are likewise equal 

to zero: 

E~=0 and E ~ = 0  

This state of equilibrium can be regarded as re- 
sulting from the compensation exerted by the "re- 
versible" cell tension U acting as a counterforce 
against the chemical tension (or electromotive 
force) E: 

for cell v: U ~ , ~ = - - A J ( z ~ . ~ . F )  ---- 
U~,~ = -- AJ (z~,~.F) = -- E~ 

for cell w: Uw.~ = --AJ(z~,~.F) = 

U~,~ = -- A J  (z~,~.F) = -- Ew 
wi th :  Uv,~ ~ --  U.,~; U ~  = --  U~,~; E~ = --  E,. 

The  s ign of the  revers ib le  cell t ens ion  U, as wel l  
as tha t  of the  co r respond ing  chemica l  t ens ion  (or 
e lec t romot ive  force) E, depends  on the  chosen di -  
rec t ion  of the  coun t ing  of the  phases  of the  cell, bu t  
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it does not  depend  on w h e t h e r  reac t ion  ~, or ~ is 
used for the ca lcu la t ion  of U and  E. 

It  is most  i m p o r t a n t  to m a k e  a sharp  dis t inct ion,  
both  as to d e n o m i n a t i o n  and  as to symbol ,  b e t w e e n  
U and  E, the i r  respec t ive  electrostat ic  a nd  chemica l  
n a t u r e s  be ing  emphas ized  by  the  fact t h a t  they  have  
opposite signs. 

Even  w h e n  the  cell react ion,  its affinity, and  the  
n u m b e r  of charges t r a n spo r t e d  are u n k n o w n ,  we 
a lways  have  U = - - E .  On account  of the  def ini t ion 
U = ~ -  ~,, i t  fol lows m a t h e m a t i c a l l y ,  b u t  no t  by  
defini t ion,  tha t  E = r  ~,. 

[4.12] The r eve r s ib l e  cell t ens ion  of an  open ideal  
ga lvan ic  cell I / I I / I I I / I V / I '  is the  r e s u l t a n t  of the  
revers ib le  G a l v a n i  t ens ions  at the successive i n t e r -  
phases:  

UV = (~I - -  (~I' = gi ,n + g ...... -~ g ..... v + g ..... 

It is clear that the Galvani tension between the 
two metallic phases IV and I' must fully be taken 
into account (12). 

[4.13] For some practical purposes, especially if 
the sign of the cell tension is not ambiguous, or if it 
happens to be of no importance, one may, as a sim- 
plification, use the absolute value of the reversible 
cell tension or that of its chemical tension (or elec- 
tromotive force). However, for purposes of tabu- 
lation and calculation, the signs are essential. 

[4.14] Let us consider a certain cell reaction T in 
an open galvanic cell v. The corresponding pole re- 

action ~r with the same number of charges trans- 
ported, z, = z, consists of the transfer of electrons 
from pole I to pole I' through an external metallic 
connection (see [4.3]): 

z~e-(1) --> z~e-(l') 

By adding 7r to ~, we transform the open cell reaction 
~, into the closed cell reaction k of the closed cell 
I/II/III/IV/I ' /I  (the phases being counted by rota- 
tion from I back to I). We can also consider a real 

pole reaction p with the same number of charges 
transported as T or 7r, z~ = z~, consisting of the trans- 
fer of electrons from pole I to phase IV through the 
external metallic connection and pole I': 

z~e-(I) ~ z~e-(IV) 

The quantities z, A, E, U, A and E for reactions 
% ~r, X = T + ~r and p at electrochemical equilibrium 
may be tabulated as follows: 

7 ',r X = " V +  ~ p 

z 7 z~- ~ z7 zx ~ z~/ zp ~ z~ 
A~ A~=0 A x = A ~  + A~=A~/ 
E ~ = A ~ / ( z ~ . F )  E ~ = 0  E x = E ~ +  E~=E~ 
UT=<bi--~bi, = - - E  7 U ~ =  --U~. U k : U 7  +U~r = 0  

A ~ : A ~ + z ~ . F . U ~ : 0  A ~ : z ~ . F . U r  A x : A ~ + A ~ : A r  A p : A ~ : A r  

E-~:A-~/(z-y.F) : 0  E n : - - U T = E ~  E x : E ~ + E ~ r : - - U 7  E p : E ; ~ : - - U ~  

It  is p rac t i ca l ly  i m p o r t a n t  t h a t  the  e lec t rochem-  

ical t ens ion  1~, b e t w e e n  I' and  I, as wel l  as the elec- 

t rochemica l  t ens ion  ]~ b e t w e e n  IV and  I, are  equa l  
bu t  (on account  of the coun t ing  of the phases  by  
ro ta t ion)  of opposi te  s ign to the  cell t ens ion  U~. 

[4.15] A t  a cell  t ens ion  U~ di f ferent  f rom the  re -  
ve rs ib le  va lue  U~,~ = U~,~, the  m e a s u r a b l e  cell po- 
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larization of cell v, w i th  cell r eac t ion  7 or ~, is g iven 
by  

AU~,~ : Uv --  U~.~ : AU,.,~ = U,~ --  U~,~ 

This  po la r iza t ion  of the cell, u n d e r  the  cell t ens ion  
U,, resul t s  in  gene ra l  f rom the  passage of c u r r e n t  
and  is r e la ted  to the  co r respond ing  e lec t rochemica l  
affinities of cell reac t ions  ~, and  ~ as follows: 

A~ : z~,~'F'AU~,~ and X~ : z~,~.F.AO,,~ : --~. 

and to the electrochemical tension E. of cell v result- 

ing from cell reaction ~ or ~ as follows: 

]~ = A J ( z ~ , , - F )  = ~U,,~ = A, / (z~ . , -F)  = • 

[4.16] If the ac tua l  G a l v a n i  tens ions  g a nd  the  
ac tua l  cell t ens ion  U differ on ly  on account  of the  
passage of c u r r e n t  f rom the  revers ib le  va lues  of the 
g's and  of U in  the  same cell at zero cur ren t ,  the 
po la r i za t ion  va lues  be ing  then  such tha t  

~g = gJ#o --  gJ=0 and  AU = U j #  o --  U j=  o 

and  if ohmic tens ions  U~ occur in  each homogeneous  

phase, we  have  the  genera l  r e l a t ion  

AU = XAg + XU~ 

In  o ther  words,  the cell po la r iza t ion  AU is the a lge-  
bra ic  sum of the e lect rode polar iza t ions  Ag and  of 
the ohmic  tens ions  U~ w i t h i n  the  phases. 

[4.17] A d i s t inc t ion  is of ten  made,  p a r t i c u l a r l y  
in  the  A n g l o - A m e r i c a n  e lec t rochemical  l i t e ra tu re ,  
be tween  a "ga lvan ic  cell" able  to p roduce  a spon-  
t aneous  c u r r e n t  (for  which  J < 0 cor responds  to U > 0 
and  J > 0 to U < 0) and  an  "e lec t ro lyt ic  cell" in  
which  the  cell r eac t ion  resul t s  f rom a n o n s p o n -  
t aneous  c u r r e n t  (for  wh ich  J > 0 cor responds  to 
U > 0  and  J < 0  to U < 0 ) .  

The r e c o m m e n d a t i o n s  pu t  f o rwa rd  in  the  CITCE 
repor t  on Elec t rochemica l  N o m e n c l a t u r e  and  Defi- 
n i t ions  (5) do not  m a k e  such a d is t inct ion,  the  
s ingle  express ion  galvanic ceil be ing  used for bo th  
types  of cases, w h e t h e r  or not  a c u r r e n t  is f lowing 
and,  in  the  even t  of c u r r e n t  flow, w h e t h e r  its d i -  
rec t ion  is spon taneous  or nonspon taneous .  

[4.18] Let  us  cons ider  a ga lvan ic  cell in  wh ich  a 
cons tan t  c u r r e n t  J flows b e t w e e n  t ime  to and  t ime  t ,  
The  cell t ens ion  U, = $ x -  6i, wi l l  in  gene ra l  v a r y  
wi th  t ime  d u r i n g  the  i n t e r v a l  t , - - t o  .The outs ide 
circuit ,  u n d e r  the  t en s ion  U'~ = $ ~ , -  6~ ~ --  U,, r e -  
ceives, i n  this  primary p e r f o r m a n c e  of the cell, the  
q u a n t i t y  of electr ic  w o r k  [see (10 ) ] :  

W0,~ ~ ~ U ' j .  J .  dt  = - -  foAq U , . d q  

w i th  Aq = J .  ( t~-- to) .  If, f rom t ime  t~ to t ime  t~, 
wi th  t~-- t~ = t~--to, the  cons tan t  c u r r e n t  J~ = -  J 
is made  to flow th rough  the  cell in  the d i rec t ion  op-  
posite to tha t  of J, the  to ta l  charge  t r an spo r t e d  by  
this  reverse  c u r r e n t  wi l l  be  • = J~- ( t ~ -  t~) = - - J .  
(h--to) - - - - -  Z~q, and  the  outs ide circuit ,  u n d e r  the  
t ens ion  U'J~ ---- - - U ~ ,  wi l l  receive,  in  this  secondary 
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pe r f o r ma nc e  of the cell, the  q u a n t i t y  of electric 
work  

Wl,e: ft:eV'zr. Jr.dt = ffqgzr.dq 

The m a t e r i a l  changes  p roduced  in  the cell d u r i n g  
the p r i m a r y  pe r f o r ma nc e  are exac t ly  compensa ted  
by  those p roduced  d u r i n g  the  secondary  p e r f o r m -  
ance. At  g iven  t e m p e r a t u r e  a nd  p ressure  the cell 
m a y  thus  be rega rded  as h a v i n g  accompl ished a 
cyclic process and  the tota l  e x t e r n a l  work  done by  
the cell must ,  in  accordance  w i th  t h e r m o d y n a m i c  
pr inciples ,  be  e i ther  nega t ive  or equa l  to zero: 

f:q fo &q W = W0,1 + W~,~ = --  UJ. dq + U~.  dq ~ 0 

In  the case of ove r - a l l  irreversible p e r f o r m a n c e  
there  is a d iss ipa t ion  of e x t e r n a l  work,  W < 0 (as 
in  the case of a res i s tance) ,  whi le  in  the l im i t i ng  
case of reversible p e r f o r m a n c e  we have  W---- 0 (as 
in  the  case of a condense r ) .  

[4.19] When ,  a t  each i n s t a n t  b e t w e e n  to and  t_~, 
the ga lvan ic  cell can be r ega rded  as h a v i n g  a ten-  
sion at rest U~ which  is a d e t e r m i n a b l e  f u n c t i o n  of 
the charge q t r a n spo r t e d  up  to tha t  i n s t a n t  and  
which  r e m a i n s  u n c h a n g e d  at each va lue  of q to 
which  the cell wi l l  r e t u r n  af ter  f u r t h e r  p e r f o r m -  
ance and  c u r r e n t  reversal ,  we m a y  add to, and  sub-  
t rac t  f rom the  foregoing equa t ion  the  in teg ra l  

f ] "  U~. dq 

I n t r o d u c i n g  the  polar iza t ions  

~U = U~ -- Us and • = U Jr -- US 

we then obtain: 

F F W = -- AU.dq + AUr.dq <= 0 

The p r i m a r y  p e r f o r m a n c e  m a y  be spontaneous, in  
which  case we have :  

U ~ > 0  wi th  U j < U ~ ,  A U < 0 ,  and  J < 0 ;  

or UR < 0 wi th  Uj > U s , ~ U  > 0, and  J > 0, 

or i t  m a y  be nonspontaneous, in  which  case we 
have:  

U ~ > 0 w i t h U j > U ~ , A U > 0 ,  a n d J > 0 ;  

or U R < 0  w i t h U j < U ~ ,  h U < 0 ,  and  J < 0 .  

At  v a n i s h i n g  polar iza t ion,  i.e., as • t ends  t oward  
zero, the pe r f o r ma nc e  of the cell becomes reversible. 

Real Galvanic Cells--Reference Cells 
[5.1] Real  ga lvan ic  cells differ f rom ideal  ones 

on account  of the fact  tha t  the  fo rmer  exh ib i t  cer-  
t a in  i r r eve r s ib le  chemical  changes  even  w h e n  no 
c u r r e n t  is flowing. Typica l  cases of this  sort  are  
those of ga lvan ic  cells in  which  phases  II  and  I I I  
are  solut ions  of e lec t rolytes  b e t w e e n  which  i r r e -  
ve rs ib le  diffusion processes occur. A n  example  is 
the  rea l  ga lvan ic  cell v: 

Zn / Zn +~//Cu +'~ / Cu / Zn 
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In  this  case the re  is, s tr ict ly,  a smal l  diffusion t e n -  
sion gH,m b e t w e e n  the two e lec t ro ly te  solut ions  II 
and  III. If we  neglec t  it, the  r e l a t i on  g iven  in  [4.12] 
can be simplif ied to 

U~ = r - -  4'- = g .... -~- g ...... -}- gl .... 

We see tha t  U~ does not  r ep re sen t  on ly  the  differ-  
ence of the two G a l v a n i  t ens ions  g~,,~ and  g,,.,H,, b u t  
tha t  it also inc ludes  the G a l v a n i  t ens ion  g,v,, = 
gc .... wh ich  specifically depends  on the proper t ies  of 
the two meta l s  in  contact .  

[5.2] We des igna te  as re]erence cells such rea l  
ga lvan ic  cells as 

Z n / Z n  + 2 / / H  ~, H ~ / P t / Z n  and  

C u / C u  §  +, H ~ / P t / C u  

In  each one of these cells the electrode on the r igh t  is 
the re fe rence  electrode P t  / H +, H~ t aken  at s t a n d a r d  
condit ions.  I t  is t h e r m o d y n a m i c a l l y  and  expe r i -  
m e n t a l l y  es tab l i shed  tha t  the  re]erence cell tensions 
Uh,z,, and  U~,c~ are re la ted  to the  cell t ens ion  U~ of 
the cell cons idered  above  as fol lows:  

U~ = Uh,z,, --  U~.c~ 

These re fe rence  cell tens ions  Uh, l is ted according  
to the i r  inc reas ing  or decreas ing  values ,  cons t i tu te  
the  so-cal led  e lec t rochemica l  series. 

[5.3] A n  incor rec t  i n t e r p r e t a t i o n  of the  fore-  
going i m p o r t a n t  difference re la t ions  or ig ina tes  in  
the e r roneous  a s sumpt ion  that ,  in  the  exact  re la t ions  
for the cell t ens ion  g iven  in  [5.1], i.e., 

U~ = g~n/~,+~ --  gC,/C.+~ + gC,/Z. 

the  i n d i v i d u a l  G a l v a n i  tens ions  b e t w e e n  the  corre-  
spond ing  two metals ,  g,,~.,  g,~/c, and  gc~/z, can be 
neglected.  Indeed,  in  this  m a n n e r ,  we  wou ld  ob ta in  
the fo rma l ly  s imple r  bu t  incor rec t  re la t ions :  

Uh.z~ = gzn/z~+~ - -  gPt /H+,I~2 

U h , c u  : gcu/Cu+~ - -  g P t / U + , ~ e  

[5.4] A f u r t h e r  incor rec t  step consists  of p u t t i n g  
gP~/~+H~ = 0, wi th  the  decep t ive ly  s imple  b u t  aga in  
incor rec t  resu l t :  

Uh,z, = gz./z~§ and  U~,c,~ ~ gcu/c~+~ 

We find here  the reason  for the  d e n o m i n a t i o n  "elec-  
t rode po ten t ia l s"  which  is somet imes  used to desig-  
na te  the re fe rence  cell t ens ions  U~. Even  among  
those who k n o w  the  a rb i t r a r ine s s  of this  last  h y -  
pothesis,  there  are  m a n y  who over look the  e r ror  
m a d e  in  neg lec t ing  the  i n d i v i d u a l  G a l v a n i  t ens ions  
b e t w e e n  meta l s  in  contact  (12) w h e n  they  consider  
tha t  the  sequence  of the  U~ va lues  as g iven  by  the  
e lec t rochemica l  series is also the  sequence  of the  
co r r e spond ing  G a l v a n i  t ens ions  such as g~/~ .... 
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Some Remarks Concerning Multiple Electrodes 

[6.1] The foregoing f u n d a m e n t a l  cons idera t ions  
app ly  to s imple  (or m o n o - )  electrodes and  to ga l -  
van ic  cells cons t i tu ted  of such electrodes.  It  is im-  
p o r t a n t  to add some r e m a r k s  conce rn ing  mult iple  
(or poly-)  electrodes, which  are  f r e q u e n t l y  en -  
coun te red  in  rea l  ga lvan ic  cells. 

[6.2] A bi-electrode is the seat of two dif ferent  
e lect rode react ions.  A poly-electrode is the seat of 
several different  e lectrode react ions.  

[6.3] A m o n g  the  b i -e l ec t rodes  w e  f u r t h e r  d i s t in -  
guish two i m p o r t a n t  types  of cases: (i) The  2-2 
electrodes whose meta l l i c  phases  I con t r ibu t e  one 
ionic species to one of the  electrode reac t ions  and  
another ionic species to the other  e lectrode react ion.  
For  ins tance ,  the  meta l l i c  ion Me + in  I is i nvo lved  
in  reac t ion  1 and  the  e lec t ron  e- in  I is i nvo lved  in  
reac t ion  2. (ii) The  1-2 electrodes whose meta l l i c  
phases  I con t r ibu t e  the same ionic species, for i n -  
s tance  Me* or e-, to bo th  react ions.  

[6.4] A f r e q u e n t  compl ica t ion  wi th  b i -e lec t rodes  
is the  occurrence  of an i n n e r  reac t ion  in  the so lu t ion  
phase II  b e t w e e n  the  r eac tan t s  or p roducts  of the 
two elect rode processes w i t h o u t  the  f o r ma t i on  of a 
n e w  solid phase. Cer t a in  add i t iona l  m a t e r i a l  
changes  wi l l  t hen  superpose  themse lves  to the d i f -  
fus ion  p h e n o m e n a  in  the diffusion layer,  concen-  
t r a t ions  and  over tens ions  be ing  thus  m a r k e d l y  af-  
fected. 

A f u r t he r  compl ica t ion  r e su l t ing  f rom an  i n n e r  
reac t ion  is the f o r ma t i on  of one or severa l  n e w  
solid phases. In  add i t ion  to m a t e r i a l  d i s tu rbances  
w i t h i n  the diffusion l aye r  the electrode end  reac-  
t ions  wi l l  now be affected and  the i r  respec t ive  b a r -  
r iers  modified.  

[6.5] Some pa r t i cu l a r  concepts,  m a g n i t u d e s  and  
re la t ions  app ly ing  to a b i -  or to a po ly -e l ec t rode  
resu l t  d i rec t ly  f rom those p e r t a i n i n g  to each of the  
two or of the severa l  separa te  e lectrode reac t ions  
and  which  have  been  e x a m i n e d  in  the foregoing 
t r e a t m e n t  of mono-e lec t rodes .  For  ins tance,  the to ta l  
c u r r e n t  is the  sum of the  pa r t i a l  cu r ren t s :  J = J l + J ~ .  

[6.6] A s imple  case is tha t  of the double elect~o- 
chemical equi l ibrium in  which  the  e q u i l i b r i u m  Ga l -  
v a n i  tens ions  of the  two electrode reac t ions  of a b i -  
e lec t rode  are equa l  to each other :  gl = g2. 

[6.7] A more  compl ica ted  case is tha t  of a mixed  
electrode for wh ich  the e q u i l i b r i u m  G a l v a n i  t e n -  
sions of the severa l  reac t ions  are di f ferent  f rom one 
ano the r :  for ins tance ,  gl ~ g~ for a b i -e lec t rode .  

At  zero ne t  c u r r e n t  we t h e n  have  a mixed  Galvani 
tension g~_o and  a local current J1 = -  J~, concepts  
app ly ing  for i n s t a n c e  both  to corrosion and  to 
passivity. 

With  a ne t  c u r r e n t  different  f rom zero we have  a 
mixed  Galvani tension gJ~0' a polarization Ag~ = 

g ~ 0  - -g~=0 '  a nd  such p h e n o m e n a  as dif]erence ef-  

fects in  the  m a t e r i a l  changes  at phase  ends and  
changes in the signs of the polarizations of the  sep- 
a ra te  e lectrode react ions,  al l  of these  r e su l t i ng  f rom 
the shapes a nd  re la t ive  posi t ions of the  po la r i za t ion  
curves  of these separa te  react ions.  
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Concluding Remarks 
In  v i e w  of the  r a p i d  d e v e l o p m e n t  of e l e c t r o c h e m -  

i s t r y  in  r e c e n t  t imes ,  on ly  a r a t i o n a l  s y s t e m  of con-  
cepts ,  def ini t ions ,  symbols ,  etc., can  p r o v i d e  a f i rm 
basis  for  f u r t h e r  r e s e a r c h  and  fo r  t each ing .  The  
c a r e f u l l y  w o r k e d  out  r e c o m m e n d a t i o n s  c o n t a i n e d  in 
the  y e a r l y  r epo r t s  of CITCE ' s  Commis s ion  No. 2 on 
E l e c t r o c h e m i c a l  N o m e n c l a t u r e  and  Def in i t ions  (5)  
shou ld  go a long w a y  t o w a r d  the  fu l f i l lmen t  of th is  
goal.  

I t  is to be  h o p e d  t h a t  a l l  e l e c t rochemis t s  i n t e r -  
es ted  in  t he  f u n d a m e n t a l s  of t h e i r  subjec t ,  and  
e spec i a l l y  t h e  y o u n g e r  s t u d e n t s  in  the  field, w i l l  
d i s p l a y  the  s ame  sp i r i t  of coope ra t i on  and  m u t u a l  
u n d e r s t a n d i n g  w h i c h  has  p r e s i d e d  ove r  the  w o r k  of 
the  i n t e r n a t i o n a l  CITCE g roup  a n d  t ha t  c o n s i d e r -  
ab l e  benef i t s  for  t he  f u t u r e  of e l e c t r o c h e m i s t r y  wi l l  
t h e r e b y  ensue.  

Manuscr ip t  received March  10, 1958. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1959 
JOURNAL. 
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The Fuel Cell Round Table 

A Report by Ralph Roberts 

O]~ce oS Naval Research, Washington, D. C. 

A round- tab le  discussion of fuel  cells was held  on October  10, 1957, as par t  
of the Ba t t e ry  Division p rogram of the l l 2 t h  Meeting of The Elect rochemical  
Society  in Buffalo, N. Y. The discussion was organized by  George Heise, Na-  
t ional  Carbon Labora tor ies  ( re t i r ed) ,  who also acted as panel  chairman.  Other  
members  of the panel  were:  Ernes t  Yeager,  Wes te rn  Reserve  Univers i ty ;  
George E. Evans, Nat ional  Carbon Research Laborator ies ;  Howard  L. Recht, 
P i t t sburgh  Consolidat ion Coal Co.; and Ralph  Roberts,  Office of Nava l  Research.  
The a t tendance  at  the  discussion was app rox ima te ly  175. 

In  his  open ing  r e m a r k s  Mr. Heise  i n d i c a t e d  t h a t  
the  ob j ec t i ve s  of t he  p a n e l  w e r e  to r e v i e w  the  s t a tus  
of fue l  cel l  d e v e l o p m e n t  and  the  p o t e n t i a l i t i e s  of 
fue l  cel ls  as a p o w e r  source.  He  r e a d  a l e t t e r  f r om 
P ro fe s so r  F a r r i n g t o n  Danie l ,  U n i v e r s i t y  of W i s c o n -  
sin, w h o  i n d i c a t e d  t ha t  a so lu t ion  to the  so la r  e n -  
e r g y  p r o b l e m  m i g h t  be  a c o m b i n a t i o n  of t he  fue l  
cel l  w i t h  t he  p h o t o c h e m i c a l  decompos i t i on  of w a t e r .  
I t  was  f u r t h e r  sugges t ed  t h a t  t he  s t o r age  of h y d r o -  
gen  m i g h t  b e  a c c o m p l i s h e d  b y  a d s o r b i n g  i t  a t  one 
t e m p e r a t u r e  and  r e l e a s i n g  i t  a t  a h i g h e r  one.  

Dr. Y e a g e r  r e v i e w e d  some of the  t h e o r e t i c a l  con-  
s i de r a t i ons  r e g a r d i n g  fue l  cells,  w h i c h  he  def ined  
as e l e c t r o c h e m i c a l  sys t ems  in w h i c h  the  d i r e c t  or  in -  
d i r ec t  o x i d a t i o n  of c o n v e n t i o n a l  fue ls  occurs .  In  the  
c o m p a r i s o n  of t h e  fue l  cel l  w i t h  m e t h o d s  of p o w e r  
g e n e r a t i o n  b a s e d  on the  C a r n o t  cycle,  one shou ld  
accoun t  for  a n y  e n e r g y  losses due  to r eac t ions  in 
p r e p a r i n g  t h e  fue l  for  u t i l i z a t i o n  in t he  cell .  The  
h e a t  of r e a c t i o n  in t he  cel l  i t se l f  is g iven  b y :  

Q cel l  = n F ( E ~ - -  E ~ )  + T• ( I )  

w h e r e  t he  t e r m s  a l l  h a v e  t h e i r  u s u a l  ' s ignif icance.  

In  mos t  fue l  cel ls  the  g a s - c o n s u m i n g  e l ec t rodes  
a r e  s emi lyophob ic .  The  r e a c t a n t  diffuses  t h r o u g h  
the  e l e c t r o d e  pores  to the  e l e c t r o d e - e l e c t r o l y t e  i n -  
t e r face .  The  l i f e - t i m e  of t he  e l ec t rode  d e p e n d s  on i ts  
r a t e  of w e t t i n g  b y  the  e l e c t r o l y t e  or, for  h i g h - t e m -  
p e r a t u r e  cells ,  on the  d e t e r i o r a t i o n  of t he  porous  
p la te .  The  i n t e r n a l  losses due  to the  r e s i s t a nce  of 
the  cel l  a r e  r e l a t e d  to the  b u l k  p r o p e r t i e s  of the  
m a t e r i a l s  w i t h i n  t he  cel l  a n d  t h e i r  m e t h o d  of as -  
sembly .  To o v e r c o m e  a c t i va t i on  p o l a r i z a t i o n  Dr.  
Y e a g e r  sugges t ed  the  use  of l a r g e  effect ive  a r eas  of 
e lec t rode ,  ca t a lys t s ,  and  i n c r e a s i n g  the  t e m p e r a t u r e  
of cel l  ope ra t ion .  F o r  e x a m p l e  in t he  Bacon  cell ,  
w h i c h  u t i l i zes  a n i cke l  e l e c t r o d e  at  200~176 the  
a c t i va t i on  p o l a r i z a t i o n  is an  i m p o r t a n t  fac tor .  In  
the  h i g h - t e m p e r a t u r e  fue l  cells,  i.e., t hose  o p e r a t i n g  
a b o v e  500~ t h e r e  is v e r y  l i t t l e  a c t i v a t i o n  p o l a r i z a -  
t ion.  Mass  or  c o n c e n t r a t i o n  p o l a r i z a t i o n  can  be  r e -  
d u c e d  b y  i nc r e a s ing  the  p o r o s i t y  of the  e l ec t rode  
t h r o u g h  w h i c h  the  gas r e a c t a n t s  diffuse.  The  r e a c -  
t an t s  shou ld  not  diffuse in to  t he  e l ec t ro ly t e ,  as th is  
not  on ly  l eads  to poor  efficiency in t h e i r  u t i l i za t ion ,  
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b u t  can  l e a d  to d a n g e r o u s  m i x t u r e s  of fue l  and  
ox idan t .  

A v a i l a b l e  ev idence  ind i ca t e s  t ha t  t h e  o x y g e n  
e lec t rode ,  on an  ac t ive  c a r b o n  su r f ace  in  a l k a l i n e  
m e d i a  and  a t  t e m p e r a t u r e s  b e l o w  100~ is r e v e r s i -  Q* 
b le  w i t h  r e spec t  to t he  h y d r o p e r o x i d e  ion, HO2-: "' (.9 0.7 

O~ + H~O + 2e = HO~- -t- OH- ( I I )  o 
..~ 0.6 

H o w e v e r ,  i t  is poss ib l e  to o b t a i n  a f o u r - e l e c t r o n  
O5 

process  in  t e r m s  of cou lomb  efficiency, u t i l i z ing  b o t h  
a toms  of o x y g e n  in t he  o x y g e n  m o l e c u l e  b y  t h e  i n -  o, 
c o r p o r a t i o n  of a good c a t a l y s t  for  t he  decompos i t i on  
of t h e  h y d r o p e r o x i d e  ion in  t he  c a r b o n  e lec t rode .  
Thus,  t he  loss of o x y g e n  b y  the  d i f fus ion of t he  h y -  
d r o p e r o x i d e  ion a w a y  f rom the  e l ec t rode  is p r e -  
ven ted .  S i l v e r  has  been  f o u n d  to be  a v e r y  ef fec t ive  
c a t a l y s t  for  th is  pu rpose ,  b u t  the  a d d i t i o n  of t he  
c a t a l y s t  does  no t  a s su re  a f o u r - e l e c t r o n  p rocess  in  
t e r m s  of f ree  e n e r g y  or  vo l tage .  In  t he  use  of m e t a l  
e l e c t rodes  w i t h  o x y g e n  i t  is n e c e s s a r y  to  h a v e  the  
i n t e r a c t i o n  b e t w e e n  the  m e t a l  and  o x y g e n  and  the  
e l ec t ron  t r a n s f e r  p rocess  h i g h l y  r e v e r s i b l e  if  the  
p o t e n t i a l  of t he  o x y g e n  e l ec t rode  is to be  rea l i zed .  

In  l o w - t e m p e r a t u r e  cel ls  u t i l i z ing  h y d r o g e n  at  t he  
anode,  t he  a d d i t i o n  of me ta l s ,  e spec i a l l y  p l a t i n i z e d  
p l a t i n u m ,  to the  c a r b o n  e l e c t r o d e  he lps  o v e r c o m e  
the  a c t i v a t i o n  po la r i za t ion .  In  t he  h i g h - t e m p e r a t u r e  
fused  e l e c t r o l y t e  fue l  cells,  u t i l i z i ng  h y d r o c a r b o n s ,  
i t  a p p e a r s  t ha t  t he  h y d r o c a r b o n  is c r a c k e d  to ca r -  
bon  and  h y d r o g e n  a n d  the  l a t t e r  r eac t s  a t  t he  e lec -  
t rode .  

Dr. Y e a g e r  r e f e r r e d  to the  p o s s i b i l i t y  of c losed  
cyc le  b a t t e r y  sys tems .  In  such a s y s t e m  the  r e a c -  
t an t s  a r e  r e g e n e r a t e d  f rom the  p r o d u c t s  f o r m e d  
d u r i n g  t h e  d i s c h a r g e  of the  cell .  In  a s e m i - c l o s e d  
s y s t e m  on ly  one of t he  r e a c t a n t s  w o u l d  be  r e g e n -  
e r a t e d  f rom the  cel l  p roduc t s .  The  fo l l owing  m e t h -  
ods of r e a c t a n t  r e g e n e r a t i o n  w e r e  sugges ted :  (a )  
chemica l ;  (b )  p h o t o c h e m i c a l ;  (c)  r a d i o c h e m i c a l ;  
(d)  t h e r m a l ;  (e)  e l ec t ro ly t i c .  The  process  i n v o l v e d  
in t he  case  of t h e r m a l  r e g e n e r a t i o n  is shown  in 
Fig .  1 and  the  m a x i m u m  efficiency is g iven  b y  the  
C a r n o t  cycle.  In  the  case  of e l e c t r o l y t i c  r e g e n e r a -  
t ion,  t he  r e g e n e r a t i n g  cel l  w o u l d  be  o p e r a t e d  at  a 
t e m p e r a t u r e  h i g h e r  t h a n  the  e n e r g y - p r o d u c i n g  one. 
The  eff iciency of such  a sy s t em is g iven  by :  

nF(Er~ -- E~) T~ -- T~_ 
-- ( I l l )  

Q,I  TI 

w h e r e  TI  is the h ighe r  t empe ra tu re  and T~ the 
l o w e r  one. 

Dr.  E v a n s  def ined  the  fue l  cel l  as " an  e l e c t r o -  
c h e m i c a l  s y s t e m  in w h i c h  the  o x i d a n t  and  r e d u c t a n t  

L T i R E G E N E R A T I O N  m , _ ~  

B A T T E R Y  O P E R A T I O N  / 

Fig. 1. Closed cycle system 
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Fig. 2. Pressure characteristics of hydrogen-oxygen fuel cell 

a r e  i n t r o d u c e d  c o n t i n u o u s l y  and  the  p r o d u c t s  w i t h -  
d r a w n  con t inuous ly ,  w i t h  t he  compos i t i on  of t he  
s y s t e m  r e m a i n i n g  i n v a r i a n t  d u r i n g  the  g e n e r a t i o n  of 
e l ec t r i c i t y . "  

R e s e a r c h  a t  t he  N a t i o n a l  C a r b o n  R e s e a r c h  L a b -  
o r a to r i e s  is conce rned  w i t h  t he  l o w - t e m p e r a t u r e  
h y d r o g e n - o x y g e n  cell ,  b e l o w  100~ The  e l ec t rodes  
a r e  spec i a l l y  p r e p a r e d  c a r b o n  a n d  the  e l e c t r o l y t e  is 
p o t a s s i u m  h y d r o x i d e  solut ion .  The  w a t e r  f o r m e d  
due  to  the  e l e c t r o c h e m i c a l  r e ac t i ons  is e v a p o r a t e d  
at  t he  s a m e  r a t e  t h a t  i t  is p roduced .  The  low o p e r -  
a t i n g  t e m p e r a t u r e  m a k e s  t he  use  of a i r  m o r e  p r a c -  
t i ca l  t h a n  in t he  h i g h - t e m p e r a t u r e  sys t ems  as hea t  
loss to the  n i t r o g e n  is neg l ig ib le .  Because  of t he  p o -  
l a r i z a t i o n  of t he  c a thode  in  t he  p r e s e n c e  of a i r  such  
a cel l  is l i m i t e d  to low p o w e r  dens i t ies .  F o r  h igh  
p o w e r  ou tpu t s  i t  is n e c e s s a r y  to i n c r e a s e  a i r  p r e s -  
su re  above  a t m o s p h e r i c  or  to use  oxygen .  The  effect 
of o x y g e n  p r e s s u r e  on cel l  p e r f o r m a n c e  is shown  in 
Fig .  2. W h e n  the  p r e s s u r e  is a b o v e  t h r e e  a t m o s -  
p h e r e s  the  cu rves  b e c o m e  n e a r l y  l inea r .  No r e a l  
d i f f icul ty  is p r e s e n t e d  u n t i l  t he  p r e s s u r e  exceeds  five 
a t m o s p h e r e s ;  up  to th is  p r e s s u r e  c o n v e n t i o n a l  con-  
s t r uc t i on  can  be  used.  

The  a n o d e  u t i l i zes  c o m m e r c i a l  t a n k  h y d r o g e n .  I t  
is i n sens i t i ve  to s u l f u r - c o n t a i n i n g  impur i t i e s ,  c a r b o n  
m o n o x i d e  a n d  o t h e r  i m p u r i t i e s ,  and  has  o p e r a t e d  on 
n a t u r a l  gas  and  t h e n  r e t u r n e d  to  h y d r o g e n  w i t h o u t  
loss in  i ts  o p e r a t i n g  cha rac te r i s t i c s .  Because  of t he  
s to rage  p r o b l e m ,  an  i n e x p e n s i v e  source  of h y d r o g e n  
w o u l d  be  a d v a n t a g e o u s .  T h e  a c t u a l  source  a n d  
m e t h o d  of s to rage  w o u l d  be  d e t e r m i n e d  in p a r t  b y  
the  use  condi t ions .  R e s e a r c h  is b e i n g  c o n t i n u e d  to 
o b t a i n  m o r e  i n f o r m a t i o n  r e g a r d i n g  the  o p t i m i z a t i o n  
of t he  cel l  p a r a m e t e r s  and  the  effect  of t e m p e r a t u r e  
and  p r e s s u r e  on i ts  ope ra t i on .  The  low o p e r a t i n g  
t e m p e r a t u r e  p e r m i t s  g r e a t e r  f l ex ib i l i t y  in t h e  se lec-  
t ion  of  m a t e r i a l s  of c ons t ruc t i on  and  l eads  to low 
m a i n t e n a n c e  cost. B a t t e r y  l i f e t i m e  d e p e n d s  l a r g e l y  
on the  r a t e  a t  w h i c h  t h e  e l e c t r o d e  is w e t t e d .  To d a t e  
the  N a t i o n a l  C a r b o n  C o m p a n y  has  o p e r a t e d  the  
s a m e  e l ec t rodes  fo r  300 days ,  d r a w i n g  c u r r e n t  d u r -  
ing  the  d a y  and  a l l o w i n g  the  s y s t e m  to s t a n d  on 
open  c i r cu i t  ove rn igh t .  This  cel l  is s t i l l  in  ope ra t ion .  

The  p r e s e n t  s t a tus  of t he  Bacon  cell ,  a h y d r o g e n -  
o x y g e n  fue l  cel l  w h i c h  o p e r a t e s  a t  e l e v a t e d  p r e s s u r e  
and  t e m p e r a t u r e s  a b o v e  200~ w a s  r e v i e w e d  b y  
Dr.  Rober t s .  This  was  b a s e d  on p u b l i s h e d  i n f o r m a -  
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Table I. Operating data for the Bacon cell 

Temp,  200~ P re s su re  600 lb/in~ 
Vol tage  Arnp/f t~ 

1.10 open circuit 
0.89 90 
0.83 180 
0.72 360 
0.62 540 

tion (1).  The electrodes are of porous nickel  about  
4 mm thick, and have  a pore  size of about  30 mi -  
crons on the gas side, and a thin l aye r  wi th  much 
smal ler  pores on the l iquid  side. The oxygen elec-  
trode, which in i t ia l ly  control led the  cell l i fet ime, has 
been improved  by a p reoxida t ion  t rea tment .  L i th -  
ium atoms are  incorpora ted  into the crys ta l  la t t ice  
of the nickel  oxide, thus conver t ing  the o rd ina ry  
green nickel  oxide into a b lack double  oxide of 
nickel  and l i thium, which is a good semiconductor.  
Using this method of prepara t ion ,  oxygen electrodes 
have now been in operat ion for up to 1500 hr  at  
200~ Specimens of the preoxid ized  nickel  have  
been exposed to oxygen and caustic potash, the 
electrolyte,  a t  200~ for more than  8000 hr  wi thout  
visible deter iorat ion.  Each cell in this ba t t e ry  is ap-  
p rox ima te ly  1~ in. thick. Because of the vapor  p res -  
sure of wa te r  over  the caustic potash solution at  
200~ it is essential  to opera te  this system at ele-  
vated pressure.  Table  I presents  character is t ic  op-  
era t ing data.  

The system requires  high pu r i t y  hydrogen,  being 
more sensi t ive to contaminants  in the anode feed gas 
than repor ted  above for the Nat ional  Carbon low-  
t empera tu re  ba t te ry .  I t  presents  s imi lar  problems 
regard ing  hydrogen  sources, wi th  the addi t ional  
high pur i ty  requi rement .  

Bacon has suggested that  the h igh-p ressu re  hy -  
d rogen-oxygen  cell would be p r i m a r i l y  used as a 
s torage bat tery .  In this case, the gases for use in the 
cell would be genera ted  e lec t rochemical ly  f rom 
water .  The use of. hydrogen  obta ined f rom the re -  
action be tween  wa te r  and coal and wi th  oxygen ob- 
ta ined f rom air  also has been mentioned.  An app l i -  
cation noted by Bacon is in the field of r a i lway  t rac -  
tion, pa r t i cu l a r ly  for ra i l  cars, on lines where  it is 
uneconomic to e lect r i fy  complete ly  wi th  overhead 
wires or a th i rd  rail .  This type  of operation,  wi th  
storage bat ter ies ,  is in use in the German  state r a i l -  
way. 

Dr. Recht discussed the h i g h - t e m p e r a t u r e  fuel  
cell. The p r i m a r y  reason for deve lopment  of such a 
system is the wider  range  of fuels tha t  it  can accom- 
modate.  The l o w - t e m p e r a t u r e  cells which have been 
s tudied to date  can ut i l ize only hydrogen.  The high 
cost of this gas and the difficulties associated with  
its t r anspor t  rule  out its economic appl ica t ion  ex-  
cept in h ighly  specialized situations.  The h i g h - t e m -  
pe ra tu re  cell can accommodate  gases containing 
mix tu res  of hydrogen,  carbon monoxide,  and carbon 
dioxide which can be genera ted  d i rec t ly  from coal, 
na tu ra l  gas, and petroleum. I t  is even l ike ly  tha t  
hydrocarbon  fuels could be used e i ther  d i rec t ly  or 
indi rec t ly  in these cells. The in tegra t ion  of the h igh-  

t empera tu re  fuel  cell wi th  a coal gasification uni t  is 
possible. The h i g h - t e m p e r a t u r e  cells also offer the 
possibi l i ty  of h igher  output  at  comparable  gas p res -  
sures due to the reduced electrode polar iza t ion  and 
higher  diffusion ra tes  in the electrolyte .  

One of the ma jo r  d rawbacks  in the h i g h - t e m p e r a -  
ture  cell is the severe ly  corrosive conditions en-  
countered.  This affects not  only the containing 
s t ruc ture  of the cell, but  also the mater ia l s  of which 
the cell i tself  is constructed.  Another  p rob lem is the 
main tenance  of cell s tab i l i ty  i.e., the prevent ion  of 
loss of e lect rolyte  through seepage from the cell, a t -  
tack on the electrodes or the  m a t r i x  by  the electro-  
lyte,  and the accumulat ion  of corrosion products  
wi th in  the electrolyte .  

The discussion of Dr. Recht  was on the work  of 
the P i t t sburgh  Consolidat ion Coal Co., which is 
under  the sponsorship of the  A r m y  Signal  Corps. 
The e lec t ro ly te  section of the cell consists of a por -  
ous magnes ium oxide m a t r i x  containing the molten 
e lec t ro ly t  e and an equ i -mola r  mix tu re  of sodium 
and l i th ium carbonates.  I t  has been found necessary 
to use an e x t r e m e l y  pure  g rade  of magnes ium oxide 
for the matr ix .  For  the fuel  e lectrode a porous nickel  
meta l  sheet has been found to be sat isfactory.  The 
air  electrode has presented  a more difficult problem. 
The most promis ing  resul t  to date  has been obta ined 
wi th  the use of n ickel  oxide wi th  addi t ives  to p ro -  
duce a semiconduct ing mater ia l .  Carbon dioxide is 
added to the air  supply  to reduce concentra t ion 
polar izat ion and main ta in  a s table  system. 

The work  at P i t t sburgh  Consolidat ion Coal Com- 
pany  has been in the t empe ra tu r e  range  of 500 ~ 
800~ ma in ly  to s impl i fy  solution of the p rob lem of 
mate r ia l s  of construction. Due to the  d i spropor t iona-  
t ion of carbon monoxide  at  the lower  end of this 
t empera tu re  range, fuels containing carbon monox-  
ide are difficult to use. Therefore,  hydrogen  has been 
used in the l o w - t e m p e r a t u r e  range.  At  the  h igher  
tempera tures ,  in the  order  of 800~ carbon monox-  
ide and mix tures  of carbon monoxide  and hydrogen  
can be used wi thout  carbon deposition. The open-  
circuit  voltages obtained,  of the  order  of one volt, 
are  usua l ly  wi th in  50 mv of the theore t ica l  value,  
and often closer. A power  output  of 30 w / f t  ~ of elec- 
t rode has been achieved. With  proper  cell assembly,  
the open-c i rcu i t  vol tage and the per formance  level  
do not  change apprec iab ly  over  a per iod of severa l  
days wi th  the cell ma in ta ined  at  opera t ing  t empe r -  
atures.  The u l t ima te  opera t ing  l ife of the unit  has 
not been determined.  

In addi t ion to the chemical  na tu re  of the cell 
components,  the physical  form has a great  effect on 
the per formance  obtained.  Good contact  be tween 
the electrodes and the electrolyte,  as wel l  as good 
electr ical  contact  f rom the electrodes to the ex te rna l  
c ircui t  are not  a lways  easy to obtain.  These p rob -  
lems, and tha t  of re ta in ing  the mol ten  e lec t ro ly te  
wi th in  the cell, wi l l  prove  majo r  problems for the 
engineer,  if a commercia l  h i g h - t e m p e r a t u r e  fuel  
cell is to be developed.  In addit ion,  the opera t ing  
life of a commerc ia l ly  sa t is factory  fuel cell must  be 
of the order  of several  years  because of the expected 
high capi ta l  cost. 
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Dr. Recht noted the lack of knowledge  of the 
mechanism of the electrode react ions occurr ing in 
the h i g h - t e m p e r a t u r e  fuel  cell. He indica ted  tha t  the 
unders tand ing  of the fundamen ta l  mechanism of the 
fuel cell react ions is ex t r eme ly  impor t an t  to the a t -  
t a inment  of the prac t ica l  goals. 

The work  in Grea t  Br i ta in  on the Redox fuel  cell 
was repor ted  by Dr. Roberts.  The informat ion  was 
based on a repor t  which was made ava i lab le  through 
the courtesy of the  United Kingdom Elect r ic i ty  
Council  (2).  The work  was under  the genera l  d i rec-  
t ion of Sir  Eric Rideal  at  Kings College, London. 

This type  of cell is one in which the  electrode re -  
actants  are regenera ted  outside the cell, bu t  the net  
react ion is equiva lent  to tha t  of fuel  combustion. 
This is i l lus t ra ted  in the fol lowing summary :  

Negat ive  electrode:  
In te rna l  to cell  

M ~ - ~ M  ~ 8 + e - - E 1  

Ex te rna l  to cell 

4M +~+C+2H~O--4M +~+CO2+4H +-E/ 

Positive electrode: 
Internal to cell 

R +~+e-=R +~-E~ 

External to cell 

4R +~+O2+4H § +~+2H~O-E/ 

Net react ion:  

C + 02 = CO2-- E3 

E / > E 1 ,  E2 ~>E.~ 
E1 + E2< E~ ~ + E /  
E~ + E= < E8 

The e lec t romot ive  force of the  cells s tudied by  
this group is l imi ted  by  the free energy of the car -  
bon, oxygen react ion or app rox ima te ly  1.02 v. I t  is 
fu r ther  reduced because each regenera t ion  react ion 
must  have a negat ive  free energy,  thus giving a net  
effective voltage,  as noted above, less than  tha t  of 
the ca rbon-oxygen  cell. The the rmodynamic  effi- 
ciency of this system is given by  Eq. ( IV) :  

El + E~ 
Eft x 100% (IV) 

E3 

E,-anode  potent ia l ;  E~-cathode potent ia l ;  E~-carbon- 
oxygen cell potential .  

Two general  types  of redox fuel  cells have been 
studied. In  the first, the same e lement  in different  
oxidat ion states is used as the anode and cathode 
reactants .  An example  of this is the fe r rous- fe r r i c  
couple. This, as expected  by  the Nerns t  equation, is 
l imi ted  to low vol tages (--~0.25 v) .  In the second 
type, different  e lements  are used in the anode and 
cathode compar tments .  

The best  of the anodic mate r ia l s  s tudied to date 
has been stannic chlor ide in a hydrochlor ic  acid 
solution. However,  it  has not been found possible to 
regenera te  this  f rom the cell product  by  use of coal. 
Even at  t empera tu res  of 100~176 in an auto-  
clave, only a small  amount  of reduct ion of the s tan-  
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Fig. 3. Operoting chorocteristics of stonnous ion-bromine cell 

nic ion occurs. The sulfur  d iox ide-su l fa te  ion couple 
is more r ap id ly  regenera ted ;  however ,  few cell  pe r -  
formance da ta  were  r epor ted  for this  couple. As 
much as 30% of the coal has been ut i l ized for the 
reduct ion of the sulfate  ion and the resul ts  have  
given in teres t ing  informat ion  on coal chemistry.  
More success has been obta ined wi th  the  posi t ive 
electrode. Using bromine  in a solution of hyd ro -  
bromic acid as the cathodic mater ia l ,  it  has been 
found possible to r egenera te  the  b romine  at  room 
t empera tu r e  using oxygen in the presence of n i t rogen 
dioxide as a catalyst .  The group has repor ted  on the 
kinet ics  of this react ion (3).  

The opera t ing  character is t ics  of the stannous ion, 
bromine  cell are shown in Fig. 3. 

The concept of the redox fuel  cell is a ve ry  in-  
te res t ing  one, bu t  a complete  work ing  sys tem has 
not been developed.  The regenera t ion  problem,  es- 
pec ia l ly  of the negat ive  reac tan t  wi th  coal, has only 
been a t ta ined  wi th  low coal ut i l izat ion efficiency. The 
invest igators  are  of the opinion tha t  the ma te r i a l  
efficiencies tha t  can reasonably  be expected,  on the 
basis of the present  stage of development ,  are about  
70% for fuel  consumption,  90% for the cell, and 
60% over-a l l .  

Dur ing the discussion Dr. George J. Young, Penn-  
sy lvania  S ta te  Universi ty ,  rev iewed some of the re -  
cent work  in his l abora to ry  on electrodes re la ted  to 
fuel  cells. In the m e t a l - oxyge n  electrode system he 
indicated the impor tance  of the equi l ib r ium be tween  
the chemical ly  adsorbed s ta te  and the solution, the  
potent ia l  of the oxygen electrode depending on the 
na ture  of the chemisorbed state. The u l t ima te  l im-  
i ta t ion in cur ren t  densi ty  is the chemical  kinetics of 
the system, which includes the  ac t iva ted  adsorpt ion 
of reactants ,  ac t iva ted  desorpt ion of products ,  and 
the act ivat ion energy for surface mobil i ty .  He also 
rev iewed some work  on the re la t ionship  be tween  
the heat  of chemisorpt ion of hydrogen  on meta ls  as 
re la ted  to the d - b a n d  vacancies of the lat ter .  The 
chemical  adsorpt ion  energies are greates t  where  
there  is b inding  be tween the bonding orb i ta l  of the  
meta l  and the adsorbed substance. He has concluded 
that  the best  cata lys ts  for the hydrogen  anode are  the 
metals  of Group 8b. 

Al though there  was considerable  discussion of po-  
tent ia l  appl icat ions ve ry  few specific ones were  
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noted.  Dr. Evans  po in ted  out  tha t  the po r t ab i l i t y  a nd  
ava i l ab i l i t y  of power  on d e m a n d  f rom fuel  cells 
m a k e  t h e m  of in te res t  i n  n o n m i l i t a r y  par t s  of the  
economy.  However ,  it  appears  tha t  ce r t a in  m i l i t a r y  
appl ica t ions  a re  more  immedia te .  Dr. R. C. Sha i r  
and  Dr. H. L. Foote  of the  Bel l  Te lephone  L a b o r a -  
tories ind ica ted  tha t  the re  m a y  be a possible app l i -  
ca t ion of the  fuel  cell in  the  t e l ephone  system. Wi th  
the  decrease in  the n o m i n a l  power  r e q u i r e d  for t e le -  
phone  opera t ion  t h rough  the  g rea te r  use of t r ans i s -  
tors, a smal l  r e l i ab le  power  gene ra to r  of 1-100 w 
m a y  be requi red .  Such power  genera to r s  are e i ther  
no t  ava i l ab le  or are  inefficient and  uneconomic .  A 
re l i ab le  fuel  cell t ha t  could be opera ted  in  r emote  
areas as r equ i r ed  wou ld  there fore  be of in te res t  to 
this t e l ephone  appl ica t ion.  

I t  was  the  genera l  consensus  tha t  a fuel  cell s y m -  
pos ium should be held  w i t h i n  two to th ree  years.  

The  wr i t e r  wishes to acknowledge  the  ass is tance 
of the  m e m b e r s  of the pane l  a nd  Mr. U. B. Thomas.  

Manuscript  received Feb. 12, 1958. 
Any  discussion of this paper  will  appear in a Dis- 

cussion Section to be published in  the June  1959 
J O U R N A L .  
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ZnS:Sn,Li Phosphor 
A. Wachtel 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

Gar l i ck  and  Mason (1) have  descr ibed the  use of 
Sn  as an  ac t iva tor  in  ZnS,  r e su l t i ng  in  a red  photo-  
l uminescence  peaked  at  6450A. D u r i n g  the  course 
of some inves t iga t ions  of this system, it was  no ted  
tha t  the  use of Li salts ( and  to a lesser  degree,  Na 
salts)  resul t s  in  the  fo rma t ion  of a y e l l o w - e m i t t i n g  
photo-  and  ca thodo luminescen t  phosphor.  The best  
resul ts  were  ob ta ined  by  the  use of Li halides,  of 
which  only  ve ry  smal l  concen t r a t ions  (of the  order  
of 100 p p m )  are necessa ry  to effect the  convers ion  
to this system, a l though  about  4 mole  % were  found  
prac t ica l  so as to ob t a in  add i t iona l  f luxing  action. 

F igures  1 and  2 show the  exc i ta t ion  and  emiss ion  
spectra  at room t e m p e r a t u r e  of a typ ica l  hexa gona l  
ZnS:  Sn,Li  phosphor  p r epa red  w i t h  1 mole  % Sn a nd  
4 mole  % LiBr. I t  can be seen that ,  in  this case, the  
emiss ion at  4380A of Li in  ZnS  as repor ted  by  KrSger  
(2) for cubic  ZnS  is no t  apparen t .  The  exc i ta t ion  
spec t rum,  especia l ly  tha t  of Z n S : S n  (not  shown 
he re ) ,  has the  appea rance  of be ing  due to Cu (p re -  
s u m a b l y  p re sen t  as a c o n t a m i n a t i n g  i m p u r i t y )  so 
tha t  even  in  this  case an  ene rgy  t r ans fe r  could be 
v isua l ized  (3) .  

It  has b e e n  suggested (4) tha t  Sn, r ep lac ing  Zn, 
can act as a double  donor  center .  In  the  r e d - e m i t t i n g  
Z n S : S n  phosphor ,  the  Sn  m a y  be neu t r a l i z e d  by  a 
Z n - v a c a n c y .  On the  o ther  hand ,  charge  compensa -  
t ion  by  m o n o v a l e n t  cat ions such as Li wou ld  r equ i r e  
two such a toms for each a tom of Sn  present .  If the  
ene rgy  levels  of these are no t  e q u i v a l e n t  to each 
other,  t h e n  the  p resence  of the  double  peak  in  the  
emiss ion  spec t rum of Z n S : S n , L i  m a y  thus  be ex-  
p la inab le .  
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Fig. 1. Excitation spectra of ZnS:Sn,Li. Curve A, 5800.~. 
peak, not corrected for overlap; curve B, assumed peak at 
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A New Zinc-lodate Primary Battery 
J. L. Jones and A. B. Arranaga 

U. S. Naval Ordnance Test Station, Pasadena Annex, Pasadena, California 

ABSTRACT 

A new p r i m a r y  ba t t e ry  has been developed compris ing a zinc anode, a 
potass ium iodate  cathodic reactant ,  and an e lec t ro ly te  consist ing subs tan t ia l ly  
of sulfuric  acid. A reserve  ba t t e ry  of this type  is capable  of compara t ive ly  
high cur ren t  d ra in  rates,  typ ica l ly  0.092 a m p / c m  '~ (0.6 amp/ in ,  x) at a d ischarge 
potent ia l  of 1.6 v for 7 rain. A typ ica l ly  se l f -conta ined  ba t t e ry  capable  of oper-  
a t ing at  the above per formance  level  has an energy output  of 2.32 wat t  
m i n / c m  3 and wa t t  m i n / g  output  of 1.88. Procedures  have  been developed for  
manufac tur ing  low cost cells in a simplif ied type of mechanical  ba t t e ry  con- 
struction. P ro to type  bat ter ies  have  been constructed and exper imen ta l  da ta  
are  given on thei r  performance.  

A n  e x p e r i m e n t a l  p r o g r a m  has  been  c a r r i e d  out  a t  
t he  U. S. N a v a l  O r d n a n c e  Tes t  S t a t i o n  to d e v e l o p  
n e w  h igh  d r a i n  r a t e  p r i m a r y  b a t t e r i e s  for  o r d n a n c e  
app l i ca t ions .  As a r e su l t  of th is  i nves t iga t ion ,  a n e w  
e l e c t r o c h e m i c a l  couple  has  been  d e v e l o p e d  to a p r a c -  
t i ca l  s t age  for  p r i m a r y  b a t t e r y  app l i ca t ion .  

The  couple  consis ts  of  p o t a s s i u m  ioda t e  as the  
ca thod ic  r eac t an t ,  and  zinc m e t a l  as the  anodic  r e -  
a c t a n t  in the  p re sence  of su l fu r i c  ac id  as t he  e lec -  
t ro ly t e .  Two poss ib le  equa t ions  for  t he  r e a c t i o n  m a y  
be  w r i t t e n  as fo l lows:  

5Zn + 2KIO~ + 6H~SO~ ~ 5ZnSO4 + 

L + K~SO~ + 6H~O [1]  

3Zn + KIO~ § 3H.:SO~ ~ 3ZnSO,  -t- K I  + 3H~O [2] 

The  s t a n d a r d  h a l f - c e l l  r eac t ions  of t he  zinc anode,  
r e a c t i o n  [3] ,  a n d  the  i oda t e  ca thode ,  r e a c t i o n  [4] ,  as 
c o m b i n e d  b e l o w  in ac id  so lu t ion  y i e l d  a s t a n d a r d  
open  cel l  p o t e n t i a l  of 1.958 v, r e a c t i o n  [5]  (1) .  

Zn-~ Zn ++ + 2 e E ~ = 0.763 v [3] 

IO3-~- 6H + + 5e--> I / 2 L +  3H~O E ~ ~ 1.195v [4] 

5Zn + 2IOj ~- 12H + --> 5Zn ++ ~- I_~ -~ 6H~O 

E ~ : 1.958 v [5] 

Analytical results on the nature of actual cell reac- 
tions clearly indicate that both reactions [ i ]  and [2] 
occur, reaction [ i ]  being the dominant cell reaction 
at room temperature and higher, while reaction [2] 
becomes more important at temperatures down to 
0~ It is interesting to note that the experimental 
cell develops approximately 1.6 v at high current 
drains, e.g., 0.092 amp/cm ~ (0.6 amp/in. ~) as com- 
pared to the standard open-circuit voltage of 1.958 v. 

A review of the literature indicates that there has 
been no systematic cell investigation of the zinc- 
iodate couple. A passing reference in a British patent 
of 1884 mentions the use of iodate solutions in gal- 
vanic batteries as a depolarizing agent (2). A patent 
application is pending on the now developed zinc- 
iodate battery (3). 

The  b a t t e r y  d e v e l o p e d  f r o m  the  a b o v e  cel l  r e a c -  
t ion  has  been  of i n t e r e s t  for  o r d n a n c e  a p p l i c a t i o n  
p r o b l e m s  in v i ew  of i ts  h igh  a v a i l a b l e  c u r r e n t  d r a i n  
r a t e s  for  l i m i t e d  pe r iods  of t ime.  The  z i n c - i o d a t e  
b a t t e r y ,  as i t  has  been  d e v e l o p e d  m e c h a n i c a l l y ,  is a 
r e s e r v e  t y p e  of p r i m a r y  b a t t e r y  in  w h i c h  the  e lec -  
t r o l y t e  is r a p i d l y  fo rced  into  the  d r y  cel l  s t r u c t u r e  
b y  c o m p r e s s e d  c a r b o n  d iox ide  gas, a ided  b y  a p a r t i a l  
v a c u u m  p r e v i o u s l y  c r e a t e d  in t he  d r y  p l a t e  s t ruc tu re .  

E a r l y  w o r k  in  th is  e x p e r i m e n t a l  p r o g r a m  also a p -  
p l i ed  the  b r o m a t e  ion as a ca thod ic  r eac t an t .  Cel ls  
c on t a in ing  b r o m a t e  ion ca thodes  t e n d e d  to y i e ld  cel l  
vo l t a ge  vs. d i s c h a r g e  t i m e  cu rves  c o n s i d e r a b l y  less 
flat  t h a n  cel ls  u t i l i z ing  the  ioda te  ca thodes .  B r o m a t e  
and  ioda te  ca thodes  p r o d u c e d  cel ls  c a p a b l e  of d i s -  
c h a r g i n g  at  c o m p a r a b l e  c u r r e n t  dens i ty ;  howeve r ,  
t h e  b r o m a t e  cel ls  t e n d e d  to p r o d u c e  m o r e  h y d r o g e n  
gas. As  a r e su l t  of the  def ic iencies  of the  b r o m a t e  
c a t h o d e  as c o m p a r e d  to the  i oda t e  ca thode ,  a dec i -  
s ion was  m a d e  to deve lop  the  i oda t e  cell .  

Experimental 
The Zinc-Iodate Cell 

The  bas ic  e l e m e n t  in the  cel l  cons t ruc t i on  is an 
e lec t rode ,  a p p r o x i m a t e l y  0.10 c m  (0.04 in.)  th ick ,  
~vhich has  the  fo l l owing  s t r u c t u r e :  A zinc sheet ,  
0.020 cm (0.008 in.)  th ick ,  is coa ted  on one side w i t h  
a s i lve r  p i g m e n t e d  pa in t ,  a p p r o x i m a t e l y  0.002 cm 
(0.0007 in.)  th ick .  Bonded  to the  s i lve r  l a y e r  is a 
ca thod ic  r e a c t a n t  m i x  in w h i c h  p o t a s s i u m  ioda te  is 
the  ac t ive  i ng red i en t ,  m a d e  e l e c t r i c a l l y  c onduc t i ng  
b y  the  a d d i t i o n  of g r a p h i t e  and  a c e t y l e n e  b lack .  In  
p r inc ip l e ,  the  e l ec t rodes  can  be  s tacked ,  the  anode  
s ide  of one e l e c t r o d e  f ac ing  the  c a thode  side of t he  
n e x t  e lec t rode ,  s e p a r a t e d  b y  a 0.10 cm (0.04 in.)  
ga ske t  and  r o u n d  space r s  to p r o v i d e  r o o m  for  t h e  
e l e c t r o l y t e  (see Fig.  1). The  b a t t e r y  is a c t i v a t e d  and  
m a d e  e l e c t r i c a l l y  c onduc t i ng  b y  i n t r o d u c i n g  the  
e l e c t r o l y t e  r a p i d l y  in to  the  d r y  cel l  p l a t e  s t r u c t u r e  
of the  b a t t e r y .  A l l  of the  e x p e r i m e n t a l  p r o g r a m  has  
been  d e s i g n e d  to p r o d u c e  a cel l  c a p a b l e  of d i s c h a r g -  
ing w i t h i n  a second  or  less a t  h igh  d r a i n  r a t e  a f t e r  
i n t r o d u c i n g  the  e l ec t ro ly t e .  
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Fig 1. Exploded view of eleven-cell battery 

The ca thode  d r y  m i x t u r e  consis ts  of the  fo l lowing  
[ fo r  645 cm 2 (100 in. 2) s u r f a c e ] :  

G r a m s  P e r  c e n t  

P o t a s s i u m  ioda te  ( - -120 m e s h )  29.5 57.1 
G r a p h i t e  (Acheson  No. 38) 21.1 40.8 
A c e t y l e n e  b lack ,  50% compres s ion  1.1 2.1 

51.7 100.0 

The  d r y  m i x t u r e  was  b l e n d e d  for  1 h r  in a r o t a r y  
m i x e r  and  t hen  b l e n d e d  for  a p p r o x i m a t e l y  5 m i n  
w i t h  a p r e s c r i b e d  a m o u n t  of p o l y v i n y l  ace t a t e  b inde r .  
In  a t y p i c a l  cel l  cons t ruc t ion ,  the  t h i ckness  of t he  
ca thod ic  r e a c t a n t  [0.080 cm (1 /32  i n . ) ]  t h i ck  was  
eas i ly  r e g u l a t e d  b y  c e m e n t i n g  on a r u b b e r  ga ske t  of 
the  p r o p e r  t h i cknes s  to t he  p e r i p h e r y  of t he  zinc 
shee t  (Fig .  1), p r o v i d i n g  an  i n t e r i o r  a r e a  w h i c h  was  
cove red  w i t h  the  p a s t y  ca thode  m i x  to t he  top  l eve l  
of the  gaske t .  A f t e r  a i r  d r y i n g  for  1/2 hr,  the  w e t  
ca thode  was  b a k e d  for  1 h r  at  105~ The  p r o p o r t i o n  
of d r y  ca thode  m i x  i n g r e d i e n t s  of g r a p h i t e  and  
a c e t y l e n e  b l a c k  w e r e  a r r i v e d  at  e x p e r i m e n t a l l y  to 
p r o v i d e  a m i x t u r e  of p r o p e r  e l e c t r i c a l  c o n d u c t i v i t y  
for  t he  ca thode  p l a t e  s t ruc tu re .  The  func t ion  of the  
s i lve r  su r f ace  coa t ing  is to p r o v i d e  an  e l e c t r i c a l l y  
conduc t i ng  l a y e r  w h i c h  p h y s i c a l l y  and  c h e m i c a l l y  
s e p a r a t e s  t he  zinc anode  and  the  p o t a s s i u m  ioda t e  
ca thode  and  p r e v e n t s  t h e i r  d i r ec t  r e a c t i o n  in the  
p re sence  of t he  su l fu r i c  ac id  e l ec t ro ly t e .  The  e lec -  
t r o l y t e  v o l u m e  was  p r o v i d e d  b y  c e m e n t i n g  t y p i c a l l y  
0.119 cm (3 /64  in.)  t h i c k  n e o p r e n e  r u b b e r  gaske t s  
and  space r s  to the  c l ea r  zinc su r f ace  of t he  e lec t rode .  

The  d r y  p l a t e  s t r u c t u r e  of a b a t t e r y  was  s i m p l y  
c o m p l e t e d  b y  c e m e n t i n g  the  zinc anode  face  of one 
e lec t rode ,  f i t ted  w i t h  an  e l e c t r o l y t e  ga ske t  and  spac -  
ers, to the  i o d a t e  c a thode  face  of an  a d j a c e n t  e lec -  
t rode .  The  cel l  f o r m e d  was  n o m i n a l l y  0.203 cm 
(0.080 in.)  th ick .  Cel l  s t r u c t u r e  thus  a s s e m b l e d  into  
packs  f o r m e d  e l ec t r i ca l  ser ies  of cel ls  w h e n  f i l led 
w i t h  e l ec t ro ly t e .  The  p o w e r  was  w i t h d r a w n  f rom 
tabs  on the  end p la tes .  The  m a x i m u m  n u m b e r  of 
cel ls  p l a c e d  in ser ies  to da t e  is 25, b u t  t h e r e  is no 
r eason  the  n u m b e r  canno t  be m u c h  l a rge r .  

The  e l e c t r o l y t e  cons i s t ed  of 8.0N H_.SO, + 0.5N 
HC1 + 2% HgCI~. I t  was  found  t h a t  m e r c u r i c  ch lo -  
r ide  was  v e r y  effect ive  in r e d u c i n g  the  f o r m a t i o n  of 
h y d r o g e n  gas  to a low level .  The  use of 0.5N HC1 in 
con junc t i on  w i t h  8.0N H~SO4 i n c r e a s e d  the  vo l t age  of 
the  b a t t e r y  at  low t e m p e r a t u r e ,  i.e., 0~ 

The Cell Reaction 

Cells  of the  fo l lowing  cons t ruc t i on  w e r e  d i s -  
c h a r g e d  at  va r i ous  t e m p e r a t u r e s  f rom 0~176  

Z i n c / 8 N  H~SO, + 0.5N HC1 + 3% H g C 1 J K I O ,  

The  cel ls  w e r e  d i s c h a r g e d  a t  cons t an t  e x t e r n a l  r e -  
s i s tance  to a 1 -v  cut -of f  a t  c u r r e n t  dens i t i e s  of a p -  
p r o x i m a t e l y  0.0853 a m p / c m  ~ (0.55 amp/ in .~ ) .  The  
a v e r a g e  vo l t ages  p r o d u c e d  w e r e  a p p r o x i m a t e l y  1.5 
v, e x c e p t  for  the  0 ~ d i scharge ,  w h i c h  p r o d u c e d  an  
a v e r a g e  1.16 v. 

The  spen t  e l e c t r o l y t e  was  r e m o v e d  and  saved  and  
the  cel l  r i n sed  t h o r o u g h l y  w i t h  d i s t i l l ed  w a t e r .  The  
e l e c t r o l y t e  w i t h  r ins ings  was  a n a l y z e d  for  t o t a l  h y -  
d r o g e n  ion, iodine,  iod ide  ion, ch lo r ide  ion, and  zinc 
ion. A 1.3 X 15 cm (1/2 • 6 - in . )  s t r ip  was  cut  v e r -  
t i c a l l y  f rom the  c e n t e r  p o r t i o n  of the  c a t h o d e  [o r ig -  
i n a l l y  15 • 15 cm (6 • 6 i n . ) ]  a n d  t h e  ca thode  
m a t e r i a l  s c r a p e d  f rom the  zinc and  e x t r a c t e d  w i t h  
wa te r .  The  e x t r a c t  and  r ins ings  w e r e  a n a l y z e d  for  
iod ine  and  iodate .  

In  bo th  t h e  e l e c t r o l y t e  and  ca thode  ana lyses ,  
iod ine  was  e x t r a c t e d  w i t h  c a r b o n  t e t r a c h l o r i d e  and  
d e t e r m i n e d  b y  t i t r a t i o n  w i t h  s t a n d a r d  s o d i u m  th io -  
su l fa te .  To d e t e r m i n e  the  q u a n t i t y  of i o d a t e  p resen t ,  
an  a l i quo t  p o r t i o n  of  t he  so lu t ion  o b t a i n e d  in t he  
ca thode  e x t r a c t i o n s  was  t r e a t e d  With an  excess  of 
K I  and  t i t r a t e d  w i t h  s t a n d a r d  sod ium th iosu l fa t e .  

The  to ta l  a c t i v i t y  was  m e a s u r e d  p o t e n t i o m e t r i -  
ca l ly  b y  t i t r a t i o n  w i t h  s t a n d a r d  s o d i u m  h y d r o x i d e  
solut ion .  

Iod ide  and  ch lo r ide  w e r e  a n a l y z e d  t o g e t h e r  vo l -  
u m e t r i c a l l y  and  g r a v i m e t r i c a l l y  b y  p r e c i p i t a t i o n  
w i t h  s i lve r  n i t r a t e .  In  the  v o l u m e t r i c  ana lys i s  an  
excess  of s t a n d a r d  s i lve r  n i t r a t e  was  a d d e d  and  the  
excess  b a c k - t i t r a t e d  w i t h  s t a n d a r d  p o t a s s i u m  t h i o -  
c y a n a t e  solut ion.  The  r e su l t s  of the  v o l u m e t r i c  and  
g r a v i m e t r i c  ana lyse s  w e r e  e x p r e s s e d  in  t he  fo rm of 
two  equa t ions  w h i c h  w e r e  so lved  s i m u l t a n e o u s l y  for  
the  quan t i t i e s  of t he  ha l ides .  

Zinc  was  d e t e r m i n e d  g r a v i m e t r i c a l l y  b y  t r e a t -  
m e n t  of a l i quo t  po r t i ons  of the  spen t  e l e c t r o l y t e  
w i t h  d i a m m o n i u m  h y d r o g e n  p h o s p h a t e  and  w e i g h -  
ing  as t he  p y r o p h o s p h a t e .  

A c c o r d i n g  to T a b l e  I less  t ha t  10% of the  zinc 
c o n s u m e d  e n t e r e d  into  s ide  reac t ions .  This  ind ica t e s  
t h a t  t he  p r e d o m i n a n t  s ide  r eac t ions  do not  i nvo lve  
zinc. 

The  va lue s  in Tab le  I i nd i ca t e  tha t ,  excep t  for  t he  
0 ~ d i scharge ,  the  u n u s e d  ac id  r e m a i n i n g  a f t e r  t he  
d i s c h a r g e  was  16-29% of t he  o r ig ina l .  The  46.1% 
acid  r e m a i n i n g  at  0 ~ is i n d i c a t i v e  of the  s lowness  of  
the  cel l  r e a c t i o n  at  th is  t e m p e r a t u r e .  The  h y d r o g e n  
ion  c o n s u m e d  in s ide r eac t ions  v a r i e d  b e t w e e n  
14-41%,  d e p e n d i n g  on w h i c h  c u r r e n t - p r o d u c i n g  r e -  
ac t ion  is pos tu l a t ed ,  be ing  g r e a t e r  a t  40 ~ 55 ~ a n d  
65 ~ t h a n  at  26 ~ and  0~ 

The  re su l t s  in Tab le  I show tha t ,  excep t  for  t he  0 ~ 
d i scha rge ,  t he  a m o u n t  of p o t a s s i u m  ioda te  r e m a i n i n g  
u n r e a c t e d  in the  cel l  was  14-29% of t he  o r ig ina l  
amoun t .  A l l  cel ls  w e r e  d i s c h a r g e d  to t he  1 -v  end  
poin t .  In  the  0 ~ d i s c h a r g e  the  u n r e a c t e d  ioda te  was  
a p p r o x i m a t e l y  o n e - h a l f  of t he  o r ig ina l .  The  p e r c e n t -  
age  of p o t a s s i u m  ioda t e  c o n s u m e d  in t he  p r o d u c t i o n  
of c u r r e n t  also r e p r e s e n t s  t he  e l ec t r i ca l  eff iciency of 
t h e  cell .  The  efficiency is g r e a t e s t  a t  r oom t e m p e r a -  
t u r e  (26~  and  becomes  less as t h e  a m b i e n t  t e m -  
p e r a t u r e  r ises  t o w a r d  65~ or  fa l l s  t o w a r d  0~ The  
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Table I. Distribution of reactant consumption 
(Per cent of original cell reactants) 
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Z n  c o n s u m e d  R e a c t i o n  [ 1 ] R e a c t i o n  [2 ] 
i n  s i d e  H +  u s e d  i n  H +  u s e d  i n  H +  u s e d  i n  

E x p .  T e m p ,  ~  r e a c t i o n  c e l l  r e a c t ,  s i d e  r e a c t ,  c e l l  r e a c t .  
H +  u s e d  i n  
s i d e  r e a c t .  

U n r e a c t e d  K I D 3  u s e d  K I O a  
K I D s  i n  p r o d u c i n g  u n a c c o u n t e d  

i n  c a t h o d e  current  for  

1 65 45.5 32.9 37.9 40.5 14.3 38.4 47.3 
2 55 9.7 55.0 28.4 45.8 37.6 25.8 40.6 33.6 
3 40 5.5 51.8 19.5 43.1 28.2 23.5 40.6 35.9 
4 26 60.1 14.9 50.0 25.0 29.0 57.6 13.4 
5 0 5.1 39.9 14.0 33.2 20.6 51.5 36.1 12.4 

t e n d e n c y  of t he  ca thod ic  r e a c t a n t  to e n g a g e  in s ide  
r eac t i ons  inc reases  as t he  t e m p e r a t u r e  r ises .  The  
mos t  f a v o r a b l e  a m b i e n t  t e m p e r a t u r e  for  d i s c h a r g e  
a p p e a r s  to be  abou t  26~ 

F r o m  T a b l e  I t he  q u a n t i t y '  of p o t a s s i u m  ioda t e  u n -  
r e a c t e d  in t he  cel l  d i s c h a r g e  is known ,  a n d  th is  v a l u e  
s u b t r a c t e d  f r o m  the  a m o u n t  o r i g i n a l l y  p r e s e n t  g ives  
the  a m o u n t  of p o t a s s i u m  ioda t e  consumed .  The  
q u a n t i t y  of p o t a s s i u m  ioda te  c o n s u m e d  m a y  also be  
c a l c u l a t e d  f rom the  iod ide  a n d  iod ine  f o u n d  b y  
c h e m i c a l  ana lys i s ,  p r o v i d e d  the  r e c o v e r y  is 100%. 

Iod ide  ion and  iod ine  w e r e  p r o b a b l y  p a r t i a l l y  u n -  
r e c o v e r e d  for  s e v e r a l  reasons .  M e r c u r i c  ch lor ide ,  
p r e s e n t  in  t h e  e l ec t ro ly t e ,  can  r e a c t  w i t h  iod ide  or  
iodine .  

A l t h o u g h  the  q u a n t i t i e s  of iod ine  and  iod ide  r e -  
cove red  in t he  c h e m i c a l  ana lyse s  d id  no t  a p p r o a c h  
the  t h e o r e t i c a l  va lues ,  the  quan t i t i e s  of i od ine  d e -  
t e r m i n e d  w e r e  f a i r l y  cons i s t en t  w i t h  each  o t h e r  a t  
t he  va r i ous  t e m p e r a t u r e s .  H o w e v e r ,  the  v a l u e s  for  
iod ide  ion a t  0 ~ and  26~ w e r e  c o n s i d e r a b l y  g r e a t e r  
t h a n  those  a t  the  h i g h e r  d i s c h a r g e  t e m p e r a t u r e s .  
This  seems  to i n d i c a t e  t ha t  a t  the  l o w e r  t e m p e r a -  
t u r e s  the  c u r r e n t - p r o d u c i n g  r e a c t i o n  t ends  m o r e  to -  
w a r d  the  f o r m a t i o n  of iod ide  ion  r a t h e r  t h a n  iodine,  
t ha t  is, Eq. [2]  r a t h e r  t h a n  Eq. [1] .  

Power Output of the Cell 
The  p o w e r  o u t p u t  of the  cel l  is shown  in Fig.  2, 

w h i c h  i l l u s t r a t e s  a t y p i c a l  d i s c h a r g e  for  a 232 cm 2 
(36 in. s) cell .  The  z i n c - i o d a t e  cel l  h a d  a t y p i c a l  c u r -  
r en t  d e n s i t y  of 0.104 a m p / c m  ~ (0.67 a m p / i n ,  s) ; h o w -  
ever ,  c u r r e n t  dens i t i e s  as h igh  as 0.155 a m p / c m  ~ 
(1.0 a m p / i n ,  s) could  be  o b t a i n e d  for  shor t  pe r i ods  of 
t ime.  The  flat  v o l t a g e  c h a r a c t e r i s t i c s  of the  cel l  d i s -  
c h a r g e  is p a r t i c u l a r l y  d e s i r a b l e  for  o p e r a t i o n  of 
e l ec t ron ic  e q u i p m e n t .  F o r  des ign  p u r p o s e s  in  t e s t -  
ing the  cell ,  p o w e r  was  u s u a l l y  w i t h d r a w n  f r o m  the  
cel l  u n t i l  t h e r e  was  a 15% v o l t a g e  drop.  

A l t h o u g h  the  d e v e l o p m e n t  w o r k  was  d i r e c t e d  
p r i m a r i l y  t o w a r d  h igh  d i s cha rge  r a t e s  for  shor t  i n -  
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t e r v a l s  of t ime,  sufficient  i n f o r m a t i o n  was  g a t h e r e d  
to i n d i c a t e  t h a t  the  b a t t e r y  is p r o b a b l y  c a p a b l e  of 
d i s c h a r g i n g  ove r  pe r i ods  of s e v e r a l  hours .  F i g u r e  3 
i l l u s t r a t e s  t he  t y p i c a l l y  d e v e l o p e d  cel l  vo l t a ge  as a 
func t ion  of c u r r e n t  d e n s i t y  for  v a r y i n g  d i s cha rge  
pe r iods  of t ime.  As  w o u l d  be  expec t ed ,  the  a v e r a g e  
cel l  vo l t a ge  is h i g h e r  for  the  l onge r  d i s c h a r g e  t ime .  
In  t hese  cel ls  the  zinc a n o d e  was  0.013 cm (0.005 
in.)  t h i ck  and  the  i oda t e  c a thode  was  0.080 cm (1 /32  
in.)  th ick .  The  e l ec t rode  spac ing  for  the  e l e c t r o l y t e  
is as i n d i c a t e d  in Fig.  3. 

A Prototype Battery 

A z i n c - i o d a t e  p r i m a r y  b a t t e r y  for  a m i l i t a r y  a p -  
p l i c a t i on  was  des igned  to t he  fo l l owing  speci f ica-  
t ions :  

A v e r a g e  emf,  v 26.5 • 1 
A v e r a g e  cu r ren t ,  a m p  135 -- 2 
D i s c h a r g e  t ime,  m i n  8 
Weigh t ,  kg  14.1 (31 lb)  
Leng th ,  cm 27.2 (10.7 in.)  
D i a m e t e r ,  cm 23.1 (9.1 in.)  

The  b a t t e r y  consis ts  of a d r y - p l a t e  sec t ion  (Fig .  4, 
l o w e r )  and  an  e l e c t r o l y t e  c h a m b e r  (Fig .  4, u p p e r ) .  
The  b a t t e r y  case  is m a d e  of 0.025 cm (0.010 in . )  
s tee l  sheet .  The  e l ec t ro ly t e ,  cons i s t ing  of 8N H~SO~ 
-F 0.5N HC1 + 2% HgCL, is con t a ined  in  a r u b b e r  
bag.  The  d r y - p l a t e  s t r u c t u r e  is housed  in an  e l e c t r i -  
c a l l y  i n s u l a t e d  and  v a c u u m - s e a l e d  con ta ine r .  The  
p o w e r  t e r m i n a l s  a r e  l oca t ed  b e n e a t h  the  p l a t e  s t r u c -  
t u r e  and  a re  b r o u g h t  ou t  of t he  case t h r o u g h  g lass -  
i n s u l a t e d  connec tors .  The  e l e c t r o l y t e  bag  is con-  
nec t ed  to the  l o w e r  ha l f  of t he  b a t t e r y  t h r o u g h  an  
a s s e m b l y  cons i s t ing  of an  a c i d - r e s i s t a n t  f i t t ing,  an  
O - r i n g  seal,  a n d  a p la s t i c  d i a p h r a g m  w h i c h  is i n -  
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Fig. 4. Part ial sectional e levat ion view of a prototype bat tery 

t e g r a l  w i t h  t he  e v a c u a t e d  sec t ion  of the  b a t t e r y .  
U p o n  ac t iva t ion ,  gas  u n d e r  p r e s s u r e  forces  a p l u n g e r  
to b r e a k  the  glass  d i a p h r a g m ,  w h e r e u p o n  the  e l ec -  
t r o l y t e  is d r a w n  r a p i d l y  in to  the  cel ls  t h r o u g h  a set  
of duc ts  l oca t ed  at  t he  top of the  cells.  S i m u l t a n e -  
ously,  CO2 gas  p r e s s u r e  is e x e r t e d  on the  ou t s ide  of 
the  r u b b e r  b a g  to ass is t  in r a p i d  f i l l ing of the  cells.  

The  d r y - p l a t e  s t r u c t u r e  consis ts  of s ix  cel l  packs  
connec t ed  in pa r a l l e l .  Each  pack  consists ,  in tu rn ,  
of 17 cel ls  in ser ies ,  and  is de s igned  to p r o d u c e  22.5 
a m p  at  26.5 v. A p a c k  is f a b r i c a t e d  as a un i t  b y  first  
a s s e m b l i n g  the  cel l  b ipo l e  p la tes ,  us ing  r u b b e r  
O - r i n g  s tock  for  spac ing  and  i n su l a t i on  purposes ,  
t hen  p o t t i n g  t h e  a s s e m b l y  w i t h  res in .  The  top  is le f t  
open.  S ix  p a c k s  a r e  p o t t e d  t o g e t h e r  in a m o l d  to 
fo rm a b lock  and  the  duc t  p l a t e  is c e m e n t e d  to the  
open  s ide  of the  cel l  b lock .  Next ,  the  bus  b a r s  a r e  
a t t a c h e d  to the  b o t t o m  of t he  cel l  b lock  and  the  
w h o l e  a s s e m b l y  i n s e r t e d  into  the  b a t t e r y  case. R e -  
m a i n i n g  ope ra t i ons  cons is t  of a t t a c h i n g  fi t t ings,  f i l l -  
ing  d e a d  space  w i t h  res in ,  s ea l ing  the  can,  a n d  a t -  
t a ch ing  h e a t i n g  un i t s  and  the  e l e c t r o l y t e  sect ion.  
The  e l e c t r o l y t e  bag  is f i l led in the  field ju s t  be fo re  
f i e ld - check  of the  to rpedo .  

A f e a t u r e  not  i n c o r p o r a t e d  in the  des ign  of the  
b a t t e r y  was  a m e a n s  w h i c h  has  been  dev i sed  for  
l eve l ing  the  e l e c t r o l y t e  in a cel l  p a c k  shou ld  some of 
t he  cel ls  no t  fill comple t e ly .  H o w e v e r ,  t h e r e  is a t  
p r e s e n t  no r eason  to b e l i e v e  t ha t  the  cel ls  w i l l  not  
fill comple t e ly .  A s l ight  excess  of e l e c t r o l y t e  w i l l  i n -  
su re  th is  fact .  F i g u r e  5 shows  a t y p i c a l  b a t t e r y  d i s -  
cha rge  of the  cons t ruc t i on  i l l u s t r a t e d  in Fig.  4. A 
w e l l - c o n s t r u c t e d  b a t t e r y  of the  t y p e  d e s c r i b e d  d i s -  
c h a r g e d  for  7.3 min  to a 23-v  end  point .  The  a v e r a g e  
p o t e n t i a l  of t he  d i s c h a r g e  w a s  26.9 v and  the  a v e r -  
age  c u r r e n t  was  134.2 amp .  These  va lue s  c o m p a r e  
f a v o r a b l y  w i t h  t he  spec i f ica t ion  r e q u i r e m e n t  for  a 
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Fig. 5. Discharge of a zinc-iodate battery 
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p o t e n t i a l  of 26.5 --+ 1 v a n d  a c u r r e n t  of 135 --+ 2 amp .  
The  d i s c h a r g e  t i m e  of the  b a t t e r y  f a v o r a b l y  a p -  
p r o a c h e d  the  8 - m i n  d i s c h a r g e  t ime  des ign  l imi t .  
The  a c t i va t i on  t i m e  of the  b a t t e r y  was  2.1 sec to a 
r i s ing  t r a n s i e n t  20-v  d i s c h a r g e  p o t e n t i a l  u n d e r  load,  
w e l l  w i t h i n  the  spec i f ica t ion  r e q u i r e m e n t s  of 5 sec. 
I t  is e x p e c t e d  t h a t  some f u r t h e r  i m p r o v e m e n t  can 
be m a d e  in the  p e r f o r m a n c e  of the  b a t t e r y  b y  f u r -  
t he r  changes  in  des ign.  

D i s c u s s i o n  

A t y p i c a l  t y p e  of b a t t e r y  des ign  has  been  i l l u s -  
t r a t e d  in the  p r e v i o u s  d iscuss ion,  be ing  c y l i n d r i c a l  
in ge ne ra l  conf igura t ion .  T h e r e  is l i t t l e  d o u b t  t ha t  
th is  b a t t e r y  can  be  c o n s t r u c t e d  i n e x p e n s i v e l y  in  a 
v a r i e t y  of sizes and  shapes  to m e e t  v a r y i n g  m i l i t a r y  
a n d  c o m m e r c i a l  r e q u i r e m e n t s .  The  m e c h a n i c a l  de -  
s ign of the  b a t t e r y  can  be  m a d e  fa r  m o r e  f lex ib le  
t h a n  the  t y p i c a l  r e c t a n g u l a r  shape  of c o m m e r c i a l  
ba t t e r i e s .  The  r a p i d  a c t i va t i on  t i m e  u n d e r  load  of 
the  b a t t e r y  is a n o t h e r  d i s t i nc t  a d v a n t a g e ,  be ing  of 
t he  m a g n i t u d e  of 1-2 sec, to  a v o l t a g e  a p p r o x i m a t i n g  
the  w o r k i n g  level .  The  b a t t e r y  is of t he  p r i m a r y  
t y p e  a n d  was  des igned  for  h i g h - c u r r e n t  d r a i n  a p p l i -  
cat ions .  A t y p i c a l  r e s e r v e  b a t t e r y  of th is  t y p e  is ca -  
p a b l e  of p r o d u c i n g  a d i s c h a r g e  p o t e n t i a l  of 1.6 v, for  
7 min ,  a t  a c u r r e n t  d r a i n  r a t e  of 0.092 a m p / c m  2 (0.6 
amp/ in .~) .  A s e l f - c o n t a i n e d  b a t t e r y  of th is  type ,  
o p e r a t e d  a t  t he  a b o v e  p e r f o r m a n c e  level ,  has  an  e n -  
e r g y  o u t p u t  of 2.32 w a t t  m i n / c m  3 and  a w a t t  m i n / g  
o u t p u t  of 1.88. The  b a t t e r y  has  been  o p e r a t e d  at  
c u r r e n t  d r a i n s  of as h igh  as 0.140 a m p / c m  2 (0.9 
a m p / i n / ) .  C o n s i d e r i n g  a s ingle  cel l  s t r u c t u r e  a lone,  
composed  of a zinc anode,  a t y p i c a l  i oda t e  c a thode  
( w i t h o u t  a zinc shee t  b a c k i n g ) ,  and  su l fu r i c  ac id  
e l ec t ro ly t e ,  the  e n e r g y  o u t p u t  of a s ing le  cel l  w i t h -  
out  a u x i l i a r y  m e c h a n i c a l  s t r u c t u r e s  is 5.38 w a t t  
m i n / c m  ~ and  2.61 w a t t  m i n / g  for  a t y p i c a l  d i s cha rge  
t i m e  of 7 rain.  The  i n e x p e n s i v e  chemica l s  u sed  in 
th is  b a t t e r y  a r e  i m p o r t a n t  for  bas ic  o v e r - a l l  low 
b a t t e r y  costs. The  i n e x p e n s i v e  t in  can  t y p e  of m e -  
chan ica l  b a t t e r y  cons t ruc t i on  is also i m p o r t a n t  for  
r a p i d  m a n u f a c t u r e  of l o w - c o s t  ba t t e r i e s .  

T h e r e  a r e  i nd i ca t ions  t h a t  the  b a t t e r y  can  be  a d -  
j u s t e d  to d i f fe ren t  e n v i r o n m e n t a l  t e m p e r a t u r e  con-  
d i t ions  b y  c h a n g i n g  the  compos i t i on  of the  e l e c t r o -  
ly te .  S u l f u r i c  ac id  e l e c t r o l y t e  is s u i t a b l e  at  h igh  
t e m p e r a t u r e  app l i ca t ions .  I n c r e a s i n g  a m o u n t s  of h y -  
d roc h lo r i c  ac id  shou ld  be  a d d e d  to t he  e l e c t r o l y t e  as 
the  e n v i r o n m e n t a l  o p e r a t i n g  t e m p e r a t u r e  d rops  t o -  
w a r d  0~ 

T h e r e  are,  of course ,  l i m i t a t i o n s  in the  a p p l i c a -  
t ions  of the  b a t t e r y .  This  b a t t e r y ,  l i ke  o the r  e l e c t r o -  
c h e m i c a l  sys tems ,  is inef fec t ive  at  v e r y  low a m b i e n t  
t e m p e r a t u r e s ,  i.e., b e l o w  0~ T h e r e  is a t e n d e n c y  
for  the  b a t t e r y  to o v e r h e a t  and  lose e l e c t r o l y t e  b y  
bo i l i ng  at  h igh  c u r r e n t  d r a i n  ra tes .  In  a o n e - s h o t  
dev i ce  such  as a miss i le ,  if  t he  d i s c h a r g e  t ime  of  t he  
b a t t e r y  is a d j u s t e d  to t he  l i f e t i m e  of the  d e s i r ed  
miss i l e  app l i ca t ion ,  th is  is of less i m p o r t a n c e .  The  
f r a g m e n t a r y  i n f o r m a t i o n  a v a i l a b l e  f rom p r e l i m i -  
n a r y  r e s e a r c h  ind i ca t e s  t h a t  th is  p r i m a r y  b a t t e r y  
has  a c o m p a r a t i v e l y  shor t  l i fe  a f t e r  a c t i v a t i o n  w i t h  
e l ec t ro ly t e ,  i.e., hours  r a t h e r  t h a n  days ,  due  to se l f -  
d i scha rge .  
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As  f a r  as t he  w r i t e r s  a r e  aware ,  th is  b a t t e r y  r e p -  
r e s en t s  t he  first  p r a c t i c a l  d e m o n s t r a t i o n  of th is  e l ec -  
t r o c h e m i c a l  couple .  On th is  s a m e  t y p e  of t e chn i ca l  
basis ,  t he  p e r f o r m a n c e  of the  z i n c - b r o m a t e  coup le  
shou ld  also be  s tud ied .  

Manuscr ip t  received Jan.  3, 1958. 
Any  discussion of this paper  wil l  appear  in a Dis-  

cussion Section to be publ i shed  in the June  1959 
JOURNAL. 
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Halogen-Activated Solid Electrolyte Cell 
J. L. Weininger 

Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

A new type of silver halide solid electrolyte cell consists of a small bead of 
silver halide with tantalum and silver wires, cathode and anode, respectively. 
The mechanism of the electrochemical reaction of this cell has been determined. 
When the cell is exposed to bromine or iodine vapor, it is a promising primary 
cell for elevated temperatures. With silver iodide as electrolyte, the cell can 
be recharged several times. 

His to r i ca l ly ,  e l e c t r o c h e m i c a l  cel ls  w i th  sol id  e lec -  
t r o l y t e s  w e r e  first  u sed  b y  R e i n h o l d  (1) .  He 
s t u d i e d  t h e r m o c e l l s  as an  o u t g r o w t h  of his  w o r k  on 
c h e m i c a l  e q u i l i b r i a  b e t w e e n  sol id  sal ts .  L i k e w i s e  
W a g n e r  used  sol id  e l e c t r o l y t e s  in g a l v a n i c  cel ls  in  
his  s t u d y  of the  conduc t ance  of sol ids  (2) .  These  
cel ls  h a v e  come into  p r o m i n e n c e  r e c e n t l y  beca use  of 
t he  d e v e l o p m e n t  of e l ec t ron ic  e q u i p m e n t ,  such as 
ion chamber s ,  s c in t i l l a t i on  counters ,  or  p h o t o m u l -  
t i p l i e r  tubes ,  w h i c h  r e q u i r e s  h igh  vo l t ages  and  v e r y  
sma l l  cu r ren t s .  

G e n e r a l l y ,  sol id  e l e c t r o l y t e  cells,  as d i s t i n g u i s h e d  
f rom cells  w i t h  l i qu id  e l ec t ro ly t e s ,  h a v e  the  a d v a n -  
t age  of s i m p l e r  cons t ruc t ion .  By  r e d u c i n g  t h e i r  
w e i g h t  and  size, b a t t e r i e s  can  be  m i n i a t u r i z e d .  T h e i r  
d i s a d v a n t a g e  is t h a t  t he  sol id  e l e c t r o l y t e  has  a h igh  
i n t e r n a l  impedance ,  w h i c h  r e su l t s  in s h o r t - c i r c u i t  
c u r r e n t s  or  flash c u r r e n t s  of t he  o r d e r  of a few 
m i c r o a m p e r e s  at  r o o m  t e m p e r a t u r e .  

Cells with Silver Halide Electrolytes 
The  sol id  e l e c t r o l y t e s  of t he  p r e s e n t  w o r k  a r e  

s i lve r  ha l ides ,  because  t h e y  h a v e  r e l a t i v e l y  l a r g e  
ionic  conduc t iv i t i e s .  T h e i r  use  in  s o l i d - s t a t e  cel ls  
has  been  d e s c r i b e d  b y  Lehovec  and  B r o d e r  (3)  and  
van  d e r  G r i n t e n  (4 ) .  The  cel ls  d e v e l o p e d  b y  v a n  
de r  G r i n t e n  consis t  of t he  fo l lowing :  

�9 ELECTROLYTE G 
CATHODE AgBr ANODE 
CuBr~ -l- C Ag 

The reactions as postulated by van der Grinten 
are: 
Electrode CuBr. --> I/2Cu2Br_o -b I/2Br9 Ag -~ Ag § ~- e- 

reactions i/2Br~ ~- Ag + ~ e--> AgBr 

Cell 

reaction: I/2Br~ ~ Ag--~ AgBr 

Over-all 

reaction: CuBr2 ~- Ag-~ i/2Cu~Br~ -l- AgBr 

~ PYREX TUBE 

CATHODE~-ooooooo IoJ, ~-P, 
ANODE ~) ACJ 

Aa B r 

BASIC CELL 

Fig. I. Basic cell 

In  th is  cel l  i t  is poss ib l e  to r e p l a c e  t he  ca thode  
mix ,  the  source  of b r o m i n e  vapor ,  w i t h  an  i n e r t  
m e t a l l i c  conduc tor ,  a t  w h i c h  the  ha loge n  v a p o r  r e -  
acts  d i r ec t ly ,  e.g., in the  cel l  

�9 P t  (or  Ta)  ~ Br~ / A g B r  / A g O  

F i g u r e  1 i nd i ca t e s  t he  bas ic  s t r u c t u r e  of such a cell ,  
w h i c h  is in the  fo rm of a t h i n  disk.  A b r o m i n a t e d  
s i lve r  foi l  ( anode  and  e l e c t r o l y t e )  is p l a c e d  aga in s t  
a p l a t i n u m  sc reen  ( c a t h o d e ) .  A s i m p l e  s t ack  of 
t he se  cel ls  could  be  a s s e m b l e d  to f o r m  a b a t t e r y ,  
b u t  f i rm e l ec t r i ca l  con tac t  b e t w e e n  t h e  s i lve r  foi l  of 
one cel l  and  the  p l a t i n u m  sc reen  of the  n e x t  w o u l d  
h a v e  to be m a i n t a i n e d .  I t  is also c o n v e n i e n t  to use  a 
b i m e t a l l i c  s t r i p  of s i lve r  and  t a n t a l u m  in w h i c h  
t a n t a l u m  p r o v i d e s  v e r y  s a t i s f a c t o r y  p r o t e c t i o n  f r o m  
t h e r m a l  t a r n i s h i n g  of s i lve r  as c o n t r a s t e d  to t he  d e -  
s i r ab l e  e l e c t r o c h e m i c a l  c o n s u m p t i o n  of s i lve r  in t he  
cell  r eac t ion .  

Bead Cell 
Construction and mechanism. - -More  r e c e n t l y  

" b e a d "  cel ls  h a v e  been  c o n s t r u c t e d  in o r d e r  to e lu -  
c ida te  the  m e c h a n i s m  of these  sol id  e l e c t r o l y t e  cells.  
F i g u r e  2 shows  the  bas ic  s t r u c t u r e  and  e x p l a i n s  t he  
name .  Beads  w i t h  d i a m e t e r s  r a n g i n g  in size f r o m  
0.075 to 0.15 cm a re  f o r m e d  b y  m e l t i n g  the  c h e m i c -  
a l l y  p u r e  h a l i d e  in a s t r e a m  of d r y  n i t rogen .  The  
e l ec t rodes  a r e  i n s e r t e d  in to  t he  sol id  beads  b y  h e a t -  
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Fig. 2. Halide "bead"  cell 
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Fig. 3. Current-voltage plot of a silver iodide bead cell at 
rOOm t e m p e r a t u r e .  

ing  the  w i r e s  (0.012 to 0.05 cm d i a m e t e r )  w h i l e  t h e y  
a r e  t ouch ing  the  beads .  Th is  me l t s  t h e  e l e c t r o l y t e  a t  
the  p o i n t  of e n t r y  of t h e  w i r e s  only .  By  con t i nu ing  
this  p rocess  the  w i re s  a r e  s u b m e r g e d  s u b s t a n t i a l l y  
in the  b e a d  a n d  shou ld  be  s i t u a t e d  side by  side as 
i n d i c a t e d  in  Fig.  2. E i t h e r  p l a t i n u m  or  t a n t a l u m  can 
be  used  as t he  i n e r t  e l e c t r o d e  on w h i c h  t h e  ca thode  
r e a c t i o n  t a k e s  p lace .  If  h a l o g e n  v a p o r  is p resen t ,  
e.g., iodine,  i t  w o u l d  be  r e d u c e d  at  the  ca thode :  
1/2 I~ + e- = I-, whi le ,  a t  the  anode,  s i l ve r  is ox i -  
d ized :  A g  = Ag+ + e-. Thus ,  t h e  o v e r - a l l  ce l l  r e -  
ac t ion  is the  f o r m a t i o n  of m o r e  e l ec t ro ly t e :  A g  + 
1/2 I_, = AgI .  The  s ame  cel l  can be  used  as a sec-  
o n d a r y  cel l  in  t he  absence  of ha logen .  The  cel l  is 
c h a r g e d  b y  a p p l i c a t i o n  of an  e x t e r n a l  v o l t a g e  l a r g e r  
t h a n  the  decompos i t i on  p o t e n t i a l  of t he  ha l ide .  In  
the  case  of s i lve r  i od ide  at  r o o m  t e m p e r a t u r e  th is  is 
0.685 v. S i l v e r  is p l a t e d  out  on the  ca thode  and  
iod ine  v a p o r  is p r o d u c e d  at  t he  anode .  R e m o v a l  of 
t he  e x t e r n a l l y  a p p l i e d  v o l t a g e  l e aves  t he  cel l  in a 
c h a r g e d  condi t ion .  On d i scharge ,  t he  r e a c t i o n  wi l l  
be  the  r e v e r s e  of the  o r ig ina l  decompos i t i on  r e -  
act ion.  

Bead cell as pr imary  cel l . - -Figure 3 is a t y p i c a l  
c u r r e n t - v o l t a g e  p lo t  of t he  s i lve r  iod ide  bead  cel l  a t  
r o o m  t e m p e r a t u r e .  The  open  cel l  v o l t a g e  co r r e s -  
ponds  to t he  t h e o r e t i c a l  v o l t a g e  d e r i v e d  f r o m  the  
t h e r m o d y n a m i c  f ree  e n e r g y  of f o r m a t i o n  of s i lve r  
iodide .  A p p l i c a t i o n  of  O h m ' s  l a w  gives  an  i m p e -  
dance  of  700K~. The  s t r a i g h t  l ine  ind ica t e s  t h a t  a t  
room t e m p e r a t u r e  the  i n t e r n a l  i m p e d a n c e  of the  
cel l  is so l a r g e  t ha t  t he  IR drop  o v e r s h a d o w s  a l l  
o t h e r  p o l a r i z a t i o n  p h e n o m e n a .  

A s i m i l a r  cel l  was  m a i n t a i n e d  a t  open  cel l  v o l t a g e  
for  47 days  at  r oom t e m p e r a t u r e .  The  i m p e d a n c e  of 
th is  cel l  i n c r e a s e d  to a b o u t  5M~ and  t hen  r e m a i n e d  
cons tan t .  This  is s h o w n  b y  the  c u r r e n t - v o l t a g e  d i a -  
g r a m s  of Fig .  4. A f t e r  50 days  t he  cel l  b r o k e  d o w n  
because  the  p r o t r u d i n g  s i lve r  a n o d e  had  b e e n  
s e v e r e l y  a t t a c k e d  b y  the  iod ine  vapor .  The  cel l  d e -  
s ign  of Fig .  5 i l l u s t r a t e s ,  h o w e v e r ,  one m e t h o d  of 
e l i m i n a t i n g  the  t h e r m a l  a t t a c k  on the  s i lve r  wi re .  
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Fig. 4. Currentivoltage measurements during life test of a 
silver iodide bead cell. Cell was stored at 80~ measured at 
room temperature. 
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Fig. 5. Series connection of bead cells 

In  th is  b a t t e r y  t h e  h a l o g e n  v a p o r  aga in  ac t iva t e s  
the  t a n t a l u m  ca thode ,  b u t  i t  is p h y s i c a l l y  s e p a r a t e d  
f r o m  the  s i lve r  anode  b y  an  i n s u l a t i n g  P y r e x  sheet .  
I n d i v i d u a l  cel ls  a r e  connec t ed  in  ser ies  as shown.  
T h e y  h a v e  v e r y  long l i f e t imes .  Thus,  one iod ine  cel l  
r e t a i n e d  t h e o r e t i c a l  vo l t a ge  at  75~ for  one yea r .  
A n o t h e r  cell ,  t e s t ed  at  r o o m  t e m p e r a t u r e  w i t h  1 M~1 
load,  y i e l d e d  0.145 cou lombs  ove r  a p e r i o d  of 32 
days .  

More  f a v o r a b l e  r e su l t s  a r e  o b t a i n e d  w i t h  bead  
cel ls  a t  e l e v a t e d  t e m p e r a t u r e s  b e c a u s e  the  c onduc -  
t i v i t y  of s i lve r  i od ide  inc reases  r a p i d l y  w i t h  t e m -  
p e r a t u r e .  F i g u r e  6 i l l u s t r a t e s  the  i m p r o v e d  cel l  ou t -  
pu t  w i t h  i nc r ea sed  t e m p e r a t u r e .  The  d a s h e d  l ine  is 
the  r o o m  t e m p e r a t u r e  l o n g - l i f e  b e h a v i o r  of  Fig.  4. 
As the  t e m p e r a t u r e  increases ,  the  i n t e r n a l  i m p e -  
dance  of the  e l e c t r o l y t e  dec reases  and  c o r r e s p o n d -  
i ng ly  l a r g e r  c u r r e n t s  a r e  ob ta ined .  W h e r e a s  a t  
r o o m  t e m p e r a t u r e  t he  cel ls  e x h i b i t  on ly  r e s i s t ance  
p o l a r i z a t i o n  as d e s c r i b e d  above,  b e l o w  120~ t h e y  
a re  sub j e c t  to a n o t h e r  t y p e  of po la r i za t ion ,  p r e -  
s u m a b l y  c o n c e n t r a t i o n  po la r i za t ion .  This,  in tu rn ,  
d i s a p p e a r s  a t  120~ w i t h  t he  first  of two  p h a s e  
t r a n s f o r m a t i o n s  of AgI .  Due  to changes  of c r y s t a l  
s t r u c t u r e  at  120 ~ and  145~ the  c o n d u c t i v i t y  of 
s i lve r  iodide,  w h i c h  is on ly  s l i g h t l y  l a r g e r  t h a n  those  
of o t h e r  s i lve r  h a l i d e s  a t  r o o m  t e m p e r a t u r e ,  i n -  
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Fig. 7. First charge-discharge cycles of Agl cells at differ- 
ent temperatures and periods of storage. B10-vl ,  no storage, 
73% of charge recovered; B10-v2, B10-v3, and B10-v4 
stored 90 min each at - -210 ~ , 0 ~ and 25~ after which 
73, 63, and 15% af charge recovered, respectively. Open 
circle, charge; solid circle, discharge. 

creases  v e r y  r a p i d l y ,  f irst  a t  120 ~ , f r om an  o r d e r  of 
10 -~ to 10-' o h m - l - c m  -l, t hen  to 1 o h m - l - c m  -~ at  
145 ~ (5,6) .  In  fact ,  a t  t he  m e l t i n g  point ,  552 ~ the  
c o n d u c t i v i t y  is l a r g e r  in the  sol id  phase  t h a n  in the  
mel t .  This  is e x p l a i n e d  b y  the  c r y s t a l  s t ruc tu re ,  
w h i c h  is cubic  in the  h igh  t e m p e r a t u r e  a l p h a -  
modi f i ca t ion  (7) .  The  l a rge  iod ine  ions fo rm the  b ig  
b u i l d i n g  b locks  a m o n g  w h i c h  the  s m a l l e r  s i lve r  ions 
move  f r ee ly .  The  a p p l i c a t i o n  of t he  b e a d  cel l  to 
h i g h e r  t e m p e r a t u r e ,  t he re fo re ,  b e c a m e  obvious .  This  
w o r k  is s t i l l  in p rogress .  

Bead cells as secondary cel ls . - -Bead cel ls  cou ld  
be c h a r g e d  to t he  t h e o r e t i c a l  open  cel l  v o l t a g e  and  
d i s c h a r g e d  s eve ra l  t imes  w i t h o u t  d e t e r i o r a t i o n .  Be t -  
t e r  yields were obtained with the iodine system than 
with the comparable bromine system; data obtained 
with four identical silver iodide cells in their first 
cycle are shown in Fig. 7. The cells were charged 
and discharged at 0~ Duration and temperature of 
storage, before discharge, was varied. Charge was 
best retained at the lowest temperature and is lost 
on storage at room temperature. 

These observations are consistent with the hy- 
pothesis that diffusion of iodine to the surface of the 
electrolyte bead determines the loss of charges in 
the bead. However, the published diffusion data in- 
dicate that anion diffusion through the ionic lattice 
is very slow. Thus, Teltow (8) estimates a diffusion 
coefficient of bromine in silver bromide of the order 
of 10 -~~ cm~/sec at 20~ This implies that the anions 
are immobile because the diffusion path per day 
would be less than one lattice parameter. Jordan 
and  P o c h o n  (9)  h a v e  g iven  a r  ~upper l imi t  of 10 -15 
cmVsec  for  the  d i f fus ion coefficient of i od ine  a t  20~ 

in e i t he r  of t he  two  modi f ica t ions  of s i lve r  iod ide  
t ha t  a r e  s t ab le  a t  r oom t e m p e r a t u r e .  This  w o u l d  also 
be  too s low to account  for  loss of c h a r g e  in the  p r e s -  
en t  e x p e r i m e n t s .  Bu t  t he  m a g n i t u d e  of d i f fus ion  
c l e a r l y  d e p e n d s  on the  s t r u c t u r e  of the  ha l ide .  By  
ana logy ,  in the  case of  c o n d u c t i v i t y  of s i l ve r  b r o -  
m i d e  i t  is k n o w n  tha t  in s ingle  c rys t a l s  in  the  a b -  
sence of b r o m i n e  t h e  c o n d u c t i v i t y  is e l ec t ron ic  (10) ,  
bu t  w h e n  the  p u r e  s ingle  c r y s t a l  is e xpose d  to b r o -  
mine ,  or  d i s loca t ions  a r e  i n t r o d u c e d ,  s i l ve r  ion con- 
duction wil l  c o m p l e t e l y  account  for  cha rge  t r a n s -  
port .  In  t he  p r e s e n t  cel ls  t h e  d i f fus ion p a t h  of iod ine  
to the  su r f ace  of t he  e l e c t r o l y t e  is open  to s p e c u l a -  
t ion.  I t  m a y  be  a long  d i s loca t ions  at  g r a i n  b o u n d -  
a r ies  or  gross  f au l t s  in t he  bead ;  or, s ince  a b o u t  0.5 
~g of iod ine  is f o r m e d  in c h a r g i n g  t h e  b e a d  cel l ,  i t  
has  been  sugges t ed  (11) t h a t  sol id  iod ine  is p r o -  
d u c e d  at  t he  ca thode  to a t h i cknes s  of abou t  100 
a tomic  l ayers ,  and  t h a t  in  the  process  of de pos i t i ng  
iod ine  some f ree  space  deve lops  at  the  ca thode .  
Thus,  an a l t e r n a t i v e  d i f fus ion  p a t h  l ies  a long  the  
t a n t a l u m  w i r e  ca thode .  No e x p l a n a t i o n  is of fered  
w h y  on ly  73% cha rge  was  r e c o v e r e d  w i t h  zero  
s t o r a ge  t ime.  A l t h o u g h  some  e n e r g y  losses in  o v e r -  
coming  cel l  i m p e d a n c e  and  in  the  c a thode  r e a c t i o n  
a r e  f eas ib l e  the  p o s s i b i l i t y  of submic roscop ic  l e a k s  
seems  m o r e  l ike ly .  As in the  d i scuss ion  of d i f fus ion 
pa ths  th is  a g a i n  emphas i ze s  t h e  i m p o r t a n c e  of t he  
sol id  e l e c t r o l y t e  s t ruc tu re .  
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ABSTRACT 

An electron microscopic s tudy of the oxide films formed on n iobium per-  
mits the apparent ly  anomalous oxidation rate behavior of n iobium to be 
explained in terms of the formation of small, bl is ter- l ike cracks in the oxide 
film. An oxidation model, based on the idea that  an oxidation process which 
is main ta ined  by in ters t i t ia l -anion or anion-vacancy diffusion leads to the 
generat ion of stresses in ~he oxide film, is proposed to account for these results. 
The observation of similar bl is ter- l ike cracks in oxide films on t an ta lum is 
also reported. 

This pape r  is a repor t  of an  e lec t ron  optical  i n -  
ves t iga t ion  of the mic ro topography  of oxide films 
fo rmed  on n i o b i u m  at t e m p e r a t u r e s  r a n g i n g  f rom 
325 ~ to 450~ It was found  tha t  small ,  b l i s t e r - l i ke  
cracks t ended  to fo rm in  the  oxide whi le  the  fi lm 
was st i l l  r e l a t i ve ly  th in  and  tha t  the  onset  of this 
b l i s te r ing  could be cor re la ted  wi th  an  increase  in  
the ox ida t ion  rate.  A s imi la r  p h e n o m e n o n  was  ob-  
served in  oxide films on t a n t a l u m .  

As a p r e l i m i n a r y  to the m a i n  s tudy,  a series of 
ra te  m e a s u r e m e n t s  was m a d e  on n i o b i u m  at  t e m -  
pe ra tu re s  in  the v ic in i ty  of 400~ A typ ica l  r esu l t  
is shown in  Fig. 1. Charac te r i s t ica l ly ,  these ox ida t ion  
ra te  curves  showed an  in i t i a l  p ro tec t ive  stage of 
ox ida t ion  fol lowed by  a t r ans i t i on  per iod in  which  
the ox ida t ion  ra te  increased.  F ina l ly ,  a n o n p r o -  
tec t ive  stage of ox ida t ion  ensued  in which  the ox ida-  
t ion ra t e  became  essen t ia l ly  constant .  A m a n o m e t r i c  
t e chn ique  s imi la r  to tha t  used in  a p rev ious  s tudy  of 
the ox ida t ion  of a lka l i  meta l s  (1) was ut i l ized for 
these ra te  m e a s u r e m e n t s .  

The above  resul ts  are in  genera l  a g r e e m e n t  wi th  
the data  of I n o u y e  (2) and  of G u l b r a n s e n  and  A n -  
d rew  (3).  The  l a t t e r  au thors  repor ted  tha t  p ro tec -  
t ive  ox ida t ion  con t i nued  for at least  7 hr  at 375~ 
At  h igher  t empera tu re s ,  however ,  the i r  ra te  curves  
had the same qua l i t a t i ve  form as tha t  shown in  Fig. 
1, the pro tec t ive  s tage of ox ida t ion  becoming  
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Fig. 1. Oxidation rate curve for niobium at 400~ 
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shor ter  and  shor ter  as the t e m p e r a t u r e  was  in -  
creased to 500~ At  600~ and  above, Inouye  re -  
por ted  the exis tence  of l i nea r  ra te  curves  t h r o u g h -  
out his exper imen t s .  

Procedure and Results 
Elec t ron  microscope spec imens  were  p r epa red  

f rom n i o b i u m  1 coupons 1 x 2 cm on a side and  0.05 
cm thick.  The coupons were  h a n d  g round  th rough  
4/0  emery ,  pol ished wi th  0 .3 -micron  lev iga ted  
a lumina ,  and  e lec t ro ly t ica l ly  pol ished in  a 90% 
H~SO,--10% HF solution. Prior to oxidation the 
polished specimens were annealed in a Pyrex glass 

apparatus overnight at the oxidation temperature 
under a pressure of approximately I0 6 mm Hg. All 
specimens were oxidized in purified 02 at 1 atm 
pressure. Carbon replicas, preshadowed with a gold- 
Manganin alloy, were then made of the surfaces of 

most of the oxidized specimens, but in a few in- 
stances Formvar replicas were prepared. 

Several additional specimen pretreatments were 
also tested. For example, some specimens were me- 
chanically polished only, and these along with elec- 
tropolished specimens were oxidized both with and 
without prior vacuum annealing. In a few instances 
specimens were annealed at 1000~ at a pressure 
of 1 x 10 -~ m m  Hg before  ox ida t ion  at 400~ Speci-  

1Chemical  analysis of Nb specimens: C, 0.007%; Si, 0.10%; Ti, 
0.025%; Fe,  less  than 0.005%; To, less than  0.16%; H2, 0.002%; O~, 
0.010%; N,~, 0.017%. 

Fig. 2a. Carbon replica, preshadowed with gold-Manganin, 
of Nb specimen oxidized far 30 rain at 140~ Magnif icat ion 
12,000X before reduction for publication. 
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Fig. 2b. Carbon replica, preshadowed with gold-Manganin, 
of Nb specimen oxidized for 120 min at 400~ The irregu- 
lar white area in the lower right hand corner is a tear in the 
replica produced when the replica was removed from the 
specimen. Note that the shadowing indicates that a blister 
had formed at this point in the oxide. Magnif ication 22,700X 
before reduction for publication. 

Fig. 2c. Formvar replica, shadowed with gold-Manganin, 
of Nb specimen oxidized for 210 rain at 400~ Magnifica- 
tion 5,000X before reduction for publication. 

mens  p r e p a r e d  b y  these  d i f fe ren t  m e t h o d s  a l l  e x -  
h i b i t e d  e s sen t i a l l y  t he  s ame  o x i d a t i o n  b e h a v i o r ;  
howeve r ,  t h e  m e t h o d  d e s c r i b e d  in  the  p r e c e d i n g  
p a r a g r a p h  gave  the  mos t  cons i s t en t ly  r e p r o d u c i b l e  
r e su l t s  and,  t he re fo re ,  was  a d o p t e d  as a s t a n d a r d  
p rocedu re .  

The  changes  in ox ide  t o p o g r a p h y  as a func t ion  of 
t ime  at  a cons t an t  o x i d a t i o n  t e m p e r a t u r e  a r e  i l lus -  
t r a t e d  in Fig.  2a, b, and  c. These  e l ec t ron  m i c r o -  
g r a p h s  show the  su r f ace  t o p o g r a p h y  of t h e  ox ide  
fi lm a f t e r  t imes  r a n g i n g  f rom 30 to 210 m i n  for  
o x i d a t i o n  at  400~ Op t i ca l  e x a m i n a t i o n  of the  
spec imen  w h i c h  h a d  been  ox id i zed  for  30 min,  co r -  
r e s p o n d i n g  to the  p r o t e c t i v e  s t age  of  ox ida t ion ,  r e -  
v e a l e d  on ly  t he  p r e s e n c e  of the  ox ide  i n t e r f e r e n c e  
colors  u s u a l l y  a s soc ia t ed  w i t h  p r o t e c t i v e  ox ide  films. 
In  t he  r e l a t e d  e l ec t ron  m i c r o g r a p h  (Fig .  2a) ,  the  
ox ide  fi lm a p p e a r e d  to be  e s s e n t i a l l y  smoo th  and  
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coheren t ;  no c racks  could  be  o b s e r v e d  in t he  film. 
The  mos t  s t r i k i n g  f e a t u r e  of  the  s p e c i m e n  was  the  
v a r i a t i o n  of o x i d a t i o n  r a t e  w i t h  c r y s t a l  p l a n e  as was  
s h o w n  b y  the  d i f fe ren t  t h i cknesses  of ox ide  ove r  
d i f fe ren t  g r a in s  in t he  me ta l .  

The  120-min  spec imen  c o r r e s p o n d e d  to the  b e -  
g inn ing  of the  t r a n s i t i o n  zone in t he  o x i d a t i o n  r a t e  
curve .  A g a i n  op t i ca l  e x a m i n a t i o n  s h o w e d  on ly  in -  
t e r f e r e n c e  colors  in the  ox ide  film. H o w e v e r ,  a f ew 
b l i s t e r - l i k e  c racks  w e r e  a p p a r e n t  in  the  e l ec t ron  
m i c r o g r a p h ,  Fig.  2b, a l t h o u g h  mos t  of t he  ox ide  s t i l l  
a p p e a r e d  to be  qu i t e  coheren t .  

The  a p p r o x i m a t e  cen t e r  of t he  t r a n s i t i o n  zone in 
the  o x i d a t i o n  r a t e  c u r v e  was  r e a c h e d  w i t h  the  210- 
ra in  spec imen .  Op t i ca l  e x a m i n a t i o n  of th is  s p e c i m e n  
r e v e a l e d  a r eas  of ox ide  i n t e r f e r e n c e  colors  i n t e r -  
spe r sed  w i t h  s m a l l  r o u g h  a r e a s  of w h i t e  oxide .  E l ec -  
t ron  m i c r o g r a p h s  (see Fig.  2c) showed  t h a t  these  
whi te  a r e a s  w e r e  reg ions  of the  ox ide  in w h i c h  
a l a r g e  i nc rea se  in b l i s t e r  d e n s i t y  h a d  occur red .  

W h e n  o x i d a t i o n  was  c o n t i n u e d  un t i l  the  l i n e a r  
p o r t i o n  of the  o x i d a t i o n  r a t e  cu rve  h a d  been  
reached ,  the  en t i r e  s p e c i m e n  su r f ace  b e c a m e  cove red  
wi th  a r o u g h  w h i t e  oxide .  These  su r faces  w e r e  too 
r o u g h  to p e r m i t  r ep l i ca t ion ,  s ince  p a r t i c l e s  of  ox ide  
a d h e r e d  to the  rep l ica .  F o r  th is  reason,  t he  e l ec t ron  
op t i ca l  p o r t i o n  of th is  s t u d y  h a d  to be  l i m i t e d  to 
cases  w h e r e  the  o x i d a t i o n  of t he  spec imens  h a d  not  
p r o c e e d e d  b e y o n d  the  a p p r o x i m a t e  c e n t e r  of the  
t r a n s i t i o n  zone of the  r a t e  curves .  

The  su r f ace  t o p o g r a p h y  of the  n i o b i u m - o x i d e  
fi lms also re f lec ted  the  decrease ,  r e p o r t e d  b y  G u l -  
b r a n s e n  and  A n d r e w  (3) ,  in t he  d u r a t i o n  of t he  
in i t ia l ,  p r o t e c t i v e  s t age  of o x i d a t i o n  w i t h  i nc r ea s ing  
t e m p e r a t u r e .  As  j u d g e d  on the  bas is  of b l i s t e r  d e n -  
si ty,  t he  t r a n s i t i o n  r eg ion  b e t w e e n  the  p r o t e c t i v e  
and  n o n p r o t e c t i v e  s tages  of o x i d a t i o n  o c c u r r e d  a f t e r  
10, 60, 240, 480, a n d  2900 m i n  for  o x i d a t i o n  t e m p e r -  
a t u r e s  of 450 ~ 420 ~ 400 ~ 380 ~ and  350~ r e s p e c -  
t ive ly .  A t y p i c a l  r e s u l t  f r o m  these  e x p e r i m e n t s  is 
i l l u s t r a t e d  in Fig.  3 w h i c h  shows  the  s u r f a c e  t o p o -  
g r a p h y  of t he  o x i d e  f i lm f o r m e d  in 480 m i n  a t  380~ 
At  325~ no b l i s t e r s  w e r e  seen  in t he  ox ide  f i lms in 
e x p e r i m e n t s  l a s t i ng  up  to 144 h r  (see Fig.  4) .  

I t  was  also o b s e r v e d  tha t ,  as t he  o x i d e  f i lms t h i c k -  
ened,  t h e i r  su r faces  t e n d e d  to become  roughe r .  This  
p h e n o m e n o n  o c c u r r e d  a t  a l l  t e m p e r a t u r e s  i n v e s t i -  

Fig. 3. Carbon replica, preshadowed with gold-Manganin, 
of Nb specimen oxidized for 480 rain at 380~ Magnif ica- 
tion 7,500X before reduction for publication. 
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Fig. 4. Carbon replica, preshodawed with gold-Manganin, 
of Nb specimen oxidized 48 hr at 380~ Magnification 
12,000X before reduction for publication. 

gated,  b u t  it  can  be seen most  c lear ly  in  Fig. 3 and  4. 
The  oxide surface  had  a " r ipp led"  tex ture ,  the d i rec-  
t ion  of the " r ipples"  v a r y i n g  wi th  c rys ta l lographic  
direct ion.  As discussed below, it is t hough t  tha t  this  
effect m a y  be re la ted  to plast ic  de fo rma t ion  of the  
oxide film. 

The oxide films fo rmed  on n i o b i u m  were  s tud ied  
both  by  x - r a y  and  e lec t ron  dif f ract ion methods.  
Only  the low t e m p e r a t u r e  form of Nb~O~ was de-  
tected.  However ,  this r esu l t  does not  p rec lude  the 
presence  of one of the lower  oxides of n iob ium,  es- 
pecia l ly  if such an  oxide were  p resen t  as a th in  
l ayer  at the ox ide -me ta l  interface.  

Discussion 
A clear  cor re la t ion  appeared  to exist  b e t w e e n  

oxide topography  and  the  ox ida t ion  ra te  curves  
(cf., Fig. 1 and  2). Both the ra t e  curves  and  the 
e lec t ron  mic rographs  showed tha t  in  the  in i t i a l  
stages the oxide film was nonporous  and  pro tec-  
tive. Af te r  a per iod of t ime  which  depended  i n -  
verse ly  on the  t e m p e r a t u r e  of oxidat ion,  b l i s t e r -  
l ike cracks fo rmed  in  the oxide, and  the  fi lm 
became  less protect ive .  F u r t h e r  increase  in  b l i s te r  
dens i ty  p roduced  a cor responding  increase  in  oxi-  
da t ion  ra te  u n t i l  f inal ly  a s t eady- s t a t e  condi t ion  was  
a t t a ined  in  which  the  ra te  curve  was  l inear .  Thus,  it  
is ev iden t  tha t  b l i s te r  fo rma t ion  was  re la ted  to an  
increase  in  the  poros i ty  of the  oxide film, and  in  
the  l a t t e r  stages where  a l i nea r  ra te  curve  was ob-  
served, the  ox ida t ion  was e i ther  an  i n t e r f a c e - c o n -  
t ro l led  process or else the ra te  of ox ida t ion  was  
d e t e r m i n e d  by  diffusion across a t h in  layer  of oxide 
which  s ta t i s t ica l ly  m a i n t a i n e d  a cons tan t  thickness.  

Whi le  it is p l a in  tha t  the  nonpro t ec t i ve  stage of 
the  ox ida t ion  of n i o b i u m  is re la ted  to the fo rma t ion  
of b l i s t e r - l i ke  cracks in  the  oxide, the  source of the  
stress which  leads to such b l i s te r  fo rma t ion  is m u c h  
less obvious.  The o x i d e - t o - m e t a l  v o l u m e  rat io for 
Nb~OJNb is h igh (2.7), bu t  it is to be expected tha t  
any  stresses p roduced  in  the  oxide on account  of its 
ep i tax ia l  misfit  w i th  the  subs t r a t e  me ta l  should be 
confined to a ve ry  t h in  l ayer  at the  o x i d e - m e t a l  i n -  
terface as a resu l t  of the  fo rma t ion  of an  a r r a y  of 
dis locat ions or o ther  la t t ice  defects at this i n t e r -  
face. If  such be the  case, differences in v o l u m e  of 

e q u i v a l e n t  a moun t s  of oxide and  p a r e n t  me t a l  can-  
not, per se, produce  a s ignif icant  stress in  a ny  bu t  
the  t h innes t  oxide films. 

Bl is ter  fo rma t ion  could, perhaps,  be accounted  for 
in t e rms  of the r ec rys ta l l i za t ion  of the oxide films in 
accord wi th  the  m e c h a n i s m  proposed by  V e r mi lyea  
(4) to exp la in  crack f o r ma t i on  d u r i n g  the  ea r ly  
stages of the  "field c rys ta l l i za t ion"  of anodica l ly  
formed,  amorphous  t a n t a l u m  oxide films. This 
m e c h a n i s m  does not, however ,  appear  to exp la in  the 
c on t i nue d  l i ne a r i t y  of the ox ida t ion  ra te  curves  for 
n i o b i u m  af ter  long per iods of ox ida t ion  (2) ,  nor  
does it account  for the " r ipp led  surface t e x t u r e "  
(see above)  which  developed as the  n i o b i u m  oxide 
films th ickened.  

A possible a l t e r n a t i v e  exp lana t ion ,  somewha t  
s imi la r  to tha t  proposed by  J e n k i n s  (5) for the  oxi -  
da t ion  of t i t an ium,  of the resul t s  observed  is p ro -  
v ided  by a cons idera t ion  of the  diffusion m e c h a n i s m  
associated wi th  the  ox ida t ion  of n iob ium.  A m a r k e r  
e x p e r i m e n t  was  pe r f o r me d  in  which  a fine p l a t i -  
n u m  wire  was t ied a r o u n d  a 0.25-in. d i ame te r  n io-  
b i u m  rod, and  the rod was  oxidized for 4 hr  at 
450~ The spec imen  was t hen  sect ioned and  ex-  
a m i n e d  meta l lograph ica l ly .  The  p l a t i n u m  wi re  was  
found  at the ox ide-gas  in te r face  whi le  the  ox ide-  
me ta l  in te r face  had receded f rom the wire,  i nd ica -  
t ing  tha t  ox ida t ion  has proceeded by  e i ther  a n i o n -  
vacancy  or a n i o n - i n t e r s t i t i a l  diffusion. This resu l t  
was cons is tent  w i th  the  k n o w n  electr ical  p roper t ies  
of Nb_~O.~ (6) and  wi th  the  fact tha t  th ick  oxide 
films on Nb exh ib i t  r e - e n t r a n t  edges and  corners  (2) .  
It  was concluded,  therefore ,  tha t  ne w  oxide was 
formed at the oxide-metal interface rather than at 
the oxide-gas interface. 

On the basis of this observation, a model for the 
oxidation of Nb has been devised. The basic assump- 
tion made is that cation diffusion within the oxide 
film is insignificant compared to anion diffusion. It 
follows then that new oxide must be formed at the 
oxide-metal interface. When a segment of the metal 
lattice at this interface is converted to oxide, a 
three-dimensional expansion of the metal lattice is 
required to bring the metal ions into their new posi- 
tions in the oxide. This expansion is resisted by the 
overlying layer of previously formed oxide and can 
occur only through the deformation of this layer. 
Thus, an important conclusion of the above argu- 
ment is that, in an oxidation reaction where new ox- 
ide is formed at the oxide-metal interface, the oxi- 
dation process itself continually produces stresses in 
the oxide film. 

The observed increase in surface roughness of the 
oxide with film thickness may be cited in support of 
this argument. The surface topography of the 
niobium-oxide films (see especially Fig. 3 and 4) re- 
sembles in many respects the type of surface texture 
which might be expected for a highly deformed film. 

Sufficient plastic deformation would, of course, 
eventually lead to fracturing of the oxide. However, 
the blister-like nature of the cracks actually ob- 
served suggests that the stresses producing them 
were much more highly localized than the stresses 
discussed in connection with the plastic deformation 
of the entire oxide film. The development of a 
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Fig. 5. Edge of a transverse section of a Nb specimen 
oxidized 4 hr at 400~ Magnification 2000X. 

l oca l ly  h i g h l y  s t r e s sed  r eg ion  l e a d i n g  u l t i m a t e l y  to 
b l i s t e r  f o r m a t i o n  can  be  r a t i o n a l i z e d  in  t e r m s  of a n y  
m e c h a n i s m  w h i c h  w o u l d  p r o d u c e  a loca l ized  acce l -  
e r a t i o n  of ox ida t ion .  Such  a cond i t i on  w o u l d  l e ad  to 
t he  f o r m a t i o n  of a p i t  in  t h e  m e t a l  a t  t he  m e t a l -  
o x i d e  in te r face .  Then,  because  of t he  v o l u m e  d i f -  
f e r ence  b e t w e e n  e q u i v a l e n t  a m o u n t s  of ox ide  a n d  
me ta l ,  the  ox ide  p r o d u c e d  in  f o r m i n g  the  p i t  w o u l d  
e x e r t  a s u b s t a n t i a l  fo rce  n o r m a l  to t he  su r f ace  of 
t he  ox ide  film. W h e n  the  s t ress  so g e n e r a t e d  e x -  
ceeded  the  f r a c t u r e  s t r e n g t h  of the  oxide ,  a b l i s t e r -  
l i ke  c r a c k  w o u l d  form.  I t  shou ld  a lso  be  n o t e d  tha t ,  
once the  s u r f a c e  of  the  m e t a l  becomes  p i t t ed ,  th is  
s ame  m e c h a n i s m  w o u l d  p e r m i t  c o n t i n u e d  c r a c k  
f o r m a t i o n  in  n e w l y  f o r m e d  oxide .  I f  the  b r e a k d o w n  
of the  n e w  f i lm o c c u r r e d  a t  d i f fe ren t  m o m e n t s  at  
d i f fe ren t  s i tes  ove r  t he  s p e c i m e n  sur face ,  t he  v a r i -  
ous " r a t e  cu rve s "  for  each  such mic roscop ic  a r e a  
m u s t  b l e n d  in to  a s t r a i g h t  l ine,  t hus  a ccoun t i ng  for  
t he  l i n e a r  p o r t i o n  of t he  m a c r o s c o p i c  r a t e  curve .  

F i g u r e  5 shows  an  op t i ca l  m i c r o g r a p h  of t h e  edge  
of a t r a n s v e r s e  sec t ion  t h r o u g h  a n i o b i u m  s p e c i m e n  
w h i c h  had  been  o x i d i z e d  for  4 h r  a t  400~ The  w h i t e  
a rea  a t  the  b o t t o m  of t h e  p h o t o g r a p h  is a p o r t i o n  of 
the  u n o x i d i z e d  p a r t  of t he  m e t a l  spec imen ,  w h i l e  a 
cross  sec t ion  t h r o u g h  a h e a v i l y  b l i s t e r e d  r eg ion  of the  
ox ide  f i lm a p p e a r s  as a n a r r o w ,  s l i g h t l y  i r r e g u l a r  
b a n d  of g r a y  jus t  a b o v e  the  me ta l .  As  m a y  be  seen,  
the  m e t a l  su r f ace  u n d e r  th is  b l i s t e r e d  a r e a  was  
b a d l y  p i t t ed ,  in a g r e e m e n t  w i t h  t h e  m e c h a n i s m  ou t -  
l ined  above .  

I t  is r e a l i z e d  t ha t  m u c h  of t he  a r g u m e n t  p r e s e n t e d  
a b o v e  is specu la t ive ,  a n d  t h e  a u t h o r s  r e g a r d  th is  
o x i d a t i o n  m o d e l  on ly  as a w o r k i n g  hypo thes i s .  I t  is 

Fig. 6. Carbon replica, preshadowed with gold-Mangonin, 
of Ta specimen oxidized for 4 hr at 500~ Magnification 
7,500X before reduction for publication. 
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an  h y p o t h e s i s  w h i c h  has,  neve r the l e s s ,  p r o v e d  v e r y  
h e l p f u l  in sugges t i ng  a n e w  a p p r o a c h  to t he  p r o b -  
l em of determining the factors which produce non- 

protective oxide formation on many metals. Thus, 
the model requires that any metal for which oxida- 
tion is maintained primarily by some form of anion 

diffusion should exhibit a tendency toward non- 
p r o t e c t i v e  ox ida t ion ,  e spec i a l l y  i f  i ts  o x i d e - t o - m e t a l  
v o l u m e  ra t io  is s ign i f i can t ly  d i f fe ren t  f rom un i ty .  

The  se lec t ion  of a n o t h e r  o x i d e - m e t a l  s y s t e m  w i t h  
w h i c h  to tes t  th is  p o s t u l a t e  is diff icult  because  v e r y  
l i t t l e  u n e q u i v o c a b l e  i n f o r m a t i o n  is a v a i l a b l e  con-  
ce rn ing  the  m o d e  of d i f fus ion  in m e t a l l i c  oxides .  F o r  
e x a m p l e ,  Ta~O~ has  been  s h o w n  to con t a in  an  excess  
of me ta l l i c  ions (7) ,  bu t  i t  is no t  k n o w n  w h e t h e r  th is  
fact  is a t t r i b u t a b l e  to the  p r e s e n c e  of  i n t e r s t i t i a l  
ca t ions  on an ion  vacanc ies .  H o w e v e r ,  f r o m  the  p o i n t  
of v i e w  of i ts  o x i d a t i o n  r a t e  b e h a v i o r  (8) ,  t he  s t r u c -  
t u r e  and  compos i t ion  of i ts  ox ides  (9) ,  and  i ts  gen -  
e r a l  c h e m i c a l  and  p h y s i c a l  p rope r t i e s ,  t a n t a l u m  is 
s i m i l a r  to n iob ium.  The  o x i d e - t o - m e t a l  v o l u m e  r a t i o  
for  Ta~OJTa  is also l a r g e  (2.5) .  P r e l i m i n a r y  s tud ies  
of t he  m i c r o t o p o g r a p h y  of ox ide  f i lms on t a n t a l u m  
h a v e  s h o w n  r e su l t s  in m a n y  r e spec t s  l i ke  those  o b -  
s e r v e d  for  n i o b i u m  oxide .  F i g u r e  6 is an  e l ec t ron  
m i c r o g r a p h  of t he  su r f ace  of a t a n t a l u m  spec imen  
ox id i zed  for  4 h r  a t  500~ B l i s t e r - l i k e  cracks ,  s i m i -  
]a r  to those  o b s e r v e d  in  n i o b i u m  oxide ,  a r e  c l e a r l y  
ev iden t .  Thus,  i t  is to be  e x p e c t e d  t h a t  t he  o x i d a t i o n  
m e c h a n i s m s  of the  two  m e t a l s  a r e  ana logous  and  
i nvo lve  a n i o n - v a c a n c y  diffusion.  Moreover ,  t he  ox i -  
da t ion  r e su l t s  o b t a i n e d  w i t h  t a n t a l u m  a p p e a r  to 
be  e x p l a i n a b l e  in t e r m s  of t he  o x i d a t i o n  m o d e l  d e -  
v i s ed  for  Nb. 

Summary 
P r e v i o u s  m e a s u r e m e n t s  of t he  o x i d a t i o n  r a t e s  of 

n i o b i u m  in a t e m p e r a t u r e  r a n g e  f rom a b o u t  350 ~ to 
500~ i n d i c a t e d  t h a t  t he  o x i d a t i o n  p rocess  cons i s ted  
of an  in i t i a l  s tage  in w h i c h  p r o t e c t i v e  o x i d a t i o n  
occur red ,  a t r a n s i t i o n  p e r i o d  m a r k e d  b y  a g r a d u a l  
i nc rea se  in  the  o x i d a t i o n  ra te ,  and  f inal ly ,  a n o n -  
p r o t e c t i v e  s t age  in  w h i c h  the  o x i d a t i o n  r a t e  was  
cons tan t .  A n  e l ec t ron  mic roscop ic  s t u d y  of  ox ide  
f i lms on n i o b i u m  has  p e r m i t t e d  these  r a t e  changes  to 
be  c o r r e l a t e d  w i t h  t he  f o r m a t i o n  of smal l ,  b l i s t e r -  
l i ke  c racks  in t he  ox ide  film. A n  o x i d a t i o n  mode l ,  
ba sed  p r i m a r i l y  on the  i dea  t h a t  an  o x i d a t i o n  p r o c -  
ess w h i c h  is m a i n t a i n e d  b y  i n t e r s t i t i a l - a n i o n  or  
a n i o n - v a c a n c y  di f fus ion l e a d s  to the  g e n e r a t i o n  of  
s t resses  in the  ox ide  film, was  p r o p o s e d  to e x p l a i n  
the  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  w i t h  n iob ium.  
The  f o r m a t i o n  of s i m i l a r  b l i s t e r - l i k e  c racks  in o x i d e  
f i lms on t a n t a l u m  was  c i t ed  as an  e x a m p l e  of  a 
second  case  e x p l a i n a b l e  in  t e r m s  of th is  model .  
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ABSTRACT 

Samples  of h igher  oxides of s i lver  were  p repa red  by  severa l  chemical  and 
e lec t rochemical  procedures.  Two dis t inct  h igher  oxides were  produced.  The 
first, a rgent ic  oxide, AgO, is a b lack powder  and has a monoclinic  s t ruc ture  for  
which la t t ice  constants  are  der ived.  There  is no evidence of the  exis tence of 
o ther  c rys ta l l ine  forms of AgO. The second oxide, w i th  s i lver  in a valence  
state h igher  than plus two, is p resen t  in some prepara t ions  along wi th  AgO. 
The s to ichiometry  was not  de termined.  I t  is also b lack  and has a face-cen te red  
cubic lattice.  I t  decomposed to AgO gradua l ly  over  a per iod of months.  

The  on ly  c o m m o n l y  r ecogn i zed  s i lve r  ox ide  is 
Ag20. I t s  ex i s t ence  and  c r y s t a l  s t r u c t u r e  h a v e  been  
def in i te ly  e s t ab l i shed .  

The  ex i s t ence  of a h i g h e r  ox ide  w i t h  s i lve r  in the  
p lus  two  s t a t e  a p p e a r s  to be de f in i t e ly  e s t a b -  
l i shed  (1 -10) .  S i l v e r  ox ide  w i t h  s i lve r  in  the  p lus  
two s ta te  is so ld  to the  b a t t e r y  i n d u s t r y  b y  M e r c k  
and  C o m p a n y  u n d e r  t he  t r a d e  n a m e  of "Divas i l . "  
The  s t r u c t u r e  of t he  d i v a l e n t  ox ide  has  no t  been  
e s t a b l i s h e d  conc lus ive ly .  M c M i l l a n  (11 ) r e p o r t e d  
AgO to be  monoc l in i c  and  i s o m o r p h o u s  w i t h  T e n -  
o r i t e  (CuO) ,  a n d  he  p r o p o s e d  l a t t i ce  cons tan t s  b a s e d  
on p o w d e r  ana lys i s .  On the  o the r  h a n d  Corm (12) 
r e p o r t e d  t ha t  AgO e x h i b i t e d  t h r e e  c r y s t a l l i n e  m o d i -  
f icat ions:  cubic,  f a c e - c e n t e r e d  cubic,  and  o r t h o -  
rhombic .  

T h e  ex i s t ence  of even  h i g h e r  ox ides  of s i lver ,  
n o t a b l y  AglOw, has  been  r e p o r t e d  (10, 13-22).  The  
on ly  s t r u c t u r e  i n f o r m a t i o n  is t ha t  r e p o r t e d  b y  
B r a e k k e n  (23),  who  c l a i m e d  tha t  Ag.~O~ is f a c e - c e n -  
t e r e d  cubic  a n d  r e p o r t e d  l a t t i ce  cons tan t s  for  p r e -  
p a r a t i o n s  f r o m  s e v e r a l  s i l ve r  sal ts .  H o w e v e r ,  th is  
i n f o r m a t i o n  is c louded  b y  the  r e p o r t s  of Z v o n k o v a  
a n d  Z d a n o v  (24) a n d  Swanson ,  F u y a t ,  and  U gr in i c  
(25) who  c l a im  tha t  p r e p a r a t i o n s  y i e l d i n g  d i f f r ac -  
t ion  d a t a  i n d e n t i c a l  w i t h  B r a e k k e n ' s  a re  s i lve r  p e r -  
o x y n i t r a t e  (AgTNOll). 

Experimental 
S a m p l e s  of h i g h e r  s i lve r  ox ides  w e r e  p r e p a r e d  b y  

the  fo l l owing  m e t h o d s :  
1. Reaction of potassium peroxydisulfate wi th  sil- 

ver ni trate . - -The p r o c e d u r e  e s s e n t i a l l y  d u p l i c a t e s  
t h a t  d e s c r i b e d  b y  d e B o e r  (18) and  J i r s a  (20) e x -  

1 P r e s e n t  a d d r e s s :  I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s  C o r p o r a t i o n ,  
Poughkeepsie, New York. 

cep t  t ha t  the  r e a c t i o n  was  c a r r i e d  out  b e t w e e n  80 ~ 
90~ 

2. Anodic oxidation of silver perchlorate-per- 
chloric acid solut ion.--A s p i r a l e d  p l a t i n u m  w i r e  a n -  
ode and  c a thode  w e r e  used.  The  a n o d e  was  r o t a t e d  
at  60 rpm.  A p l a s t i c  b u c k e t  was  i n s t a l l e d  u n d e r n e a t h  
the  a n o d e  to ca tch  the  sample .  The  ca thode  was  s u r -  
r o u n d e d  b y  a Coors  po rous  p o r c e l a i n  cup to p r e v e n t  
s i lve r  f rom t r e e i n g  to the  anode.  Ranges  of b a t h  
c o n c e n t r a t i o n s  ( f r o m  0.4 to 5.3N AgC10,  and  f rom 
0.005 to 4.7N HC104), a n o d e  c u r r e n t  dens i t i e s  ( f r o m  
0.6 to 185 amp/dm-~),  and  b a t h  t e m p e r a t u r e s  ( f r o m  
2 ~ to 28~ w e r e  i n v e s t i g a t e d  in an  unsuccess fu l  a t -  
t e m p t  to g r o w  l a r g e  s ing le  c rys ta l s .  O n l y  fine b l a c k  
p o w d e r  s a m p l e s  ( m i n u s  150 m e s h )  cou ld  be  fo rmed .  
The  s a m p l e s  w e r e  w a s h e d  in 25~ w a t e r  f o l l o w e d  b y  
a i r  d r y i n g  at  55~ for  1 hr .  D u r i n g  in i t i a l  w a s h i n g  
t h e  s a m p l e s  gave  off some gas  w i t h  a f a in t  ch lo r ine  
odor  b u t  p r e s u m a b l y  cons i s t ing  m a i n l y  of a d s o r b e d  
oxygen .  

3. Anodic oxidation of silver f luoride-hydrofluo- 
ric acid solution.---The a p p a r a t u s  d e s c r i b e d  a b o v e  
was  used  e x c e p t  t ha t  a shee t  p o l y e t h y l e n e  sh ie ld  
was  used  i n s t e a d  of t h e  Coors  cup.  The  s a m p l e s  con-  
t a i n e d  c o n s i d e r a b l y  coa r se r  p a r t i c l e s  t h a n  those  
f o r m e d  w i t h  t he  p e r c h l o r a t e  ba th .  The  coa r ses t  p a r -  
t ic les  w e r e  o b t a i n e d  w i t h  a b a t h  c o n c e n t r a t i o n  of 
9.0N A g F  and  0.75N HF,  an  a n o d e  c u r r e n t  d e n s i t y  
of  1 a m p / d m  "~, and  a b a t h  t e m p e r a t u r e  of 29~ Mi -  
c roscopic  e x a m i n a t i o n  e v i d e n c e d  a f r ac t i on  of l a r g e r  
c r y s t a l s  (up  to 0.8 m m )  w i t h  oc t agona l  s y m m e t r y  
p lus  a f r ac t i on  of fine b l a c k  p o w d e r .  In  some cases  
t he  l a r g e r  c ry s t a l s  w e r e  j o i n e d  t o g e t h e r  to b u i l d  up  
d e n d r i t i c  s t ruc tu re s .  The  d e n d r i t e  b r a n c h e s  a l w a y s  
f o r m e d  a t  90 ~ to t he  s t em w i t h  a f o u r f o l d  s y m m e t r y  
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A n o d i c  
Reac t i on  of o x i d a t i o n  of  

K28208+ AgNO3 p e r c h l o r a t e  b a t h  

B o i l e d  
s a m p l e  f r o m  Su r f ace  of 

anod ic  o x i d a t i o n  overcharged  Merck  & Co. 
n i t r a t e  b a t h  s i l v e r  p l a q u e  " D i v a s i l "  

2~ I/I~ 2~ 1/Io 2~ I/Io 2~ 1/lo 20 1/11o 
A c c e p t e d  values  Observed C a l c u l a t e d  

2~ d 1/lo S i n 2 ~  SineOt h k l  

30.30 ~ 3 - -  - -  
32.15 52 32.30 ~ 80 
32.40 100 32.45 100 
34.25 34 34.40 41 
37.30 80 37.30 77 
39.55 29 39.60 22 
52.55* 10 52.75 8 
54.05 19 54.00 21 
54.80 11 54.80 8 
56.75* 19 56.80 22 
62.95* 11 62.90* 18 
63.80* 11 63.60* 16 
64.20* 11 64.20* 18 
65.65 4 65.90 11 
66.40 8 66.40 11 
67.05 10 67.05 11 
67.70 6 67.80 14 
69.45* 4 69.50* 8 
72.15 4 
79.50 3 
86.50 3 

_ _ 30.30 ~ 
32.15 ~ 60 32.10 
32.30 100 32.35 
34.25 31 34.25 
37.25 65 37.25 
39.45 29 39.50 
52.55 6 52.65 
53.95* 17 54.00 
54.80* 8 54.85 
56.80* 16 56.85 
62.90* 9 62.90 
63.80 7 63.90 
64.20* 8 64.30 
65.70* 3 

3 - -  - -  30.30 ~ 2.950 3 0.0682 0.0681 110 
49 32.15 ~ 60 32.15 2.783 65 0.0765 0.0764 200 

100 32.35 100 32.35 2.768 100 0.0775 0.0776 ]11 
46 34.30 35 34.25 2.618 32 0.0866 0.0866 002 
75 37.30 88 37.25 2.414 80 0.1018 0.1020 111 
47 39.50 35 39.50 2.281 32 0.1140 0.1142 202 

9 52.55* 7 52.55* 1.740 8 0.1960 0.1960 020 
16 53.95* 20 53.95* 1.698 20 0.2058 0.2060 311 
10 54.80* 11 54.80* 1.673 10 0.2118 0.2118 202 
21 56.75* 17 56.80* 1.621 18 0.2268 0.2264 ]13 

9 62.95 11 62.90* 1.476 11 0.2722 0.2724 220 
11 63.75* 10 63.75* 1.459 12 0.2789 0.2792 311 

8 64.20* 9 64.20* 1.449 9 0.2824 0.2826 022 
65.80* 6 65.80* 1.418 7 0.2950 0.2946 402 
66.30* 7 66.35* 1.408 7 0.2994 0.2996 113 
67.05* 14 67.05* 1.395 14 0.3050 0.3056 400 
67.60* 9 67.65* 1.384 8 0.3099 0.3102 222 
69.50* 3 69.50* 1.351 4 0.3249 0.3252 204 
72.20 4 72.10" 1.309 4 0.3463 0.3464 004 
79.40* 4 79.40* 1.206 4 0.4080 0.4078 222 
86.40* 3 86.45* 1.125 3 0.4690 0.4696 131 

Notes :  
* Cu  K a  1 l ines ,  t A l l  p o s i t i o n s  c o n v e r t e d  to Cu  K a  1. 

a r o u n d  the stem. The  samples  were  washed  in  25~ 
wa te r  fo l lowed by  air  d r y i n g  at  55~ for 1 hr. D u r -  
ing in i t i a l  wash ing  mos t  samples  gave off a smal l  
a m o u n t  of odorless gas, p r e s u m a b l y  adsorbed  oxy-  
gen. 

4. Anodic oxidation of silver ni trate-nitric acid 
solut ions. - -The appa ra tu s  descr ibed  in  2 above was  
used. The  e lec t ro ly te  used for the  first p r e p a r a t i o n  
was tha t  g iven  by  Noyes (10) (1.5N AgNO~ and  1.5N 
H N O 0 .  The  la rges t  crysta ls  we re  ob ta ined  wi th  the  
HNO~ reduced  to 0.75N, an  anode  c u r r e n t  dens i ty  of 
0.4 a m p / d m  2, and  a ba th  t e m p e r a t u r e  of 2~ S a m -  
ples were  washed  in  25~ wa t e r  fo l lowed by  d r y i n g  
over  P205. Microscopic e x a m i n a t i o n  ind ica ted  the  
same type  of c rys ta l  fo rma t ions  as ob ta ined  f rom 
the f luoride b a t h  except  tha t  the  dendr i t i c  g rowth  
did not  have  s imple  90 ~ s y m m e t r y .  A por t ion  of one 
sample  was  hea ted  in  a wa te r  b a t h  for 2 hr  at  98 ~  
100~ to a t t emp t  the  decompos i t ion  to AgO repor ted  
in  the l i t e r a t u r e  (1, 2, 10). The sample  r e m a i n e d  
black.  U n d e r  the  microscope, however ,  it was  ob-  
served tha t  the  once ha rd  s ingle  crystals ,  whi le  sti l l  
in  the  same shape, had  t r a n s f o r m e d  to fine powder  
easi ly  b r o k e n  apart .  

5. Anodic oxidation ol porous sintered silver in 
potassium hydroxide solut ion.- -Three porous  s in -  
te red  s i lver  p laques  were  p r epa red  by  pas t ing  a m i x -  
tu re  of Ag~O and  wa t e r  on a s i lver  screen and  f ir ing 
in  air  at  425~ for 20 m i n  fol lowed by  press ing.  The  
r e s u l t a n t  p laques  were  24.2 cm ~ x 0.61 m m  thick  and  
con ta ined  4.15-4.19 g of porous  s in te red  silver.  The 
p laques  were  anodized in  5% KOH at  0.14 amp for 
22 hr. T h e y  were  t h e n  d ischarged  at  25~ in  32% 
KOH at  1.00 amp  to a c u t - o u t  a t  1.00 v t a k e n  aga ins t  
a zinc re fe rence  electrode.  Recha rg ing  fol lowed at 
0.10 amp.  Two p laques  were  charged  for 16.50 a nd  

15.25 hr  to 2.00 v. The th i rd  p l aque  was  ove rcha rged  
for a to ta l  of 27.75 h r  to a charge  vo l tage  of 2.17 v. 
One  of the p laques  charged to 2.00 v was  d ischarged  
aga in  at 27~ in  32% K O H  at 0.20 amp and  de l ivered  
1.66 a m p - h r  to a c u t - o u t  at  1.00 v. The o ther  two 
were  washed  and  dr ied  over  P205. 

The  samples  were  ana lyzed  for to ta l  oxygen  and  
to ta l  s i lver  by t h e r m a l l y  decomposing  the  oxide at  
480~ to s i lver  a nd  d e t e r m i n i n g  oxygen  by  weigh t  
change.  Samples  were  dr ied  to cons tan t  we igh t  over  
P~O~. I t  is to be  no ted  tha t  this  p rocedure  does no t  
necessar i ly  cons t i tu te  a comple te  and  accura te  a n a l -  
ysis s ince add i t iona l  ana lyses  for o ther  possible  con-  
s t i tuen t s  (e.g., n i t r ogen  or f luorine)  were  no t  i n -  
cluded.  

X - r a y  dif f ract ion powder  pa t t e rn s  and,  w he re  pos-  
sible, s ingle  c rys ta l  ro ta t ion  pa t t e rn s  were  ob ta ined  
us ing  n icke l  f i l tered copper  rad ia t ion .  

Results and Discussion 
Argentic  oxide, A g O . - - P r e p a r a t i o n s  1, 2, 4 (af te r  

bo i l ing  in  w a t e r  for 2 h r ) ,  and  5 gave an iden t ica l  
a nd  u n i q u e  powder  dif f ract ion pa t t e rn .  Merck  and  
C ompa ny ' s  "Divas i l"  also gave the  same powder  
pa t t e rn .  

No Ag~O l ines  were  p resen t  in  a ny  of the  pa t te rns .  
The  s in te red  s i lver  p l aque  charged to 2.00 v con-  
t a ined  some w e a k  s i lver  l ines;  the p l aque  charged  to 
2.17 v ev idenced  a p u r e  p a t t e r n  of t he  oxide. 

The re la t ive  l ine  in tens i t i es  for all  the  samples  ap-  
pea r  to be in  good a g r e e m e n t  (see Tab le  I ) .  The re -  
fore, it is cons idered  tha t  the  p a t t e r n  is s i ngu l a r  and  
is no t  a m i x t u r e  of two or more  i n d i v i d u a l  oxides. 
I t  is to be no ted  tha t  th ree  ex t r a  t race  l ines appeared  
at  19.2 ~ 29.2 ~ and  33.7 ~ 2 8 for some of the  samples.  
These  l ines  can  be accounted  for by  pos tu l a t ing  the  
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Table II. Higher s~lver oxide powder diffraction data 

August  1958 

A n o d i c  o x i d a t i o n  
of f luor ide  b a t h  

A n o d i c  o x i d a t i o n  
of n i t r a t e  b a t h  

S w a n s o n ,  e t  a l .  (25) da t a  
A n o d i c  o x i d a t i o n  

of  n i t r a t e  b a t h  
Obs.  Cale.  Obs.  C~lc.  Obs.  Calc.  A s s i g n e d  

d a I / I o  d a I / I o  d a I / I o  h k l  

A A A A A A 

5.66 9.80 31 5.70 9.81 10 5.73 9.92 10 111 
4.90 9.80 16 4.94 9.8g 3 4.96 9.92 6 200 
3.47 9.80 25 3.49 9.86 3 3.498 9.894 4 220 
2.96 9.80 6 ~ - -  2.980 9.884 2 311 
2.836 9.824 100 2.855 9.890 109 2.856 9.893 100 222 
2.457 9.828 80 2.472 9.888 32 2.474 9.896 45 400 
2.254 9.825 20 2.27 12 2.270 9.895 12 331 
2.19 3 ~ ~ 2.213 9.897 4 420 
2.00 3 2.02 3 2.019 9.891 3 422 
1.90 2 ~ - -  1.903 9.888 2 511, 333 
1.740 9.843 89 1.747 9.883 30 1.749 9.894 42 440 
1.66 5 ~ - -  1.672 9.892 4 531 
1.641 9.846 5 ~ ~ 1.649 9.894 4 600, 442 
1.5'6 2 1.5G 1 1.564 9.892 1 620 
1.50 1 1.59 5 1.528 9.892 1 533 
1.483 9.837 6~ 1.491 9.900 14 1.491 9.890 37 622 
1.42 2 1.428 9.893 15 444 
1.378 9.841 6 1.385 9.891 2 711,551 
1.36 3 1.372 9.894 2 640 
1.32 2 1.322 9.893 1 642 
1.28 2 1.288 9.892 3 731,553 
1.230 9.84~ 5 1.237 9.896 7 800 
1.20 3 1.209 9.896 2 733 
1.19 3 - -  - -  820, 644 
1.159 9.834 3 - -  - -  822, 660 
1.13 30 1.1425 9.894 1 751 
1.1261 9.817 20 1.1348 9.893 14 662 
1.0988 9.837 20 1.1062 9.894 9 840 
Av lattice 
spacing, a 9.834--+0.009 9.890___0.006 9.893___0.003 

fo rma t :on  of a t race  surface  film of Ag~COs d u r i n g  
air  d ry ing .  

It  was no t  possible to index  the p a t t e r n  as t e t r a -  
gonal,  hexagonal ,  or o r tho rhombic  (us ing  the L ipsen  
me thod ) .  The p a t t e r n  was indexed  by  t r ia l  and  e r ror  
us ing  the  monoc l in ic  s t ruc tu re  of Tenor i t e  (CuO)  as 
a s t a r t ing  point .  The observed  and  ca lcu la ted  S in  ~ 
a va lues  are compared  in  Tab le  I. The i r  a g r e e m e n t  is 
exce l len t  w i th  most  differences less t h a n  0.0002 a nd  
wi th  no g rea te r  difference t h a n  0.0006. The ca lcu-  
la ted  l ine  posi t ions es tab l i sh  the  fo l lowing  m o n o -  
clinic la t t ice  cons tan ts  for the  oxide:  

a = 5.842A c = 5.487A 
b = 3.480A fl = 107 ~ 27' 

Th;s  i n d e x i n g  confirms tha t  of McMil lan  (11).  
The chemica l  ana lyses  for to ta l  oxygen  in  the s am-  

ples are as follows: boi led sample  f rom anodic  oxi-  
da t ion  of n i t r a t e  bath,  AgOl.os; anodic  ox ida t ion  of 
pe rch lo ra te  bath,  AgOl.l~, AgO1.18; reac t ion  of K~S~O. 
and  AgNO~, AgO1.0~; Merck  and  Co. "Divasi l" ,  
AgO~.| AgO~.~, These resu l t s  ind ica te  f a i r ly  close 
ag r eemen t  wi th  the f o r m u l a  AgO. The  excess above  
the s to ichiometr ic  ra t io  could be due  to absorbed  
salts, excess oxygen  in  the  latt ice,  a n d / o r  a smal l  
a m o u n t  of h igher  s i lver  oxide tha t  did not  show up  
in  the diffract ion pa t t e rn .  

This c o m p o u n d  has va r ious ly  been  re fe r red  to as 
an  oxide and  a peroxide.  Yost (14) repor ted  ~hat 
the s t ruc tu re  was  not  a peroxide  since it  did not  give 
a h y d r o g e n  perox ide  reac t ion  w h e n  dissolved in  acid. 
It  can be added to this  ev idence  tha t  the  e lectr ical  

capaci ty  cf the charged s in te red  s i lver  p l aque  (1.66 
a m p - h r  for 4.17 g of Ag)  is e q u i v a l e n t  to 80% of the  
theore t ica l  capaci ty  based on a plus  two va lence  
~tate. Hence,  the  p lus  one s tate  is impossible ,  and  the 
compound  canno t  be a peroxide.  The oxide, t h e r e -  
fore, is AgO, a rgen t ic  oxide, and  not  Ag20~, s i lver  
peroxide,  as it  has of ten  been  re fe r red  to in  the  l i t e r -  
a ture .  

Higher silver o x i d e . - - P r e p a r a t i o n s  f rom the an -  
odic ox ida t ion  of the  s i lver  f luoride and  s i lver  n i t r a t e  
baths  gave powder  diffract ion pa t t e rn s  tha t  were  
m i x t u r e s  of the  AgO p a t t e r n  and  ano the r  p a t t e r n  
which  wi l l  be t e n t a t i v e l y  re fe r red  to as a h igher  
s i lver  oxide. 

Rota t ion  pa t t e rn s  of the la rge  crys ta ls  descr ibed 
above were  iden t ica l  for ro ta t ions  in  th ree  m u t u a l l y  
p e r p e n d i c u l a r  axes, thus  es tab l i sh ing  cubic  s y m -  
met ry .  The first and  th i rd  l ayer  l ines we re  ve ry  
weak.  The ex t ra  p a t t e r n  in  the powder  samples  was 
t h e n  read i ly  i ndexed  as f ace -cen te red  cubic. Tab le  II 
summar i zes  our  powder  da ta  for this h igher  oxide. 
The data  is iden t ica l  wi th  tha t  r epor ted  by  B r a e k k e n  
(23) for Ag~O3, and  wi th  tha t  r epor ted  by  Z v o n k o v a  
(24) and  S w a n s o n  (25) for AgTNO11. 

Three  poin ts  should now be considered.  First ,  
B r a e k k e n ' s  work  and  our work  p resen t  ev idence  tha t  
the  same s t ruc tu re  is ob ta ined  regardless  of the  sal t  
con ta ined  in  the anodiz ing  bath ,  i.e., w h e t h e r  or no t  
n i t r o g e n  compounds  are present .  Second, the  powder  
diffract ion p a t t e r n  for a sample  p r epa red  f rom the  
n i t r a t e  bath  ev idenced  a smal l  bu t  definite a m o u n t  
ef separa te ly  crys ta l l ized  AgNO~. Third ,  Noyes (10) 
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e s t a b l i s h e d  b y  s o l u b i l i t y  m e a s u r e m e n t s  t h a t  a c o m -  
p l e x  of s i l ve r  ox ide  and  s i lve r  n i t r a t e  (e.g., AgTNO11) 
e x i s t ed  in  so lu t ion;  howeve r ,  th is  shou ld  no t  be  con-  
s i de r ed  to e s t ab l i sh  the  fac t  t h a t  t he  s ame  c o m p l e x  
or  c o m p o u n d  exis t s  a f t e r  p r e c i p i t a t i o n  and  d ry ing .  
Bo th  Z v o n k o v a  (24) and  S w a n s o n  (25) d id  not  p e r -  
f o rm  c h e m i c a l  ana lys i s  of t h e i r  samples ,  b u t  fo l -  
l o w e d  Noyes  (10) p r e p a r a t i o n  and  a s s u m e d  his  
ana lys i s  to ho ld  for  t h e i r  p r ec ip i t a t e s .  On the  bas is  
of these  cons ide ra t i ons  i t  is p o s t u l a t e d  t h a t  on fo r -  
m a t i o n  at  t he  anode ,  a n d / o r  on d ry ing ,  the  a n o d e  
p r o d u c t  is c o n v e r t e d  to a h i g h e r  s i lve r  oxide ,  and  
t h a t  in the  case  of t he  n i t r a t e  ba th ,  as a consequence  
of the  i n t e r m e d i a t e  n i t r a t e  complex ,  a m e a s u r a b l e  
a m o u n t  of AgNO3 is abso rbed .  

A ser ies  of p o w d e r  d i f f rac t ion  p a t t e r n s  was  ob -  
t a i n e d  for  t he se  s a m p l e s  to i n v e s t i g a t e  ag ing  effects.  
The  d a t a  a re  o f t en  i ncons i s t en t  because  the  l a r g e  
c r y s t a l  size of t he  h i g h e r  ox ide  f r ac t i on  p r e s e n t e d  
p r e f e r r e d  o r i e n t a t i o n  difficult ies.  The  s amp le s  w e r e  
not  g r o u n d  to a s m a l l e r  p a r t i c l e  size because  i t  was  
t hough t  t h a t  the  h i g h e r  oxide ,  and  p o s s i b l y  AgO, 
w o u l d  suffer  some decompos i t ion .  I t  can  be  s t a t ed  
q u a l i t a t i v e l y  t h a t  ove r  a five m o n t h  p e r i o d  of s to r -  
age  at  22~176  the  h i g h e r  ox ide  d e c o m p o s e d  to 
some e x t e n t  w i t h  a r e s u l t a n t  i nc rea se  in AgO. As  
m e n t i o n e d  above,  t h e r e  was  c o m p l e t e  d e c o m p o s i -  
t ion to AgO a f t e r  2 h r  of h e a t i n g  in w a t e r  a t  98 ~  
100~ T h e r e  was  no ev idence  of l ine  sh i f t i ng  in 
e i the r  t h e  h i g h e r  o x i d e  or  the  AgO p a t t e r n s  w i t h  
aging,  i n d i c a t i n g  no r a n g e  of sol id  so lub i l i t y  of o x y -  
gen  in  t he  la t t ices .  

I t  is now of i n t e r e s t  to cons ide r  t he  s t o i c h i o m e t r y  
of th is  h i g h e r  oxide .  This  t a s k  is m a d e  difficult  b y  
the  fac t  t h a t  AgO was  p r e s e n t  in  a l l  the  s a m p l e s  r e -  
ga rd l e s s  of v a r i a t i o n s  in b a t h  compos i t ion  and  con-  
cen t ra t ion ,  t e m p e r a t u r e ,  and  c u r r e n t  dens i ty .  J i r s a  
(3)  r e p o r t e d  the  s ame  diff icul ty.  The  to t a l  o x y g e n  
ana lyse s  for  t he  p r e p a r a t i o n s  r a n g e d  b e t w e e n  
AgOl.0~ ..... for  ag ing  up  to one mon th ,  and  AgO1.23 . . . .  
for  ag ing  b e t w e e n  41/2 to 51/2 months .  The re fo re ,  
even  t h o u g h  the  s t o i c h i o m e t r y  of t he  h i g h e r  ox ide  
canno t  be  d e t e r m i n e d ,  i t  a p p e a r s  t h a t  t he  s i lve r  is 
in a h i g h e r  va l ence  s t a t e  t h a n  p lu s  two.  

Summary 
A r g e n t i c  oxide ,  AgO,  was  p r e p a r e d  b y  s e v e r a l  

d i f fe ren t  p r o c e d u r e s  r e s u l t i n g  in  a l l  cases  in a b l a c k  
p o w d e r  t h a t  gave  a u n i q u e  p o w d e r  d i f f rac t ion  p a t -  
tern .  This  p a t t e r n  was  i n d e x e d  to e s t ab l i sh  m o n o -  
c l inic  s y m m e t r y  and  cel l  d imens ions .  These  r e su l t s  
conf i rm the  w o r k  of M c M i l l a n  and  t end  to r e j e c t  t he  
p o s s i b i l i t y  t ha t  AgO exis t s  in o t h e r  c r y s t a l l i n e  m o d i -  
f icat ions.  C r y s t a l s  of AgO su i t ab l e  for  s ing le  c r y s t a l  
d i f f rac t ion  s tud ies  cou ld  no t  be  p r e p a r e d .  

The  anod ic  o x i d a t i o n  of  bo th  s i lve r  f luor ide  and  
s i lve r  n i t r a t e  b a t h s  gave  s a m p l e s  t h a t  w e r e  a m i x -  
t u r e  of AgO and  a n o t h e r  subs tance ,  s o m e t i m e s  p r e s -  
en t  as f a i r l y  l a r g e  (0.8 m m )  s ing le  c rys ta l s .  This  

o t h e r  subs t ance  has  a f a c e - c e n t e r e d  cubic  l a t t i c e  
w i t h  v e r y  w e a k  first  and  t h i r d  l a y e r  l ines.  I t  is con-  
c luded  t h a t  the  s u b s t a n c e  is a h i g h e r  s i lve r  ox ide  w i t h  
s i lve r  in  a v a l e n c e  s t a t e  h i g h e r  t h a n  p lus  two.  U n -  
f o r t u n a t e l y  the  exac t  s t o i c h i o m e t r y  could  not  be  d e -  
t e r m i n e d .  The  subs t ance  is e v i d e n t l y  not  AgTNOll as 
p r o p o s e d  b y  o the r  i n v e s t i g a t o r s  (24, 25) s ince  i t  can  
also be  p r e p a r e d  f rom a s i lve r  f luor ide  ba th .  This  
ox ide  decomposes  to AgO s l o w l y  ( l onge r  t h a n  five 
m o n t h s )  a t  n o r m a l  t e m p e r a t u r e s  b u t  w i t h i n  2 h r  in 
98~176 w a t e r .  
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Protection of Molybdenum from Oxidation 
at Elevated Temperatures 
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ABSTRACT 

Molybdenum may be protected against oxidation at ll00~ by composite 
coatings of chromium and nickel. Adhesion of chromium to molybdenum was 
obtained by anodically etching the molybdenum in a solution of sulfuric and 
phosphoric acids (1:1 by volume) before plating. 

Chromium was deposited from a conventional chromic acid bath operated 
at 75~176 and at a current density of 120 amp/dm ~. A coating consisting of 
0.001 in. of chromium followed by 0.007 in. of nickel protected molybdenum at 
980 ~ 1100 ~ and 1200~ for 1200, 500, and 100 hr, respectively. Shot peening 
and ball milling of the coatings did not increase their life. Oxidation and 
diffusion phenomena were studied to explain ultimate failure of the coatings, 
and both mechanisms are shown to be contributing causes. 

The engineer  and meta l lu rg i s t  have in molybde -  
num a ma te r i a l  possessing high s t rength  at e levated 
tempera tures .  The chemical  na ture  of this metal ,  
however,  precludes  its use under  oxidizing condi-  
tions. The work  repor ted  here was an a t t empt  to 
protect  molybdenum from oxidat ion by  e lec t rop la t -  
ing it wi th  composite coatings of chromium and 
nickel.  

Al loys of molybdenum wi th  nickel  or cobalt  (1) 
form protec t ive  coatings of molybda tes  when oxi-  
dized at 900~176 However,  these al loys are not 
sa t is factory  when thermocycl ing  is necessary be-  
cause of severe spal l ing of the molybdates .  The addi -  
t ion of nickel  or cobalt  to mo lybdenum in percen t -  
ages large enough to p reven t  oxidat ion also causes a 
loss in the hot s t rength  of molybdenum.  Molybde-  
n u m - c h r o m i u m  alloys wi th  as much as 36% chro-  
mium have been s tudied (2) but  were  not recom- 
mended for  use above 980~ because of rap id  oxi -  
dation. Cladding of mo lybdenum with  nickel  and 
nickel  al loys was inves t iga ted  by  Bruckhar t  and 
Jaffee (3).  

Korbe lak  (4) used chromium as an ini t ia l  deposit  
and electrodeposi ted other  meta ls  on the chromium 
strike. Brenner  (5) obta ined adhesion by using a 
brass str ike.  Vaaler  (6) repor ted  tha t  adhesion of 
the chromium to molybdenum was improved  through 
the use of Murakami ' s  e tching solution (7).  Whi t -  
field (8) e lect rodeposi ted  several  meta ls  on molyb-  
denum but  gave no procedure  or indicat ion of the 
degree of adhesion he obtained.  Runck (9) has pub-  
l ished a meta l lographic  s tudy of ch romium- p l a t e d  
molybdenum.  

Experimental Methods 
Sample preparation.--Fastening electr ical  leads 

to the molybdenum samples presented  some diffi- 
cul ty  since the sample fai led at  the point  where  the 
lead joined the molybdenum because of access of 
oxygen at these points. This difficulty was overcome 
by welding a nickel  wire  to a sharp tip of the molyb-  

denum piece wi th  Colmonoy 1 (see Fig. 1). The 
welded area  was ground to give a smooth continuous 
meta l  surface so that  subsequent  p la t ing  operat ions 
complete ly  covered this area  wi th  coating. The sharp 
edges of mo lybdenum left  by shear ing or machin ing  
operat ions were  ground smooth to p reven t  t ree ing 
and edge bui ldup dur ing  plat ing.  These samples were  
then degreased and the scale removed by  anodic 
t r ea tmen t  in 70% sulfuric acid. 

Plating and adhesion.- -Prel iminary studies showed 
that  good adhesion of chromium to molybdenum 
could be obta ined fa i r ly  consis tent ly by the use of 
Murakami ' s  etching solution. The etching t ime in 
this  solution requi red  ra the r  careful  control.  If in-  
sufficiently etched, poor adhesion was obtained;  
however,  if etching were  ex tended  to 10 min, a 
brown film formed on the molybdenum which pre -  
vented adhesion. Murakami ' s  etching reagent  was 
also p repa red  in a more di lute  solution containing 
100 g of potass ium fe r r icyan ide  and 100 g of sodium 

1 H a r d  f a c i n g  a l loy  p u r c h a s a b l e  f r o m  W a l l  C o l m o n o y  Corp. ,  19345 
J o h n  R St., D2t ro i t ,  Mich.  

Fig. 1. Typical test panels of chromium-nickel plated 
molybdenum. A, as plated; B, after 300 hr, oxidation 
1100~ C, after 300 hr, oxidation 1100~ The difference 
between B and C shows the variations in samples prepared 
under identical conditions. Magnification 3~X before reduc- 
tion for publication. 
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hydrox ide  per  l i ter  and used at 80~176 Agi ta t ion  
of the samples dur ing  the etching process tended to 
prevent  format ion  of the brown films ment ioned 
above and gave a clean, etched surface on the mo-  ~ 8 
lybdenum.  This solution was not sa t is factory  for 
cleaning alloys containing t i t an ium because they  ~6  
formed more tenacious films when etched. Af te r  
being etched, the samples were  r insed and p la ted  
wi th  chromium. ~ 4 

t u  
A second method of p repara t ion  consisted of t r e a t -  z 

ing the samples anodical ly  at 20-40 amp/dm'-' in ~2 
70% sulfuric  acid for about  2-3 min. However,  a blue 
film sometimes formed dur ing r insing which caused 
poor adhesion. Higher  cur rent  densit ies in the anodic 0 
t r ea tmen t  usual ly  p reven ted  the format ion  of these 
films. 

A th i rd  etching reagent  tha t  worked  very  well,  
even with  alloys containing t i tanium,  was p repa red  
by using equal  volumes of concentra ted  sulfuric and 
phosphoric  acid. This solution gave a very  sat is-  
fac tory  etch when samples were  t r ea ted  anodical ly  
in it  at 2-10 a m p / d m  2 for 2 to 3 rain. 

Af te r  etching by one of the procedures  prev ious ly  
described,  the samples were  r insed and p la ted  with 
25t~ (1 mil)  of chromium from a ba th  containing 
250 g of CrO~ and 2.5 g of sulfuric  acid per  liter.  The 
chromium was e lectrodeposi ted under  three  different  
conditions. Low contract ion chromium (10), p la ted  
at 80-120 a m p / d m  '~, at a t e m p e r a t u r e  of 85~176 
gave excel lent  adhesion. Sat is fac tory  adhesion was 
also obta ined by p la t ing  br igh t  chromium at 20-30 
a m p / d m  ~, and at a t empe ra tu r e  of 50~ However ,  
the chromium pla ted  at  low t empera tu res  (25~ 
gave poor coverage, and the adhesion was not sa t i s -  
factory.  Deposits made  under  these conditions tended 
to crack and peel  f rom the molybdenum.  This c rack-  
ing was e l iminated  by in i t ia t ing  deposit ion at  a t em-  
pe ra tu re  (50~ which produced br ight  chromium, 
then reducing the t empera tu re  af ter  the  samples had 
been p la ted  for a few minutes.  

Af te r  chromium plat ing,  the samples were  etched 
in 1:1 hydrochlor ic  acid unt i l  the surface appeared  
gray, given a nickel  s t r ike  (20-60 a m p / d m  ~ for 
1-3 min)  in an a l l -ch lor ide  s t r ike  bath, and then 
p la ted  wi th  nickel  f rom an a l l - ch lo r ide  or a Wat ts  
nickel  bath.  The samples were  not r insed be tween  
the s t r ike  and p la t ing  operation.  This procedure  gave 

Fig. 2. Fracture of coating when heated to 900~ caused 
by discontinuities in the molybdenum sheet. Magnification 
50X before reduction for publication. 
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Fig. 3. Effect of temperature ond nickel thickness on 
"oxidation life" of molybdenum plated with chromium end 
nickel. 

very  good adhesion, as was indica ted  by  bending a 
specimen unt i l  it  f rac tured.  The b reak  was nea r ly  
a lways  wi thin  the molybdenum and not be tween 
the e lectrodeposi ted layers .  

Inspection methods.--The t ime to fa i lure  under  
oxidizing conditions is re fe r red  to hereaf te r  as "oxi-  
dat ion life." It is the t ime the sample remains  in-  
tact  from the moment  it  is placed in the furnace,  at 
t empera ture ,  to the first moment  tha t  molybdic  
oxide smoke is detected,  or green nickel  molybda te  
is observed.  The ear ly  studies of the t ime to fa i lure  
showed an apprec iab le  amount  of scat tering.  This 
led to the bel ief  tha t  there  were  flaws in the  coating 
and a good inspection method pr ior  to oxidat ion was 
needed. 

Elect rodeposi ted  r ad ioac t ive -ch romium (11) was 
used as a possible method of detect ing voids or in-  
clusions in the nickel  deposit.  The chromium de-  
posits were  made  f rom a ba th  tha t  contained chro-  
mium 51 in concentrat ions of about  0.06 mil l icur ie  
per  mil l i l i ter .  This method worked  well  and showed 
pores and voids in the nickel  deposits  when the de-  
posits were  less than  0.001 in. thick. However,  wi th  
nickel  thicknesses of 0.007 in., even vis ible  pits did  
not produce sufficient contrast  for the image to be 
seen. 

The only sa t is factory  method of inspection found 
was to heat  the p la ted  panels  in a hel ium or hydr~ - 
gen a tmosphere  to 900~ then carefu l ly  inspect 
them for cracks or bl is ters  in the coating. A photo-  
mic rograph  of a f rac ture  caused by fau l ty  molyb-  
denum sheet is shown in Fig. 2. 

Results and Discussion 

Ej~ect of Coating Thickness and Temperature on 
Oxidation Life 

Figure  3 shows the re la t ion be tween the thickness 
of nickel  coating and the oxidat ion life of specimens 
tes ted at three  different  tempera tures .  The molyb-  
denum was p la ted  wi th  25t~ (1 mil )  of chromium 
pr ior  to e lect rodeposi t ing nickel.  The samples tes ted  
at 1200~ oxidized ve ry  r ap id ly  and even specimens 
coated wi th  225tL (9 mils)  of nickel  fa i led in less than  
100 hr. Thus, it  appeared  tha t  1200~ was an ex-  
cessive t empera tu re  for the s tudy of these coatings. 
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Table I. "Oxidation lives" of molybdenum panels plated with 
chromium and chromium-nickel tested at 1100~ and 

thermocycled every 24 hr 

No.  of 
E x p .  p a n e l s  Thickness 
N o .  t e s t e d  Cr  ~ N i  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Augus t  1958 

Table II. Results of oxidation tests of molybdenum panels 
plated with 1 mil of Cr and 7 mils of Ni 

No.  of  
O x i d a t i o n  l i f e  s a m -  

p l e s  T y p e  T e m p ,  M i n  M a x  A v  
T i m e  to  f a i l u r e ,  h r  t e s t e d  N i  ~ h r  h r  h r  C o m m e n t  

M i n  M a x  A v  C o m m e n t s  

1 4 60* None 20 20 20 Low temper- 
ature chro- 
mium 

2 2 60 None 20 40 30 - -  
3 3 60 N o n e  90 240 170 P r e h e a t e d  200 

hr  a t  l l 0 0 ~  
4 3 100 N o n e  20 50 45 B r i g h t  c h r o -  

m i u m  
5 3 120 N o n e  20 70 55 L o w  t e m p e r -  

a t u r e  c h r o -  
m i u m  

6 3 180 N o n e  140 160 150 B r i g h t  c h r o -  
m i u m  

7 10 220 N o n e  4 0 .  600 330 - -  
8 3 25 60 40 240 130 - -  
9 6 25 120 170 350 250 - -  

10 37 25 170 120 640 360 - -  
11 9 25 200 160 700 350 - -  
12 3 25 220 300 360 340 - -  
13 4 i00 I00 160 160 160 - -  
14 4 i00 170 400 920 780 - -  
15 4 220 170 540 >800 - -  Test discon- 

tinued after 
800 hr 

16 3 25 150 40 120 110 Preheated 250 
hr 

17 3 25 150 40 90 70 Preheated 500 
hr 

* U n l e s s  o t h e r w i s e  n o t e d ,  a l l  c h r o m i u m  d e p o s i t s  w e r e  p r e p a r e d  a t  
85~  100-120 a m p / d i n  s. 

A t e m p e r a t u r e  of l l 0 0 ~  was  chosen as a more  p rac -  
t ical  condi t ion  for use  in tes t ing  these coat ings and  
was gene ra l ly  used in  this inves t iga t ion .  

The oxida t ion  lives of c h r o m i u m - p l a t e d  m o l y b -  
denum,  oxidized at l l 0 0 ~  were  not  reproducib le .  
Some samples  fai led in  less t h a n  24 hr  whi le  others  
las ted severa l  h u n d r e d  hours.  Table  I shows the  r e -  
sul ts  for a series of panels  p la ted  wi th  bo th  chro-  
m i u m  and  nickel. 

Generally, deposits 50~ (2 mils) or less in thick- 
ness failed in 20 hr or less, while deposits that were 
220~ (9 mils) thick had widely different oxidation 
lives. Those samples that lasted over 50 hr usually 
had lives of several hundred hours. A chromium- 
molybdenum alloy forms at the interface and it may 
be that this a11oy is a good oxidation barrier. To 
check this idea, a group of samples were chromium 
plated, and some of these were heated in an inert 
atmosphere at II00~ for 200 hr before oxidation 
(experiments 2 and 3 of Table I). The controls had 
an average life of 30 hr while the preheated panels 
had an average life of 170 hr. This indicated the im- 
portance of forming the chromium-molybdenum dif- 
fusion alloy prior to oxidation. 

Although chromium-plated molybdenum has de- 
sirable properties for the prevention of oxidation, if 
preheated prior to oxidation, one undesirable char- 
acteristic was noticed; after 2 or 3 thermocycles the 
chromic oxide usually scaled off in large flakes and 
exposed a bright chromium surface to further rapid 
oxidation. 

The effect of the thickness of the composite chro- 
mium-nickel coating on the oxidation life of molyb- 
denum panels is also shown in Table I. 

Formation of a chromium-nickel a11oy by heating 
the samples prior to oxidation had an adverse effect 
on the oxidation life (experiments 16 and 17, Table 
I). The type of chromium used to coat the molyb- 
denum did not have a marked effect on the oxidation 

33 C1 1100 70 360 150 
17 W 1100 210 760 320 
34 C1 980 160 >1200 - -  3 unfai led after 

1200 hr 
16 W 980 740 >1200 - -  13 unfai led after 

1200 hr  

C 1 - - N i c k e l  d e p o s i t e d  f r o m  a n  a l l - c h l o r i d e  b a t h .  
W - - N i c k e l  d e p o s i t e d  f r o m  a W a t t s  t y p e  of  h a t h .  

life of the pane ls  ( e x p e r i m e n t s  1, 2, 4, and  5, Table  
I) .  The l o w - c o n t r a c t i o n  type  of c h r o m i u m  was gen-  
e ra l ly  used because  of its super ior  adhes ion  and  cov- 
e r ing  power.  

Effect of Plating Conditions on Oxidation Life 
A large  group of samples  were  p r epa red  f rom 

m o l y b d e n u m  sheet  750~ (30 mi ls )  thick. These s am-  
ples, 2 x 5 cm in  size, were  p la ted  wi th  approx i -  
m a t e l y  25~ (1 mi l )  of c h r o m i u m  and  175~ (7 mi l s )  
of nickel .  Af te r  p la t ing ,  the  samples  were  oxidized 
at 980 ~ or l l 0 0 ~  in  a l abo ra to ry  fu rnace  th rough  
which  a slow s t r e a m  of air  was passed to r emove  the 
molybd ic  oxide tha t  escaped f rom the samples  which  
failed. The samples  were  the rmocyc led  by  r emov ing  
them f rom the fu rnace  and  a l lowing  them to cool to 
room t e m p e r a t u r e  once every  24 hr. 

Table  II shows the resul ts  for 100 samples  tha t  
were  oxidized. The  deposits  f rom the Wat t s  and  
chlor ide ba th  a re  shown sepa ra t e ly  in  the table  for 
the purpose of comparison. They were actually oxi- 
dized in random sequence to eliminate any differ- 
ences arising from uncontrollable factors. 

Panels plated under conditions that were known 
to give highly stressed deposits were the first to fail. 
Since the stress in the deposit is relieved by the 
heating used for inspection, it is not likely that the 
stress as such is a factor. However, the factors that 
cause high stress may also cause inclusions or other 
weaknesses in the deposit which could account for 
the early failures of these deposits. Weight gains 
due to oxidation were obtained for nickel electro- 
deposited from both the Watts and all-chloride-type 
baths. The results showed only small differences in 
oxidation rates and could not account for the differ- 
ences in oxidation life that are shown in Table If. 

Ea r l y  fa i lures  m a y  be due to "ox ida t ion  pa t hways"  
as i l l u s t r a t ed  in  Fig. 4. A l t h o u g h  only  a smal l  por -  
t ion  of the  n icke l  deposi t  had  been  oxidized, the 
sample  was a lmost  r eady  to fail. F igu re  5 is a more  
advanced  case where  the oxygen  has ac tua l ly  re -  
acted wi th  the m o l y b d e n u m  l eav ing  a shel l  of n icke l  
a r o u n d  the void. Sma l l  holes of this  type  are u sua l l y  
filled wi th  n icke l  molybda te .  

Since molybd ic  oxide reacts  wi th  both  n icke l  and  
n icke l  oxide to form n icke l  molybda te ,  the samples  
u sua l l y  r e m a i n  in tac t  whi le  in  the furnace .  How-  
ever,  w h e n  cooled, the  n icke l  m o l y b d a t e  unde rgoes  
a t r a n s f o r m a t i o n  wh ich ' causes  v io len t  spal l ing,  thus  
r u p t u r i n g  the n icke l  oxide and  l ay ing  open  a hole 
where  the m o l y b d a t e  had  formed.  
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Fig. 6. Analysis cf d;,fus~cn b.~r cftcr hzating 100 hr at 
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Fig. 4. Oxidation pathway through chrcmiurn-nickel coat- 
ing. Magnification 500X before reductizn fer publication. 

T y p i c a l  f a i lu re s  a r e  shown  in Fig.  1B and  1C. 
S o m e t i m e s  these  f a i l u r e s  cou ld  be  d e t e c t e d  in  t h e i r  
e a r l y  s tages  b y  the  a p p e a r a n c e  of a s m a l l  g r een i sh  
spot  on the  ou t s ide  of t he  b lack ,  a d h e r e n t ,  v i t r e o u s  
n i c k e l - o x i d e  enve lop .  Occas iona l ly ,  t he  n i cke l  ox ide  
c r a c k e d  and  f laked  a w a y  f r o m  the  s a m p l e  a n d  
showed  g reen i sh  a r e a s  b e n e a t h  t he  scale.  

Di~usio~ Studies 
T h e r e  was  a p o s s i b i l i t y  t h a t  t he  m o l y b d e n u m  d i f -  

fus ing  out  t h r o u g h  these  coa t ings  w o u l d  f o r m  a 
n i c k e l - m o l y b d e n u m  a l loy  w h i c h  w o u l d  cause  s p a l l -  
ing  w h e n  ox id i zed  and  t h e r m o c y c l e d .  To o b t a i n  a 
s e m i - q u a n t i t a t i v e  m e a s u r e  of diffusion,  two  m o l y b -  
d e n u m  bars ,  a b o u t  1/2 in. in d i a m e t e r  and  2 in. in  
length ,  w e r e  t u r n e d  in a l a the  on t r u e  cen te rs .  These  
b a r s  w e r e  t hen  p l a t e d  w i t h  25-50/~ (1 -2  mi l s )  of 
c h r o m i u m  and  250-300~ (10-12 mi l s )  of n icke l ,  t a k -  
ing  ca re  to ob t a in  u n i f o r m  depos i t s .  A f t e r  p la t ing ,  
t h e y  w e r e  h e a t e d  in h y d r o g e n  at  l l 0 0 ~  for  100 h r  
to p e r m i t  d i f fus ion of t h e  me ta l s ,  t hen  r e t u r n e d  to t he  
l a the  and  a p o r t i o n  of t he  coa t ing  of each  b a r  was  
t u r n e d  off. The  d i a m e t e r s  of the  ba r s  w e r e  checked  

a f t e r  each  cu t  to i n su re  t h a t  t he  t u r n i n g s  w e r e  c o m -  
ing  f r o m  p a r a l l e l  l aye r s .  These  l a the  cuts  w e r e  f rom 
25 to 50/~ (1-2  mi l s )  p e r  cu t  a n d  w e r e  k e p t  s e p a r a t e  
f r o m  each  o t h e r  for  c h e m i c a l  ana lys i s .  F i g u r e  6 
shows  the  ana lys i s  of  t he  coa t ings  a f t e r  100 h r  of 
diffusion,  and  Fig.  7 shows  a p h o t o m i c r o g r a p h  of t he  
bar .  

The  r e m a i n i n g  p o r t i o n  of one of these  b a r s  was  
a g a i n  h e a t e d  for  a t o t a l  of 600 h r  a t  1100~ I t  was  
t hen  m a c h i n e d  as p r e v i o u s l y  desc r ibed ,  and  a c h e m i -  
cal  ana lys i s  for  a l l  t h r e e  c o m p o n e n t s  was  m a d e  of 
t he se  t u rn ings .  The  r e su l t s  of t h e  a n a l y s i s  a r e  shown  
in Fig .  8. 

The  c h r o m i u m  was  d i s t r i b u t e d  t h r o u g h o u t  the  r e -  
g ion w h i c h  o r i g i n a l l y  cons i s t ed  of two  l aye r s ,  one 
of n i cke l  and  one of c h r o m i u m .  F i g u r e  8 also shows  
some di f fus ion into  the  m o l y b d e n u m ,  bu t  t h e r e  was  
a s i zab le  a m o u n t  of m o l y b d e n u m  t h a t  d i f fused  o u t -  
w a r d  into  the  c h r o m i u m - n i c k e l  a l loy .  X - r a y  ana lys i s  
showed  the  ex i s t ence  of a n i c k e l - m o l y b d e n u m  i n t e r -  
m e t a l l i c  compound ,  NiMo. 

A p h o t o m i c r o g r a p h  of t he  second  b a r  a f t e r  h e a t -  
ing  for  600 h r  is shown  in Fig.  9. A p p a r e n t l y ,  the  d i f -  
fus ion  of the  m o l y b d e n u m  in to  the  c h r o m i u m - n i c k e l  
l a y e r  d id  no t  change  i ts  s t r u c t u r e  a p p r e c i a b l y  a t  

Fig. 5. Oxidation corrosion at edge of panel. Ma.3ni,fica- Fig. 7. Diffusion bar after heating 100 hr at 1100~ 
tion 50X before reduction for publication. Magnification 100X before reduction for publicQtion. 
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these  concen t ra t ions .  The  c h r o m i u m - m o l y b d e n u m  
a l loy  is seen  eas i ly .  

S ince  a w r o u g h t  n i c h r o m e  t y p e  of a l l oy  is v e r y  
r e s i s t a n t  to ox ida t ion ,  i t  was  t h o u g h t  t h e  f o r m a t i o n  
of these  a l loys  b y  hea t ing ,  in  an  i n e r t  a t m o s p h e r e ,  
p r i o r  to o x i d a t i o n  w o u l d  i m p r o v e  the  p r o t e c t i v e  
v a l u e  of t he  coat ing .  To tes t  th is  idea,  a ser ies  of  
m o l y b d e n u m  pane l s  w e r e  p l a t e d  w i t h  25~, (1 m i l )  of 
c h r o m i u m  and  175~ (7 mi l s )  of n icke l .  Some  of these  
w e r e  s aved  for  con t ro l  pane l s  in the  "as  p l a t e d "  
cond i t ion ;  t h e  o the r s  w e r e  h e a t e d  for  250 and  500 h r  
a t  l l 0 0 ~  in h y d r o g e n .  The  re su l t s  a r e  i n c l u d e d  in  
T a b l e  I. C o m p a r i s o n  of Exp.  16 a n d  17 w i t h  Exp.  9 
and  10 shows  t ha t  the  f o r m a t i o n  b y  di f fus ion of  
these  n i c k e l - c h r o m i u m - m o l y b d e n u m  a l loys  was  d e t -  
r i m e n t a l  to t he  l i fe  of t he  samples .  This  dif fers  f rom 
the  conclus ions  r e a c h e d  b y  S a f r a n e k  and  S c h a e r  
(12) who  w o r k e d  u n d e r  s o m e w h a t  d i f fe ren t  cond i -  
t ions.  A r a t h e r  loose ox ide  scale  f o r m e d  d u r i n g  ox i -  
d a t i o n  and  a p p a r e n t l y  p e r m i t t e d  the  o x i d a t i o n  to 
p rog re s s  at  a m o r e  r a p i d  r a t e  t h a n  w o u l d  be e x -  
p e c t e d  f r o m  a p a r a b o l i c  law.  

E~ect of Mechanical Working 
V a r i a t i o n s  in  the  o x i d a t i o n  l i fe  o b s e r v e d  for  a 

g roup  of spec imens  i n d i c a t e d  t ha t  some f laws in the  

Table Ill. Oxidation life of mechanically worked samples 

A v  l i f e  
of  u n w o r k e d  

A v  l i f e  con t ro l  
Type  of  w o r k  p e r f o r m e d  on s a m p l e  h r  h r  

Shot peened 262 275 
Heated to l l00~ then shot peened 72 72 
Bal l  mil led,  800~ in H~ a tm 230 320 

depos i t  a l l o w e d  a d i r ec t  access  of the  o x y g e n  to t he  
m o l y b d e n u m  and  thus  caused  the  e a r l y  fa i lu res .  I t  
was  t h o u g h t  t h a t  m e c h a n i c a l  w o r k i n g  of the  depos i t  
m i g h t  i m p r o v e  i t  b y  caus ing  some flow of t he  m e t a l  
w i t h  a r e s u l t a n t  c los ing  of pores .  

One  g roup  of p l a t e d  pane l s  was  shot  p e e n e d  ~ us ing  
s e v e r a l  d i f fe ren t  nozzle  p r e s s u r e s  and  shot  sizes. A n -  
o t h e r  g roup  of p l a t e d  pane l s  was  ba l l  m i l l e d  in a 
4- in .  d i a m e t e r  s tee l  ba l l  m i l l  r o t a t e d  a t  20 r p m  and  
o p e r a t e d  a t  800~ in an  a t m o s p h e r e  of h y d r o g e n .  
The  s a m p l e s  w e r e  ho t  w o r k e d  in  th is  w a y  for  3 h r  
u s ing  �89 in. c e r amic  bal ls .  N e i t h e r  t he  p e e n i n g  no r  
t he  ba l l  m i l l i n g  caused  any  s ign i f ican t  i nc reases  in 
l i fe  ( T a b l e  I I I ) .  This  s h o w e d  t h a t  m e c h a n i c a l  w o r k -  
ing  of th is  t y p e  ( b a l l  m i l l i n g  a n d  shot  p e e n i n g )  d id  
no t  affect  the  causes  of o x i d a t i o n  fa i lu re .  

Causes of Failure 

M e t a l l o g r a p h i c  e x a m i n a t i o n  and  x - r a y  ana lys i s  
of a ser ies  of spec imens  s u b j e c t e d  to d i f fe ren t  pe r iods  
of o x i d a t i o n  in a i r  a t  l l 0 0 ~  s h o w e d  some  i n t e r -  
e s t ing  p h e n o m e n a .  O x i d a t i o n  for  1 h r  caused  v e r y  
l i t t l e  change  in the  s a m p l e s  e x c e p t  t ha t  t he  e l e c t r o -  
d e p o s i t e d  n i cke l  and  the  m o l y b d e n u m  h a d  r e c r y s -  
t a l l i z ed  and  some s e g r e g a t i o n  of i m p u r i t i e s  h a d  
t a k e n  p l ace  at  the  g r a i n  b o u n d a r i e s  of  t he  n ickel .  By  
the  end  of 7 h r  the  n i cke l  h a d  s t a r t e d  to show ox i -  
d a t i o n  at  the  g r a i n  b o u n d a r i e s  and  a vo id  h a d  d e -  
v e l o p e d  at  the  edge  of t he  s a m p l e  (Fig .  10).  Con-  
t i n u e d  o x i d a t i o n  and  t h e r m a l  cyc l ing  for  f r o m  50 to 
150 h r  caused  a l ine  of ox ide  inc lus ions  to f o r m  such 
as t ha t  shown  in Fig .  11. The  t i m e  r e q u i r e d  for  t he se  
ox ides  to d e v e l o p  was  d i f f e ren t  for  each  sample .  
W i t h  n i c k e l  coa t ings  175~ (7 m i l s )  th ick ,  t he  i nc lu -  
s ions cou ld  be  seen as i so la ted  spots  a f t e r  50 h r  and  

e These  s amp le s  we re  sho t  p e e n e d  a t  the  p l a n t  of the  P a n g b o r n  
C o r p o r a t i o n ,  H a g e r s t o w n ,  Md. 

Fig. 9. Diffusion bar, after heating 600 hr at 1100~ 
Magnification 100X before reduction for publication. 

Fig. 10. Chromium-nickel-plated molybdenum panel after 
7 hr of oxidation. Magnification 100X before reduction for 
publication. 
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Fig. 11. Subsurface oxide shown as isolated areas after 
100 hr of oxidat ion at l l 00~  Magni f icat ion 500X before 
reduction for publication. 

had  u s u a l l y  g r o w n  into  a sol id  b a n d  of subsu r f ace  
ox ide  a f t e r  100 to 150 h r  of ox ida t ion .  

To s t u d y  the  cause  of these  t h r e e  fo rma t ions ,  i.e., 
s u b s u r f a c e  oxide ,  g r a i n - b o u n d a r y  ox ida t ion ,  and  
edge  sepa ra t ions ,  e l e c t r o f o r m e d  n i cke l  shee t  i n s t ead  
of m o l y b d e n u m  was  p l a t e d  w i t h  c h r o m i u m  and  
n i cke l  and  t hen  ox id i zed  and  sec t ioned  for  e x a m i n a -  
t ion.  The  spec imens  s h o w e d  the  s a m e  t h r e e  f o r m a -  
t ions  t h a t  w e r e  n o t e d  w i t h  t he  m o l y b d e n u m  s a m p l e s  
(Fig .  12). Thus,  the  m o l y b d e n u m  was  not  i n v o l v e d  
in a n y  of these  processes .  

In  o t h e r  e x p e r i m e n t s ,  e l e c t r o f o r m e d  n i cke l  shee ts  
of two  th icknesses ,  150~ (6 mi l s )  and  250~ (10 m i l s ) ,  
w e r e  p l a t e d  w i t h  50~ (2 mi l s )  of c h r o m i u m  and  150~ 
(6 mi l s )  of n i cke l  on on ly  one side. These  s a m p l e s  
(Fig .  13B and  14B) show a ser ies  of inc lus ions  in 
the  a r e a  of the  o r i g i n a l  c h r o m i u m  depos i t .  S i m i l a r  
inc lus ions  no t iced  in  the  d i f fus ion b a r  s tud ies  a r e  
shown  in Fig.  7 and  9. F i g u r e  13B shows  the  f o r m a -  
t ion  of t he  s u b s u r f a c e  ox ide  on bo th  s ides  of the  
o r ig ina l  c h r o m i u m  laye r .  In  the  o t h e r  case, Fig.  14B 
and  14C, t he  s u b s u r f a c e  o x i d e  is v i s ib l e  on one  s ide  
only .  The  s ide  cons i s t ing  of t h e  20 -mi l  t h i c k  n i c k e l  
shows  on ly  i so l a t ed  spots  of ox ide  w h i c h  i n c r e a s e d  
in size and  n u m b e r  w i t h  i nc r ea sed  o x i d a t i o n  t ime .  

The  s u b s u r f a c e  ox ide  was  no t  d e t e c t e d  in s a m p l e s  
t h a t  w e r e  h e a t e d  in h y d r o g e n  or  he l ium.  These  

Fig. 13. Electrodeposited nickel-chromium nickel. A, as 
deposited; B, af ter  100 hr of oxidat ion at 1100~ Magni f i -  
cat ion 100X before reduction for publ icat ion. 

ox ides  w e r e  a s soc ia t ed  w i t h  a t m o s p h e r i c  o x i d a t i o n  
and  w e r e  not  a r e su l t  of i nc lus ion  w i t h i n  the  n i cke l  
depos i t .  A p p a r e n t l y ,  th is  subsu r f ace  ox ide  l a y e r  was  
caused  b y  o x i d a t i o n  of t he  c h r o m i u m - n i c k e l  a l loy  
f o r m e d  b y  diffusion,  t he  o x y g e n  e i t he r  coming  f rom 
d i s so lved  o x y g e n  in t he  n i cke l  or  a long  g r a i n  b o u n d -  
ar ies .  A c c o r d i n g  to Z i m a  (13) c h r o m i u m - n i c k e l  a l -  
loys  t ha t  con ta in  less t h a n  10% c h r o m i u m  ox id ize  
m o r e  r a p i d l y  t h a n  e i t he r  p u r e  n i cke l  or  a l loys  w i t h  
ove r  10% c h r o m i u m .  The  subsu r f ace  ox ide  l a y e r  
f o r m e d  t h r o u g h  m u c h  t h i c k e r  l a y e r s  of n i cke l  if i t  
was  ove r  a c u r v e d  sur face .  G r a i n  b o u n d a r y  o x i d a t i o n  
was  also m o r e  s eve re  at  c u r v e d  edges.  The  fac t  t h a t  
the  s u b s u r f a c e  ox ide  fo rms  at  the  c h r o m i u m  di f fu-  
s ion f ron t  was  also d e m o n s t r a t e d  b y  the  use  of an  
e t ch ing  so lu t ion  for  n ickel .  I t  e t ched  the  s t r u c t u r e  
d o w n  to t he  s u b s u r f a c e  ox ide  b u t  not  be low,  t hus  
showing  the  a l l oy  to be low in c h r o m i u m  a b o v e  the  
subsu r f ace  ox ide  l a y e r  and  r i ch  in c h r o m i u m  b e l o w  
this  l a y e r  (Fig .  11).  

Comparisons of Actual and Theoretical 
Oxidation Life 

I t  was  of i n t e r e s t  to c o m p a r e  the  a c t u a l  l i fe  of the  
p l a t e d  p a n e l  w i t h  the  o x i d a t i o n  r a t e s  of n i cke l  g iven  
in  t he  l i t e r a t u r e  (14 -16) .  

T a b l e  IV shows  the  o x i d a t i o n  r a t e s  of v a r i o u s  
t y p e s  of n icke l ,  r e p o r t e d  in  the  l i t e r a t u r e ,  and  those  
o b t a i n e d  in th is  l a b o r a t o r y .  The  m a x i m u m  o x i d a t i o n  

Fig. 12. Effects of 300 hr of oxidat ion on nickel- 
chromium-nickel sample. 

Fig. 14. Electrodeposited nickel-chromium-nickel.  A, as 
deposited; B, af ter  70 hr of ox idat ion at 1100~ C, af ter  
300 hr of oxidat ion at  1100~ In Band C, the subsurface 
oxide is shown as "SO"  while the occluded oxide is marked 
" 0 0 " .  Magni f icat ion 100X before reduction for publ icat ion. 
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Table IV. Oxidation rate constants of nickel (K~) 

Temp o f  
oxidat ion,  K~ 

Kind  of Ni ~ g~/cm4/sec 

1. All-chloride bath as plated 1100 8.9 • 10 -1~ 
2. As 1 but  cold rolled 10% reduced 1100 20 X 10 -1~ 
3. As 1 but  cold rolled 50% reduced 1100 8.1 X 10 -~~ 
4. Wrought  rod 1100 24 X 10 -~~ 
5. As plated Watts cobalt-free 1100 7.6 X 10 -l~ 
6. Carbonyl  (14) 1100 2.2 X 10 -~~ 
7. Foil (15) 1100 0.17 X 10 -l~ 
8. Commercial  (16) 1100 1.6 • 10 -~~ 

life at  1100~ of m o l y b d e n u m  pane ls  coated w i th  25~ 
(1 rai l)  c h r o m i u m  and  175~ (7 mi l s )  n ickel  was  
abou t  600 hr. This  is r e a sonab ly  close to the va lue  of 
560 hr  ca lcu la ted  f rom the  data  for e lec t rodeposi ted  
n icke l  (No. 1, 2, 3, and  5, Table  IV) .  By us ing  oxi-  
da t ion  da ta  repor ted  in  the l i t e r a tu r e  (No. 6, 7, and  
8, Table  IV) an  expected life of 2200 to 45,000 hr  
was obta ined.  These l i t e r a tu r e  va lues  were  ob ta ined  
f rom re l a t i ve ly  shor t  ox ida t ion  t imes,  whi le  tha t  ob-  
t a ined  in  this  work  was for 100 to 200 hr  of ox ida-  
tion. 
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Temperature Dependence of Fluorescence of Tin-Activated 
Orthophosphates 

Richard W.  Mooney 

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

ABSTRACT 

Apparatus  for measur ing the temperature  dependence of fluorescence is 
described. The var iat ion of fluorescent intensi ty  with tempera ture  as a funct ion 
of t in-act ivator  concentrat ion is given for the systems: s t ront ium-zinc  ortho- 
phosphate and s t ront ium-calc ium orthophosphate. In both cases, the quench-  
ing tempera ture  is independent  of activator concentration. The results are 
in terpreted in terms of Johnson and Will iams'  theory of fluorescent quenching. 

Wi th  the inc reas ing  use of phosphors  in h igh -  
p ressure  m e r c u r y  vapor  lamps,  it  has become neces-  
sary  to increase  our  knowledge  of the proper t ies  of 
these phosphors  at the e leva ted  t e m p e r a t u r e s  to 
wh ich  they  are  exposed d u r i n g  n o r m a l  operat ion.  
One of the most  i m p o r t a n t  proper t ies  of such phos-  
phors  is the t e m p e r a t u r e  dependence  of f luorescence 
or the m a n n e r  in  which  the f luorescent  efficiency of 
the phosphor  var ies  w i th  t empera tu re .  This p rop -  
e r ty  has been  m e a s u r e d  for m a n y  phosphor  sys tems 
tha t  r espond  to the w a v e  l eng ths  p resen t  in the  
h i g h - p r e s s u r e  m e r c u r y  vapor  arc and,  in  at least  
two cases, the  va r i a t i on  of t e m p e r a t u r e  dependence  
of f luorescence wi th  ac t iva tor  concen t r a t i on  has 

been  s tudied  in  some deta i l  (1, 2). In  bo th  cases, the 
h igher  ac t iva to r  concen t ra t ions  caused a decrease  in  
the  que nc h i ng  t empe ra tu r e ,  i.e., the t e m p e r a t u r e  a t  
which  the  re l a t ive  f luorescent  efficiency begins  to 
decrease.  

Recent ly ,  it  has been  shown tha t  ce r t a in  t i n -  
ac t iva ted  a lka l ine  ea r th  o r thophospha te  phosphors  
fluoresce efficiently u n d e r  h i g h - p r e s s u r e  m e r c u r y  
vapor  arc exc i ta t ion  (3, 4), a nd  there fore  a s tudy  of 
the t e m p e r a t u r e  dependence  of f luorescence of these 
phosphors  was u n d e r t a k e n .  The object  of the pres -  
en t  s tudy  was  to develop a me thod  of m e a s u r e m e n t  
which  wou ld  give r ep roduc ib le  resul ts  and  to use 
this me thod  to d e t e r m i n e  the  efficiencies of these 
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Fig. 1. Schematic diagram of apparatus for measuring 
temperature dependence of fluorescence. 

p h o s p h o r s  a t  h igh  t e m p e r a t u r e s .  The  r e su l t s  h a v e  
been  i n t e r p r e t e d  in t e r m s  of t he  J o h n s o n  and  W i l -  
l i a m s  t h e o r y  of f luorescen t  q u e n c h i n g  (5) .  

Apparatus and Methad af Measurement 
To m e a s u r e  t he  t e m p e r a t u r e  d e p e n d e n c e  of  f luo-  

rescence ,  one m u s t  be  ab l e  to h e a t  the  p h o s p h o r  at  
a c o n t r o l l e d  r a t e  w h i l e  m e a s u r i n g  i ts  l igh t  emiss ion.  
The  obv ious  p r o b l e m s  in o b t a i n i n g  m e a n i n g f u l  
m e a s u r e m e n t s  a r e  (a )  k e e p i n g  the  r a t e  of h e a t i n g  
cons tan t ,  (b)  e x c l u d i n g  al l  o t h e r  l igh t  f r o m  the  
a p p a r a t u s ,  and  (c)  m a i n t a i n i n g  the  i n t e n s i t y  of 
u l t r a v i o l e t  i r r a d i a t i o n  cons tan t .  

A s c h e m a t i c  d i a g r a m  of the  a p p a r a t u s  for  m a k i n g  
these  m e a s u r e m e n t s  is shown  in Fig .  1. The  p h o s -  
pho r  is he ld  in a s m a l l  q u a r t z  cy l inde r ,  1, l oca t ed  
in the  c e n t e r  of an  oven,  2. Exces s ive  hea t  loss is 
p r e v e n t e d  b y  i n s u l a t i n g  the  e n t i r e  h e a t i n g  a s s e m b l y  
cons i s t ing  of t he  oven  a n d  as soc ia t ed  s t r ip  h e a t e r s  
w i t h  m a g n e s i a  b locks ,  3. U l t r a v i o l e t  exc i t a t i on  is 
f u r n i s h e d  b y  S y l v a n i a  G4T4 l a m p s  (254 mt~) or  o t h e r  
su i t ab l e  u.v. l a m p s  loca t ed  as shown,  4. The  exc i -  
t a t i on  is f i l t e red  b y  Corn ing  9863 glass  fi l ters,  5, to 
r e m o v e  v i s ib l e  l ight .  The  l a m p s  a r e  s e p a r a t e d  f r o m  
the  oven  b y  an  i n s u l a t i n g  c h a m b e r ,  6, to l o w e r  t he  
a m o u n t  of h e a t  r a d i a t i o n  r e a c h i n g  them.  A Vycor  
fi l ter,  7, a t  the  f ron t  of th is  c h a m b e r  a d j a c e n t  to the  
oven  also he lps  to cu t  d o w n  hea t  t r ans fe r .  The  ou t -  
p u t  of t he  u.v. l a m p s  is m o n i t o r e d  b y  1P28 p h o t o -  
m u l t i p l i e r s ,  8, w h i l e  t he  f luorescence  of the  p h o s p h o r  
s a m p l e  is p i c k e d  up  b y  a 1P21 p h o t o m u l t i p l i e r ,  9, 
l oca t ed  as shown.  Co lo red  fi l ters,  10, m a y  be  in -  
s e r t e d  b e t w e e n  the  s a m p l e  and  the  1P21 p h o t o -  
m u l t i p l i e r .  

W i t h  the  p h o s p h o r  s a m p l e  in p l ace  and  a l l  e q u i p -  
m e n t  w a r m e d  up,  t he  c u r r e n t  t h r o u g h  the  G4T4 
tubes  is a d j u s t e d  to s l i gh t ly  above  the  m i n i m u m  op-  
e r a t i n g  v a l u e  for  each  l amp.  Success ive  r e a d i n g s  of 
each  of t he  t h r e e  p h o t o m u l t i p l i e r  tubes  a r e  t h e n  
m a d e  on a p h o t o m e t e r  ( P h o t o v o l t  Mode l  520 -M) .  
The  r e a d i n g s  of t h e  1P28 m o n i t o r  t u b e s  a r e  set  
a p p r o x i m a t e l y  equa l  and  the  f luorescence  r e a d i n g  
is a d j u s t e d  to g ive  a m i d - s c a l e  r e a d i n g  on the  p h o -  
t ome te r .  The  c u r r e n t  t h r o u g h  the  h e a t e r s  is g r a d -  
u a l l y  i n c r e a s e d  to m a i n t a i n  a r a t e  of h e a t i n g  of 
a p p r o x i m a t e l y  2~  P e r i o d i c  t e m p e r a t u r e  
r e a d i n g s  a r e  t a k e n  on a L&N p o t e n t i o m e t e r  w i t h  
an  i r o n - c o n s t a n t a n  t h e r m o c o u p l e  i m b e d d e d  in t he  
p h o s p h o r  sample .  The  u.v. ou tpu t s  of the  G4T4 's  a r e  

m o n i t o r e d  b y  the  1P28's  a n d  m a i n t a i n e d  a t  t h e i r  
r oom t e m p e r a t u r e  va lue s  b y  a d j u s t m e n t  of l a m p  
cu r ren t s .  R e a d i n g s  of t e m p e r a t u r e  and  r e l a t i v e  f lu-  
o re scence  of the  p h o s p h o r  s a m p l e  a r e  r eco rded .  

W h e n  a d e p e n d e n t  v a r i a b l e  such as f luorescen t  
eff iciency is m e a s u r e d  w h i l e  an  i n d e p e n d e n t  v a r i -  
ab l e  such as t e m p e r a t u r e  is b e i n g  v a r i e d  con t inua l ly ,  
t he  co r rec tness  of l a b e l i n g  the  r e su l t s  as t r ue  e q u i -  
l i b r i u m  d a t a  n a t u r a l l y  ar ises .  H o w e v e r ,  for  t r u e  
e q u i l i b r i u m  d a t a  i t  w o u l d  be  n e c e s s a r y  to use  an  
in f in i t e ly  s low r a t e  of h e a t i n g  or  to m a k e  p o i n t  b y  
p o i n t  m e a s u r e m e n t s .  A c o m p r o m i s e  is n o r m a l l y  
a r r i v e d  at, and  in  th is  case t he  r e l a t i v e l y  s low h e a t -  
ing r a t e  of 2 ~  was  chosen.  A check  on the  
h e a t i n g  r a t e  was  c o n d u c t e d  b y  fo l lowing  the  f luo- 
r e scen t  eff iciency on bo th  a h e a t i n g  and  a cool ing  
cu rve  on s e v e r a l  d i f fe ren t  phosphors .  The  g r e a t e s t  
d i s c r e p a n c y  was  f o u n d  at  the  h ighes t  t e m p e r a t u r e s  
whe re ,  w h e n  the  h e a t  was  r e m o v e d  f r o m  the  s a m -  
ple,  the  p h o s p h o r  cooled  v e r y  r a p i d l y .  In  th i s  r eg ion  
the  r e l a t i v e  eff iciency v a r i e d  f rom h e a t i n g  to cool -  
ing  c u r v e  b y  as m u c h  as 5 to 7 %. The  d i f f e rence  in  
t he  m e a s u r e d  v a l u e s  d e c r e a s e d  w i t h  d e c r e a s i n g  
t e m p e r a t u r e ,  b e c o m i n g  a p p r o x i m a t e l y  zero at  r oom 
t e m p e r a t u r e .  

Most  of t he  m e a s u r e m e n t s  r e p o r t e d  h e r e i n  w e r e  
m a d e  u n d e r  254 mt~ e xc i t a t i on  o b t a i n e d  f r o m  g e r m i -  
c ida l  l a m p s  due  to the  ease  of o p e r a t i o n  of these  
l a m p s  in t he  e qu ipme n t .  H o w e v e r ,  in  t he  a p p l i c a -  
t ion  of these  phosphors ,  the  e x c i t i n g  source  is t he  
h igh  p r e s s u r e  m e r c u r y  v a p o r  a rc  w i t h  s t rong  u.v. 
l ine  emiss ion  a t  313 and  365 m~. There fo re ,  some 
m e a s u r e m e n t s  of t e m p e r a t u r e  d e p e n d e n c e  of f luo- 
r e scence  w e r e  c a r r i e d  ou t  u s ing  the  r a d i a t i o n  f r o m  
a h i g h - p r e s s u r e  m e r c u r y  v a p o r  a rc  l a m p  as t he  
e x c i t i n g  m e d i u m .  The  d a t a  so o b t a i n e d  w e r e  in 
s u b s t a n t i a l  a g r e e m e n t  w i t h  those  o b t a i n e d  u n d e r  
254 mr, r a d i a t i o n  and  r e p o r t e d  here in .  

R e l a t i v e  eff iciency d a t a  at  r oom t e m p e r a t u r e  w e r e  
o b t a i n e d  on p l a q u e  t e s t e r s  of t he  t y p e  d e s c r i b e d  b y  
B u t l e r  and  Mooney  (6) .  

Experimental Results 
In  o r d e r  to check  the  r e su l t s  o b t a i n e d  w i t h  th is  

i n s t r u m e n t ,  t he  t e m p e r a t u r e  d e p e n d e n c e  of  f luo- 
r e scence  of ca l c ium h a l o p h o s p h a t e  and  m a g n e s i u m  
t u n g s t a t e  was  d e t e r m i n e d .  The  d a t a  so o b t a i n e d  
w e r e  in  a g r e e m e n t  w i t h  p r e v i o u s  m e a s u r e m e n t s  on 
the  s ame  p h o s p h o r s  m a d e  b y  J e r o m e  (7) .  

A s u r v e y  of t he  h igh  t e m p e r a t u r e  f luorescen t  
p r o p e r t i e s  of k n o w n  p h o s p h o r  sys t ems  was  t h e n  
c o n d u c t e d  d u r i n g  w h i c h  i t  was  found  t ha t  t i n - a c t i -  
v a t e d  ca l c ium o r t h o p h o s p h a t e  p h o s p h o r s  modi f i ed  
b y  s t r o n t i u m  or  b a r i u m  (8) m a i n t a i n  or  i m p r o v e  
t h e i r  r oom t e m p e r a t u r e  efficiencies up  to t e m p e r a -  
t u r e s  of a b o u t  270~ ( 5 4 3 ~  W i t h  t he  c a l c ium 
s t r o n t i u m  o r t h o p h o s p h a t e  sys tem,  these  m e a s u r e -  
m e n t s  w e r e  m a d e  w i t h  the  p h o s p h o r  in an  a t m o s -  
p h e r e  of he l ium,  w a t e r  vapor ,  a ir ,  a n d  in  v a c u u m ,  
w i t h  the  s ame  r e s u l t  in a l l  cases. U n f o r t u n a t e l y ,  
these  t i n - a c t i v a t e d  ca l c ium o r t h o p h o s p h a t e  p h o s -  
pho r s  do no t  r e s p o n d  to t he  w a v e  l eng ths  p r e s e n t  in 
the  h i g h - p r e s s u r e  m e r c u r y  v a p o r  arc.  H o w e v e r ,  an  
i nve s t i ga t i on  of o t h e r  t i n - a c t i v a t e d  o r t h o p h o s p h a t e s  
b y  T h o m a s  a n d  B u t l e r  (3)  u n c o v e r e d  s e v e r a l  sys -  
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Fig. 2. Variat ion of fluorescent intensity with temperature 
far t in-activated strontium-zinc orthophosphate. Excitation 
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t ems  w h i c h  w e r e  h i g h l y  efficient  u n d e r  h i g h - p r e s -  
su r e  m e r c u r y  v a p o r  a r c  exc i t a t i on .  T h e  t e m p e r a t u r e  
d e p e n d e n c e  of f luorescence  of some  of these  sy s t e ms  
was  i n v e s t i g a t e d  in  de ta i l ,  e spec i a l l y  as  r e g a r d s  t h e  
m a n n e r  in w h i c h  th is  p r o p e r t y  va r i e s  w i t h  a c t i v a t o r  
concen t r a t ion .  Resu l t s  on two  of t he  sy s t ems  s t u d i e d  
a r e  r e p o r t e d  be low.  

Tin-activated strontium-zinc orthophosphate.-- 
This  p h o s p h o r  has  t h e  a p p r o x i m a t e  compos i t i on  
Sr~6~Zn~.~o(PO~)~. I t  has  b e e n  s h o w n  t h a t  t he  spec -  
t r a l  e n e r g y  d i s t r i b u t i o n  of the  emiss ion  is d e p e n d e n t  
upon  the  w a v e  l e n g t h  of e x c i t a t i o n  (3, 4) .  Thus  
w h e n  e x p o s e d  to 254 m~, t h e  p h o s p h o r  has  a m a i n  
emiss ion  b a n d  at  a b o u t  600 m# a n d  a w e a k e r  b a n d  at  
a b o u t  390 m~. W h e n  exc i t ed  b y  313 m~ t h e  w e a k  
emis s ion  b a n d  a t  390 m~ d i s a p p e a r s ,  a n d  the  p h o s -  
p h o r  emi t s  so le ly  in t he  o r a n g e - r e d  w i t h  neg l i g ib l e  
emiss ion  b e l o w  500 m~. The re fo re ,  t he  p h o s p h o r  
emiss ion  co lor  w h e n  e x c i t e d  b y  the  w a v e  l eng ths  
p r e s e n t  in the  h i g h - p r e s s u r e  m e r c u r y  v a p o r  a rc  
l a m p  is l a r g e l y  o r a n g e - r e d  w i t h  a v e r y  s m a l l  b l u e  
c o m p o n e n t  f r o m  the  254 m~ l ine.  

The  t e m p e r a t u r e  d e p e n d e n c e  of f luorescence  u n -  
d e r  254 m y  exc i t a t i on  w a s  m e a s u r e d  for  p h o s p h o r s  
h a v i n g  a c t i v a t o r  c o n c e n t r a t i o n s  of 0.002, 0.005, 0.01, 
0.02, 0.04, and  0.08 g r a m - a t o m s  Sn  p e r  g r a m - m o l e  
of the  o r t h o p h o s p h a t e  as g iven  above .  W i t h  t h e  
e x c e p t i o n  of  t he  d a t a  for  the  p h o s p h o r  con t a in ing  
0.005 g r a m - a t o m  Sn,  the  r e su l t s  a r e  shown  g r a p h i -  
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Fig. 3. Variat ion of fluorescent intensity with temperature 
for tin-activot_ed strontium-calcium orthophosphate. Excitation 

= 254 m~. 

ca l ly  in  Fig.  2. The  d a t a  for  0.005 g r a m - a t o m  Sn  
w e r e  o m i t t e d  due  to t h e i r  c lose  p r o x i m i t y  to t he  
0.002 g r a m - a t o m  Sn da ta .  A l l  m e a s u r e m e n t s  w e r e  
m a d e  us ing  a C o r n i n g  3-76 fi l ter ,  w h i c h  abso rbs  
90% or  m o r e  of t h e  w a v e  l e ng th s  b e l o w  540 m~, in 
pos i t i on  10, Fig .  1. The re fo re ,  on ly  t he  t e m p e r a t u r e  
d e p e n d e n c e  of f luorescence  of t he  m a i n  emiss ion  
b a n d  at  600 m~ was  m e a s u r e d .  S o m e  of t he  m e a s u r e -  
m e n t s  w e r e  c h e c k e d  us ing  a C o r n i n g  3-72 s h a r p - c u t  
t y p e  of f i l ter  w i t h  a w a v e - l e n g t h  "cu t "  (37% t r a n s -  
m i t t a n c e )  equa l  to 460 m~ w i t h  i den t i ca l  resu l t s .  A n  
in spec t ion  of Fig .  2 shows  t h a t  up  to a t e m p e r a t u r e  
of 460~ the  e x p e r i m e n t a l  r e su l t s  a r e  i n d e p e n d e n t  
of a c t i v a t o r  concen t r a t i on .  A b o v e  th is  t e m p e r a t u r e ,  
h o w e v e r ,  an  i nc rea se  in t he  a c t i v a t o r  c o n c e n t r a t i o n  
causes  a dec rea se  in the  r e l a t i v e  i n t e n s i t y  of f luo- 
rescence .  I t  shou ld  be  n o t e d  t h a t  t he  t e m p e r a t u r e  
a t  w h i c h  q u e n c h i n g  beg ins  is i n d e p e n d e n t  of ac t i -  
v a t o r  concen t r a t ion .  

Tin-activated strontium-calcium orthophosphate. 
- - T h i s  p h o s p h o r  has  t he  a p p r o x i m a t e  compos i t i on  
Sr~.,oCao.,~(PO,).~. I t  has  a p p r o x i m a t e l y  t he  s a m e  r e -  
sponse  to 254 m~ a n d  313 m~ e xc i t a t i on  as t he  t i n -  
a c t i v a t e d  s t r o n t i u m - z i n c  o r t h o p h o s p h a t e  p h o s p h o r  
d e s c r i b e d  above .  The  v a r i a t i o n  of  f luorescen t  i n t e n -  
s i ty  as a func t ion  of t e m p e r a t u r e  was  m e a s u r e d  for  
p h o s p h o r s  h a v i n g  Sn  c o n c e n t r a t i o n s  of 0.02, 0.04, 
a n d  0.08 g r a m - a t o m s  S n  p e r  g r a m - m o l e  of t he  
o r t h o p h o s p h a t e  as g iven  above.  The  f luorescen t  
emiss ion  was  f i l t e red  b y  a Co rn ing  3-77 f i l ter  w h i c h  
a b s o r b s  90% or  m o r e  of  t h e  w a v e  l e n g t h s  b e l o w  
470 m~. Resu l t s  a r e  s h o w n  g r a p h i c a l l y  in  Fig .  3. I t  is 
a p p a r e n t  tha t ,  a l t h o u g h  the  r e l a t i v e  i n t e n s i t y  a t  
500~ and  a b o v e  fa l l s  off r a p i d l y  w i t h  i n c r e a s i n g  
a c t i v a t o r  concen t r a t ion ,  the  t e m p e r a t u r e  at  w h i c h  
q u e n c h i n g  beg ins  is aga in  i n d e p e n d e n t  of t he  Sn 
concen t r a t i on .  

The  a d d i t i o n  of Mn to th is  s y s t e m  as a s e c o n d a r y  
a c t i v a t o r  sh i f t s  t he  emiss ion  t o w a r d  the  red,  a n d  for  
p h o s p h o r  a p p l i c a t i o n s  in  h i g h - p r e s s u r e  m e r c u r y  
v a p o r  l amps ,  an  i nc rea se  in  r e d  emiss ion  is v e r y  
des i r ab l e .  U n f o r t u n a t e l y ,  h o w e v e r ,  t he  a d d i t i o n  of 
m a n g a n e s e  a d v e r s e l y  affects  t he  h igh  t e m p e r a t u r e  
f luorescence  as shown  in Fig .  4 w h i c h  c o m p a r e s  t he  
t e m p e r a t u r e  d e p e n d e n c e  of f luorescence  of a s t r o n -  
t i u m  c a l c ium o r t h o p h o s p h a t e  c on t a in ing  0.02 g r a m -  
a t o m  Sn  p e r  g r a m - m o l e  of  o r t h o p h o s p h a t e  to one 
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c on t a in ing  0.02 g r a m - a t o m  Sn p lus  0.05 g r a m - a t o m  
Mn p e r  g r a m - m o l e  of o r t h o p h o s p h a t e .  The  a d d i t i o n  
of m a n g a n e s e  causes  a m a r k e d  l o w e r i n g  of t he  t e m -  
p e r a t u r e  at  w h i c h  q u e n c h i n g  occurs ,  a n d  t h e r e f o r e  
the  r e d  emiss ion  w o u l d  not  be  i m p r o v e d  a t  t he  
o p e r a t i n g  t e m p e r a t u r e s  of h i g h - p r e s s u r e  m e r c u r y  
v a p o r  l amps .  The  r e su l t s  shown  in Fig .  4 w e r e  ob -  
t a i n e d  us ing  a C o r n i n g  3-72 f i l ter  ( w a v e - l e n g t h  
"cu t "  e q u a l  to 460 m/~) in pos i t i on  10, Fig.  1. 

Discussion 
The  eff iciency of emiss ion  of a p h o s p h o r  as a f u n c -  

t ion  of t e m p e r a t u r e  w i l l  d e p e n d  on the  e f fec t iveness  
w i t h  w h i c h  the  a b s o r b e d  e n e r g y  can  be  p r o t e c t e d  
f rom loss b y  t h e r m a l  d i s s ipa t ion .  A n y  i n t e r a c t i o n  
of the  a t o m s  c o m p r i s i n g  the  " l u m i n e s c e n t  c e n t e r "  
w i t h  a n o t h e r  " l u m i n e s c e n t  c e n t e r "  inc reases  t he  
p r o b a b i l i t y  of a n o n r a d i a t i v e  d i s s ipa t i on  of  e n e r g y  
and  q u e n c h i n g  of t he  emiss ion  becomes  l ike ly .  
The re fo re ,  i t  w o u l d  be  e x p e c t e d  t h a t  an  i nc rea se  in 
t he  c o n c e n t r a t i o n  of " l u m i n e s c e n t  cen te r s , "  i.e., 
ac t iva to r s ,  w o u l d  i nc rea se  t he  p r o b a b i l i t y  of 
quench ing .  

J o h n s o n  and  W i l l i a m s  (5) h a v e  d e r i v e d  an  e x -  
p re s s ion  for  t he  eff iciency as a func t ion  of a c t i v a t o r  
c o n c e n t r a t i o n  w h i c h  has  t he  f o r m  

c(1 - - c )  ~ 
= [1]  

c + ( ~ / ~ ' )  (1 - c )  

w h e r e  c is the  t o t a l  m o l e  f r ac t i on  of  a c t i v a t o r  and  
~ /g '  and  z a r e  a d j u s t a b l e  p a r a m e t e r s .  The  p a r a m e -  
t e r  o-/o-' is t he  r a t i o  of  the  c a p t u r e  cross  sec t ions  of  
n o n a c t i v a t o r s  to t he  c a p t u r e  cross  sec t ions  of l u m i -  
nescen t  ac t iva to r s ,  w h i l e  the  p a r a m e t e r  z is def ined  
as t he  n u m b e r  of l a t t i c e  pos i t ions  s u r r o u n d i n g  a 
g iven  a c t i v a t o r  such  tha t ,  if a n y  one of these  s i tes  
is occup ied  b y  a n o t h e r  ac t iva to r ,  l u m i n e s c e n c e  is 
quenched .  
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By se lec t ing  a p p r o p r i a t e  v a l u e s  of ~ / ~ '  a n d  z, Eq. 
[1 ] m a y  be  f i t ted  to the  r o o m  t e m p e r a t u r e  efficiency 
vs. a c t i v a t o r  c o n c e n t r a t i o n  d a t a  for  t he  Sr.~.~Zn .... 
(PO,)~ p h o s p h o r  u n d e r  254 m/~ and  h i g h - p r e s s u r e  
m e r c u r y  v a p o r  a rc  e x c i t a t i o n  (see Fig.  5) .  In  Fig.  5, 
and  also in  Fig.  6, the  a c t i v a t o r  c o n c e n t r a t i o n  is 
e x p r e s s e d  as a t o m  Sn p e r  a t o m  of S r  r a t h e r  t h a n  as 
m o l e  f r ac t i on  in o r d e r  to m a i n t a i n  the  o r i g i n a l  def i-  
n i t i on  of z in  t e r m s  of l a t t i c e  sites,  in th is  case S r  
sites,  t ha t  cou ld  be  occup ied  b y  Sn. 

I t  is a p p a r e n t  f r o m  the  e x p e r i m e n t a l  d a t a  t h a t  
t he  efficiency as a func t ion  of Sn c o n c e n t r a t i o n  
va r i e s  w i t h  t he  t y p e  of e x c i t a t i o n  w i t h  t he  h i g h e r  
e n e r g y  e xc i t a t i on  (254 m/~) p r o d u c i n g  h i g h e r  eff icien- 
cies a t  low a c t i v a t o r  concen t r a t i ons .  H o w e v e r ,  in  
bo th  cases, t he  z v a l u e  w h i c h  g ives  t he  be s t  fit is 1, 
in  a g r e e m e n t  w i t h  t he  p r e d i c t i o n  t h a t  z is i n d e -  
p e n d e n t  of the  t y p e  of e x c i t a t i o n  at  a g iven  t e m -  
p e r a t u r e  (5) .  The  ~/(r' va lues  w h i c h  bes t  fit t he  
d a t a  a r e  0.0005 for  254 m/~ e x c i t a t i o n  and  0.005 for  
h i g h - p r e s s u r e  m e r c u r y  v a p o r  exc i t a t ion .  

Eff iciency vs. a c t i v a t o r  c o n c e n t r a t i o n  d a t a  m a y  be  
c a l c u l a t e d  f rom the  i n f o r m a t i o n  g iven  in  Fig .  2 a n d  
5 for  a n y  t e m p e r a t u r e  up  to a b o u t  675~ (398~ 
The  d a t a  p l o t t e d  in  Fig.  6 for  a t e m p e r a t u r e  of 377~ 
w e r e  a r r i v e d  at  in  th is  m a n n e r .  A t  th is  t e m p e r a t u r e  
t he  sh i f t  of p e a k  eff iciency t o w a r d  l o w e r  a c t i v a t o r  
c o n c e n t r a t i o n s  w i t h  i n c r e a s i n g  e n e r g y  of e x c i t a t i o n  
is r e a d i l y  o b s e r v a b l e .  Once  aga in ,  t he  cu rves  w h i c h  
gave  the  be s t  fit to t he  d a t a  h a d  the  s a m e  z va lue ,  
n a m e l y  36. The  (r/z' va lues  a r e  a p p r o x i m a t e l y  the  
s a m e  as before ,  i.e., 0.0002 for  254 m~ e x c i t a t i o n  a n d  
0.003 for  h i g h - p r e s s u r e  m e r c u r y  v a p o r  a rc  e x c i t a -  
t ion.  Thus  in a g r e e m e n t  w i t h  t heo ry ,  t e m p e r a t u r e  
has  a r e l a t i v e l y  ne g l i g ib l e  effect on the  ~/,r' v a l u e s  
for  a g iven  t y p e  of exc i t a t ion .  I t  is i n t e r e s t i n g  t h a t  
a s l igh t  t r e n d  t o w a r d  l o w e r  ,7/~' v a l u e s  w i t h  i n c r e a s -  
ing  t e m p e r a t u r e  is f o u n d  in bo th  cases.  



460 JOURNAL OF THE ELECTROCHEMICAL SOCIETY A u g u s t  1958 

The  t h e o r y  a d v a n c e d  b y  Johnson  and  W i l l i a m s  
p red i c t s  an  i nc rea se  in the  z v a l u e  w i t h  i nc r e a s ing  
t e m p e r a t u r e ,  and  i t  is a p p a r e n t  t ha t  th is  s y s t e m  
b e h a v e s  as e x p e c t e d  going  f rom a z v a l u e  of 1 at  
r o o m  t e m p e r a t u r e  to a z v a l u e  of 36 a t  377~ The  
n u m b e r  of S r  a toms  s u r r o u n d i n g  a n o t h e r  S r  a t o m  
in the  Sr3(PO,).o l a t t i c e  m a y  be  c a l c u l a t e d  f r o m  the  
c r y s t a l  s t r u c t u r e  w o r k  of Z a c h a r i a s e n  (9) .  These  
va lues ,  c o r r e s p o n d i n g  to success ive ly  l a r g e r  p r e -  
d i c t ed  va lue s  of z, a r e  6, 8, 14, 20, 32, 38, 50, etc. 
E x a c t  a g r e e m e n t  of t he  e x p e r i m e n t a l l y  d e t e r m i n e d  
v a l u e  of  z w i t h  one of these  c a l c u l a t e d  va lue s  w o u l d  
not  be  expec ted .  

The  e x p e r i m e n t a l  va lue s  of z are,  howeve r ,  q u a l i -  
t a t i v e l y  v e r y  in t e re s t ing .  The  z v a l u e  of 1 o b t a i n e d  
a t  r o o m  t e m p e r a t u r e  w o u l d  i m p l y  t h a t  two  S n -  
a c t i v a t o r  a t o m s  w o u l d  h a v e  to be  n e a r e s t  n e i g h b o r s  
a t  a s e p a r a t i o n  of 3.97A be fo re  c o n c e n t r a t i o n  
q u e n c h i n g  w e r e  poss ib le .  A t  the  a c t i v a t o r  concen -  
t r a t i o n s  used  in th is  s t u d y  th is  w o u l d  be  e x t r e m e l y  
un l ike ly .  This  conc lus ion  is s u b s t a n t i a t e d  f u r t h e r  
b y  the  d a t a  p l o t t e d  in Fig.  2 w h e r e  the  r e l a t i v e  i n -  
t en s i t y  of f luorescence  as a func t ion  of  t e m p e r a t u r e  
is not  a f fec ted  b y  changes  in  a c t i v a t o r  c o n c e n t r a t i o n  
up  to a t e m p e r a t u r e  of a b o u t  460~ (187~ E v e n  
at  377~ the  z v a l u e  has  on ly  i n c r e a s e d  to 36. The  
c a l c u l a t e d  r a d i u s  of a sphe re  c o n t a i n i n g  32 Sr  a toms  
s u r r o u n d i n g  a n o t h e r  is 6.8A, w h i l e  the  r a d i u s  of a 
sphe re  con t a in ing  38 Sr  a toms  is 7.4A. H o w e v e r ,  
the  m a x i m u m  a c t i v a t o r  c o n c e n t r a t i o n  used,  i.e., 
0.080 a t o m  Sn p e r  mo le  of Sr~.,~Zno.oo(PO,)2, c o r r e -  
sponds  to a S n - S n  d i s t a n c e  of 13.1A a s s u m i n g  r a n -  
d o m  d i s t r i b u t i o n  of a c t i v a t o r  a toms  i l i a  Sr~(PO,)~ 
un i t  ce l l  v o l u m e  of 181.8A "~ (9 ) .  A s e p a r a t i o n  of 
13.1A c o r r e s p o n d s  to a z v a l u e  b e t w e e n  170 and  182. 
The re fo re ,  the  e x p e r i m e n t a l  z v a l u e  of 36 w o u l d  
s t i l l  no t  g ive  c o n c e n t r a t i o n  quench ing .  I t  is ev iden t ,  
howeve r ,  bo th  f r o m  the  eff iciency d a t a  and  the  d a t a  
on t e m p e r a t u r e  d e p e n d e n c e  of f luorescence  t h a t  con-  
c e n t r a t i o n  q u e n c h i n g  is t a k i n g  p lace  e spec i a l l y  at  
e l e v a t e d  t e m p e r a t u r e s .  There fo re ,  the  def in i t ion  of 
the  p a r a m e t e r  z g iven  b y  J o h n s o n  and  W i l l i a m s  
does  no t  a p p e a r  to be  s t r i c t l y  a p p l i c a b l e  to th i s  
sys tem.  

I t  is i n t e r e s t i n g  to c o m p a r e  t he  p r e s e n t  r e su l t s  to 
those  of K l a s e n s  (2 ) ,  who  m e a s u r e d  the  t e m p e r a -  
Lure d e p e n d e n c e  of f luorescence  of 6MgO.As~O~ a t  
v a r i o u s  Mn a c t i v a t o r  contents .  I t  w o u l d  a p p e a r  t h a t  
two  d i f f e ren t  p rocesses  a r e  o p e r a t i n g  s ince K l a s e n s '  
cu rves  a r e  sh i f t ed  to l o w e r  t e m p e r a t u r e s  w i t h  i n -  
c r ea s ing  Mn conten t ,  w h e r e a s ,  for  the  t i n - a c t i v a t e d  
phosphor s ,  t he  q u e n c h i n g  t e m p e r a t u r e  seems  to be 
i n d e p e n d e n t  of t he  a c t i v a t o r  concen t r a t ion .  The  
d a t a  a r e  s im i l a r  in  t h a t  in  bo th  cases  i nc r ea s ing  ac -  
t i v a t o r  c o n c e n t r a t i o n s  cause  the  efficiency to d rop  at  
h igh  t e m p e r a t u r e s .  The  f a l l i ng  p o r t i o n s  of t he  t e m -  
p e r a t u r e  d e p e n d e n c e  cu rves  at  h igh  t e m p e r a t u r e s  
w e r e  a n a l y z e d  b y  K l a s e n s  in t e r m s  of t he  w e l l -  
k n o w n  q u e n c h n g  f o r m u l a  

1 
,} = - -  I/Io [2]  

S 
1 + - -  e -~/~ 

A 

g iv ing  va lue s  of E, t he  h e i g h t  of t he  e n e r g y  b a r r i e r  
for  the  r a d i a t i o n l e s s  process  for  a c t i v a t o r  a toms  sep -  

Table I 

A v  S n - S n  Sr2.G:Zno.20 (POD 
Sn  d i s t ance  (A) E (eV) i n  (s/A) 

0.002 45.0 0.36 5.9 
0.010 26.3 0.37 6.2 
0.020 20.9 0.41 7.3 
0.040 16.6 0.46 8.5 
0.080 13.1 0.58 11.6 

a r a t e d  b y  the  f inite d i s t ance  r. The  v a l u e s  of E so 
o b t a i n e d  f i t ted t he  e q u a t i o n  

E=- E o ( 1 - - e  -~ [3]  

also due  to J o h n s o n  and  W i l l i a m s  (5)  if  Eo, the  
h e i g h t  of t he  e n e r g y  b a r r i e r  for  the  r a d i a t i o n l e s s  
process  a t  inf in i te  d i l u t i on  of ac t iva to r ,  w e r e  set  
e q u a l  to 1.45 e.v. and  a e q u a l  to 0.075. E q u a t i o n  [3]  
is o b t a i n e d  b y  a s s u m i n g  t h a t  the  a c t i va t i on  e n e r g y  
for  the  r a d i a t i o n l e s s  p rocess  in  t he  a c t i v a t o r  cen te r  
is l o w e r e d  b y  the  p re sence  of a second  a c t i v a t o r  in 
t he  close v i c i n i t y  and  t h a t  the  a m o u n t  of th is  e n -  
e r g y  l o w e r i n g  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to the  
o v e r l a p  i n t e g r a l  for  t he  w a v e  func t ions  of t he  i n t e r -  
ac t ing  ac t iva to r s .  I t  is obv ious  t h a t  Eq. [3]  m u s t  
g ive  d e c r e a s i n g  va lue s  of the  e n e r g y  b a r r i e r  E for  
de c r e a s ing  d i s t a n c e  r b e t w e e n  a c t i v a t o r  centers .  

If, for  p u r p o s e s  of compar i son ,  t he  d a t a  for  the  
s t r o n t i u m - z i n c  o r t h o p h o s p h a t e  p h o s p h o r s  a r e  a n -  
a l y z e d  b y  Eq. [2] ,  va lue s  of E, a n d  In ( s /A )  m a y  be  
d e t e r m i n e d .  These  va lue s  a r e  t a b u l a t e d  in T a b l e  I 
for  each  of t he  a c t i v a t o r  c o n c e n t r a t i o n s  in t he  s t r o n -  
t i u m - z i n c  o r t h o p h o s p h a t e  sys tem.  The  use  of Eq. 
[2]  to a n a l y z e  the  t e m p e r a t u r e  d e p e n d e n c e  d a t a  on 
s t r o n t i u m - z i n c  o r t h o p h o s p h a t e  is r i g o r o u s l y  i n a p -  
p r o p r i a t e  s ince  i t  has  been  s h o w n  e x p e r i m e n t a l l y  
t ha t  c o n c e n t r a t i o n  quench ing  is t a k i n g  place.  H o w -  
ever ,  the  ana lys i s  g ives  a d i r ec t  c o m p a r i s o n  to 
K l a s e n s '  (2)  d a t a  t a k e n  ove r  t he  s ame  r a n g e  of 
concen t r a t ion .  

The  a v e r a g e  S n - S n  d i s t ance  was  c a l c u l a t e d  as 
before ,  a s s u m i n g  r a n d o m  d i s t r i b u t i o n  of a c t i v a t o r  
a toms.  In  o r d e r  to check  the  fit of these  p a r a m e t e r s  
to t he  o r i g i n a l  da ta ,  the  v a l u e s  of E and  l n ( s / A )  for  
Sr.~Zno~o(PO4)~ w e r e  used  to ca l cu l a t e  va lue s  of 
I/Io as a func t ion  of 1/T.  The  l o g a r i t h m  of t he  ca l -  
c u l a t e d  v a l u e  of I/Io is p l o t t e d  as a func t ion  of t he  
r e c ip roc a l  of t he  abso lu t e  t e m p e r a t u r e  in  Fig.  7, 
t o g e t h e r  w i t h  the  e x p e r i m e n t a l  points .  The  fit of 
the  cu rves  to the  d a t a  is qu i t e  good, e spec i a l l y  at  
the  h i g h e r  t e m p e r a t u r e s .  

H o w e v e r ,  a l t h o u g h  the  e x p e r i m e n t a l  d a t a  on 
t e m p e r a t u r e  d e p e n d e n c e  of f luorescence  of 6MgO.  
As~O~:Mn and  Sr.~.6~Zno'2o(PO~)~:Sn m a y  bo th  be  
e q u a l l y  w e l l  f i t ted  to Eq. [2]  ove r  a p p r o x i m a t e l y  
the  s a m e  r a n g e  of a c t i v a t o r  concen t ra t ions ,  the  
m e a n i n g  of t he  r e s u l t i n g  va lue s  of E is open  to q u e s -  
t ion.  In  one case, E dec reases  w i t h  de c r e a s ing  r 
w h e r e a s  in t he  o ther ,  E inc reases  w i t h  de c r e a s ing  r. 
The re fo re ,  the  fit of  the  E va lues  fo r  K l a s e n s '  d a t a  
to Eq. [3]  is t h o u g h t  to be  fo r t u i t ous  s ince  a c o r r e -  
s p o n d i n g  ana lys i s  of the  d a t a  for  t he  t i n - a c t i v a t e d  
p h o s p h o r s  w o u l d  g ive  E va lue s  v a r y i n g  in  e x a c t l y  
t he  oppos i t e  m a n n e r  f r o m  t h a t  p r e d i c t e d  b y  Eq. [3] .  

S u m m a r i z i n g ,  ana lys i s  of t he  eff iciency d a t a  in 
t e r m s  of Eq. [1]  y i e lds  va lue s  of z a n d  ~/~' w h i c h  
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Fig. 7. The fit of the exper imental  data to the equation 

I/1o = 1/ / (1 -I- se-~/k~) ~ using the values of the parame- 
\ A / 

S 
ters E and In - -  given in Table I for t in-act ivated stront ium- 

A 
zinc orthophosphote. 

va ry  qua l i t a t i ve ly  in  accordance  wi th  the  p red ic -  
t ions made  by  Johnson  and  Wi l l i ams  (5) .  Q u a n t i -  
ta t ive ly ,  however ,  the  der ived  va lues  of z are no t  in  
accord wi th  the e x p e r i m e n t a l  resu l t s  since the  z 
va lues  are  too smal l  to exp l a in  the  concen t r a t i on  
q u e n c h i n g  tha t  is observed.  The  resul t s  are also 
compared  to Klasens '  da ta  on 6MgO.As~O.~ by  the  
use of Eq. [2] for t h e r m a l  quench ing ,  a l t hough  the 

use of this equa t ion  to i n t e r p r e t  the  da ta  is no t  s t r ic t -  
ly appropr i a t e  since it  has been  shown  tha t  concen-  
t r a t i on  q u e n c h i n g  is t ak ing  place s imul t aneous ly .  
However ,  the  compar i son  leads one to doub t  the ex-  
p e r i m e n t a l  ver i f icat ion of Eq. [3] c la imed by  
Klasens  in  v iew of the  wide ly  differ ing t r ends  of the 
E values .  I t  is ev iden t  tha t  f u r t he r  theore t ica l  and  
e x p e r i m e n t a l  s tudies  of concen t r a t i on  and  t h e r m a l  
q u e n c h i n g  of f luorescence are  necessary  in  order  to 
develop a cons is ten t  theory  of f luorescent  q u e n c h i n g  
for all  phosphor  systems. 
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Electron Traps and the Electroluminescence Brightness 
and Brightness Waveform 

Frederick F. Morehead,  Jr. 

Lamp Development Department, Lamp Division, General Electric Company, Nela Park, Cleveland, Ohio 

ABSTRACT 

This work describes an invest igat ion of the effect of temperature,  voltage, 
and rise t ime on the size and shape of the brightness waves of electrolumines-  
cence; sawtooth and square pulse voltage waveforms were used to excite 
copper-act ivated ZnS phosphors in a slightly conducting medium. A model 
is proposed which accounts for the major  features of the experiments.  Elec- 
trons which have been ionized from a region of high field are trapped in an-  
other par t  of the phosphor particle. A field opposite in  polar i ty  to that  which 
produced the ionization serves to sweep the conduction electrons, which are 
at every ins tant  in thermal  equi l ibr ium with the traps, back into the high field 
region where the electrons recombine, with radiat ive emission. The model is 
successfully applied to measurements  of the average electroluminescence 
brightness for sinusoidal excitation of a binderless phosphor layer as a function 
of temperature,  frequency, and voltage. 

Severa l  au thors  have  a l r eady  noted  in  the  i n t e r -  
p r e t a t i on  of the i r  expe r imen t s  a connec t ion  b e t w e e n  
e lect ronic  t r a p p i n g  levels  in  ZnS  phosphors  and  the 
t e m p e r a t u r e  and  f r e q u e n c y  dependence  of e lec t ro-  
l u m i n e s c e n t  b r igh tnes s  (1 -4) .  N e u m a r k  (5) has  
shown tha t  e lectrons re leased f rom t raps  d u r i n g  

t h e r m o l u m i n e s c e n c e  grea t ly  enhance  the  d-c  elec- 
t r o luminescence  of some ZnS  single  crystals .  T h o r n -  
ton (6) accounts  for the  shape  of b r igh tness  waves  
p roduced  by  s inusoida l  exc i ta t ion  on the basis  of 
f ie ld-cont ro l led  t h e r m a l  re lease of e lec t rons  f rom 
traps.  
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A l t h o u g h  t h e r e  is d i s a g r e e m e n t  in  t he  de t a i l s  of 
the  va r i ous  t h e o r e t i c a l  t r e a t m e n t s  in t he  a b o v e  r e f -  
erences ,  the  mos t  g e n e r a l  consensus  is t he  fo l lowing .  
E lec t rons  w h i c h  o r i g i n a t e  e i t he r  f r o m  t r a p p i n g  or  
donor  leve ls  or  f rom co l l i s i on - ion i zed  emiss ion  cen -  
t e r s  a r e  s w e p t  b y  the  f ield f rom a r eg ion  of h igh  f ield 
in to  a r eg ion  of low field, w h e r e  t h e y  a r e  s u b s e -  
q u e n t l y  t r a p p e d .  L i g h t  emiss ion  t hen  d e p e n d s  on the  
r e l ea se  of the  e l ec t rons  f r o m  these  t r a p s  in  t he  b u l k  
of t he  p h o s p h o r  p a r t i c l e  a n d  t h e i r  r e t u r n  to t he  r e -  
g ion f rom w h i c h  t h e y  w e r e  ionized  w h e r e  r e c o m -  
b i n a t i o n  w i t h  the  ion ized  emiss ion  cen te r s  occurs .  A 
change  in  t e m p e r a t u r e  or  f r e q u e n c y  wi l l  change  the  
n u m b e r  of e l ec t rons  w h i c h  r e t u r n  and  r e c o m b i n e  
p e r  h a l f - c y c l e .  I t  is t hen  the  r a t e  of r e l e a se  of e lec -  
t r o n s  f rom t r a p p i n g  l eve l s  in t he  b u l k  of t he  p h o s -  
p h o r  p a r t i c l e  t h a t  accounts  for  t he  m a j o r  de ta i l s  of 
the  t e m p e r a t u r e  and  f r e q u e n c y  d e p e n d e n c e  of t he  
e l e c t r o l u m i n e s c e n t  emiss ion  of Z n S : C u  p h o s p h o r s  at  
t e m p e r a t u r e s  b e l o w  t h e r m a l  quench ing .  

N o t a b l e  excep t ions  to th is  po in t  of v i e w  a re  those  
p u b l i s h e d  b y  Johnson ,  P ipe r ,  a n d  W i l l i a m s  (2 ) ,  and  
Z a l m  (4) .  A change  in  t e m p e r a t u r e  is t h o u g h t  to  
affect  t he  n u m b e r  of e l ec t rons  w h i c h  a r e  t h e r m a l l y  
r e l e a s e d  d u r i n g  one h a l f - c y c l e  f r o m  the  r eg ion  in  
w h i c h  the  high,  ion iz ing  f ield is p r o d u c e d  and  hence  
a l t e r s  t he  conf igura t ion  of t he  field in t ha t  reg ion .  

I t  is t he  p u r p o s e  of th is  p a p e r  to de sc r ibe  e x p e r i -  
m e n t a l  r e su l t s  t h a t  s u p p o r t  the  f o r m e r  p i c t u r e  at  
l eas t  in  a p a r t i c u l a r  t e m p e r a t u r e  range ,  and  to s u p -  
p l y  f r o m  these  r e su l t s  the  i m p o r t a n t  de ta i l s  of th is  
process .  

Experimental Technique 
G l o w  cu rves  and  m e a s u r e m e n t s  of  t he  t e m p e r a -  

t u r e  d e p e n d e n c e  of e l e c t r o l u m i n e s c e n c e  b r i g h t n e s s  
and  the  b r i g h t n e s s  w a v e f o r m  w e r e  m a d e  in a v a c -  
u u m - e n c l o s e d  a p p a r a t u s  s i m i l a r  in  s t r u c t u r a l  de t a i l s  
to t h a t  d e s c r i b e d  b y  J o h n s o n  and  W i l l i a m s  (7 ) .  F o r  
the  e l e c t r o l u m i n e s c e n c e  m e a s u r e m e n t s ,  a conduc t i ng  
g lass  p l a t e  h e l d  t h e  p h o s p h o r  l a y e r  a g a i n s t  t he  
h e a t e d  coppe r  b lock  w i th  an  e l e c t r o d e  s e p a r a t i o n  of 
a b o u t  50~. E l ec t r i c a l  con tac t  was  m a d e  to the  con-  
duc t i ng  glass  p l a t e  t h r o u g h  an  i n s u l a t e d  t h i m b l e  in 
the  coppe r  b lock .  T e m p e r a t u r e  m e a s u r e m e n t s  w e r e  
m a d e  w i t h  a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  in  t he  
coppe r  b lock .  

M e a s u r e m e n t s  of t he  b r i g h t n e s s  w a v e f o r m  w e r e  
p e r f o r m e d  on p h o s p h o r s  i m b e d d e d  in a s l i g h t l y  con-  
duc t ing  m e d i u m ,  t r i c r e s y l  phospha t e ,  so t h a t  t he  
a v e r a g e  field across  the  p h o s p h o r  was  a p p r o x i -  
m a t e l y  e q u a l  to and  in p h a s e  w i t h  t he  a v e r a g e  field 
a p p l i e d  to t he  cel l  (8 ) .  The  c o n d u c t i v i t y  of t he  t r i -  
c resy l  p h o s p h a t e  dec reases  w i t h  d e c r e a s i n g  t e m p e r a -  
ture ,  m a k i n g  the  a b o v e  a p p r o x i m a t i o n  less v a l i d  a t  
t he  lowes t  t e m p e r a t u r e s .  One  set of m e a s u r e m e n t s  of 
e l e c t r o l u m i n e s c e n c e  b r i g h t n e s s  as a func t ion  of 
t e m p e r a t u r e ,  f r equency ,  a n d  v o l t a g e  was  p e r f o r m e d  
on  a b i n d e r l e s s  l a y e r  of the  p h o s p h o r  w i th  t he  s ame  
a p p a r a t u s .  A C o m i n g  f i l te r  No. 3389 was  used  in  
f ron t  of a 1P21 p h o t o m u l t i p l i e r  to change  the  r e -  
sponse  of t he  p h o t o m u l t i p l i e r  to be  m o r e  n e a r l y  u n i -  
f o r m  to g r e e n  and  b lue  l ight .  

The  o u t p u t  of the  p h o t o m u l t i p l i e r  t ube  was  e i t h e r  
d i s p l a y e d  t o g e t h e r  w i t h  t he  e x c i t i n g  v o l t a g e  on a 
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T e k t r o n i x  532 d u a l  t r ace  osci l loscope,  r e a d  w i t h  a 
K e i t h l e y  e l e c t r o m e t e r ,  m o d e l  210, or  in  the  case of 
g low  c u r v e  m e a s u r e m e n t s ,  fed  into  a L&N X - Y  r e -  
co rde r .  The  s a w t o o t h  and  p u l s e d  v o l t a g e s  w e r e  gen -  
e r a t e d  w i t h  va r i ous  c o m b i n a t i o n s  of T e k t r o n i x  ser ies  
160 un i t s  and  ampl i f i ed  b y  a d - c  ampl i f i e r  w h i c h  has  
a r i se  t i m e  of less t h a n  5 ~sec and  w h i c h  can  be  
d r i v e n  to an  o u t p u t  of 700 v p e a k  to peak .  S ine  
w a v e s  w e r e  g e n e r a t e d  b y  a H e w l e t t  P a c k a r d  w ide  
r a n g e  osc i l la tor .  

Experimental Results 
W h e n  a r e p e t i t i v e  d - c  pu l se  is a p p l i e d  to a cel l  in  

w h i c h  the  p h o s p h o r  (ZnS ,ZnO:Cu ,C1)  is i m b e d d e d  
in the  s l i g h t l y  c onduc t i ng  m e d i u m ,  t he  l i gh t  e m i s -  
s ion  s h o w n  in Fig.  1 r e su l t s  (8 ) .  A l m o s t  no l igh t  is 
p r o d u c e d  w h e n  the  field is app l i ed ;  t he  g r e a t  b u l k  
of the  emiss ion  occurs  w h e n  the  field is r e m o v e d .  I f  
a n o t h e r  d - c  pu l se  is a d d e d  to t he  r e p e t i t i v e  p a t t e r n  
in the  oppos i t e  d i rec t ion ,  as s h o w n  in Fig.  2, m u c h  
g r e a t e r  l igh t  emiss ion  occurs ,  mos t  of i t  w h e n  the  
field, pos i t i ve  or  nega t i ve ,  is app l i ed .  The  a m o u n t  of 
l igh t  e m i t t e d  w h e n  the  field is r e m o v e d  is the  s ame  
as t ha t  for  t he  case  of t he  s ing le  p o l a r i t y  pu l s ing ,  
a b o u t  1/20 of t he  t o t a l  for  a l t e r n a t e  p o l a r i t y  pu l s ing .  

Note  t ha t  th is  e x p e r i m e n t  dif fers  f r o m  a s im i l a r  
one r e p o r t e d  b y  Z a l m  (8) in w h i c h  t h e  b r i g h t n e s s  
w a v e f o r m  a n d  l i g h t  o u t p u t  of a s q u a r e - w a v e  d - c  
field a p p l i e d  to a p h o s p h o r  s u s p e n d e d  in t r i c r e s y l  
p h o s p h a t e  a re  c o m p a r e d  w i t h  t h a t  p r o d u c e d  b y  a 
s q u a r e - w a v e  a - c  f ield of the  s ame  p e a k  to p e a k  
v a l u e  and  f r equency .  Thus  the  size of t he  ion iz ing  
f ield for  the  a - c  case  in Z a l m ' s  e x p e r i m e n t  is on ly  
ha l f  t ha t  for  the  d - c  s q u a r e  wave .  In  ou r  e x p e r i m e n t  
the  ion iz ing  f ield is the  s ame  in bo th  cases. 

These  o b s e r v a t i o n s  sugges t  no t  on ly  t h a t  r e c o m -  
b i n a t i o n  and  l igh t  emiss ion  is d e l a y e d  b y  one  h a l f -  
cyc le  fo l lowing  the  ion iza t ion  p rocess  (8)  b u t  also 
t h a t  mos t  of t he  r e c o m b i n a t i o n  occurs  on ly  w h e n  
f a c i l i t a t e d  by  a field oppos i t e  in s ign to t h a t  f ield 
w h i c h  p r o d u c e d  the  ion iza t ion .  Obv ious ly ,  a g iven  
v o l t a g e  pu l se  wi l l  p e r f o r m  bo th  of  t he  two  func t ions ,  
ion iz ing  and  u n t r a p p i n g ,  b u t  w i t h  r e spe c t  to d i f fe r -  
en t  ac t ive  po r t i ons  of p h o s p h o r  p a r t i c l e s  w h i c h  a r e  
n e a r e r  to the  n e g a t i v e  and  pos i t i ve  e lec t rodes ,  r e -  
spec t ive ly .  
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Fig. 1. Brightness waveform resulting from single polarity 
repetitive pulsing (ZnS,ZnO:Cu,CI). 
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Fig. 2. Brightness waveform resulting from alternate polar- 
ity repetitive pulsing (ZnS, ZnO:Cu,CI). 
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Fig. 3. Brightness woveform produced by the pulse and 
sawtooth voltage woveform (ZnS:Cu,AI). 
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Fig. 4. The voltage of maximum light emission V,. as a 
function of temperature for two phosphors, ZnS:Cu,AI (green) 
and ZnS:Cu (red). 

200 
b = dV/dt 

T: 300~ / 

GREEN 
Vm I00 , , , , , X ~  RED 

X 

LOG b 

Fig..5. The voltage of maximum light emission Vm as a 
function of dV /d t  = b at 300~ for two phosphors, ZnS: 
Cu, AI (green) and ZnS:Cu (red). 

If the un t rapp ing  field rises l inear ly  wi th  time, as 
shown in Fig. 3, the l ight  emission rises to a max i -  
mum at a pa r t i cu la r  value  of the appl ied  vol tage and 
then falls  as the supply  of t r apped  electrons is de-  
pleted.  The small  l ight  peak  which occurs before  the 
appl ied  field has passed through zero corresponds 
to the secondary peak  observed wi th  sinusoidal  ex-  
ci tat ion (9) and to the smal ler  peak  produced by  
a l t e rna te  po la r i ty  pulsing (Fig. 2). Changing the 
vol tage Vf or the dura t ion  t '  of the ionizing pulse 
(Fig. 3) a l ters  the size of the subsequent  l ight  peak,  
but  does not change its posit ion (V~). 

The vol tage V~ at  which the l ight  m a x i m u m  oc- 
curs changes negl ig ibly  when the vol tage waveform 
is moved up or down wi th  respect  to ground. V~ in-  
creases wi th  decreas ing t empera tu re  and with in-  
creasing values  of b = d V / d t .  Figure  4 shows the 
var ia t ion  of V~ wi th  T for two different  phosphors,  
one a g reen-b lue  emi t t ing  ZnS: Cu, A1 and the other  
a se l f -coact iva ted  ZnS: Cu wi th  o range - red  emission 
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(10, 11). F igure  5 shows the var ia t ion  of V,, with b 
for the two phosphors at  room tempera ture .  

The shape of the br ightness  wave changes wi th  T 
and wi th  b but  not the to ta l  l ight  output  (to 15%) 
wi thin  the range of these measurements  so long as 
the  filling pulse (Fig. 3) remains  constant  and the un-  
t r app ing  field rises to a vol tage which is high enough 
to r e tu rn  all  of the t r apped  electrons. F igure  6 shows 
th ree  typica l  curves of ins tantaneous l ight  in tens i ty  
vs. vol tage for three  different  t empera tu res  at con- 
stant  b for ZnS: Cu,A1. F igure  7 shows three  s imi lar  
plots for different values  of b at room tempera tu re  
for this phosphor.  The ord ina te  in Fig. 7 is L / b  so 
tha t  equal  areas under  the three  curves correspond 
to equal  amounts  of light,  as they  do in Fig. 6. 

F igure  8 describes the change in shape of the 
br ightness  wave:  the difference be tween the voltages 
at m a x i m u m  and h a l f - m a x i m u m  V~ -- V',~ (Fig. 3) 
is l inear  wi th  Vm up to 100 v for both phosphors 
regardless  of whe ther  the t empera tu re  or the value  
of b is held constant.  Values of V,, above 100 v occur 
at low t empera tu res  or ve ry  high values of b and 
hence are not so re l iab le  exper imenta l ly .  

The glow curve of the ZnS: Cu, A1 phosphor  con- 
sists of a single broad  peak  wi th  a m a x i m u m  at 

b �9 300 V/SeCl ?S9"K 

/ \  
/ ~ 290"K 

250"K 

-so ~ ~ ~bo ,~o o 
VOLTS 

Fig. 6. Three brightness waveforms produced by saw- 
tooth voltage at three different temperatures at a constant 
value of b (300 v/sec) (ZnS:Cu,AI). 

T �9 300"K ~ 3 2  V/sea. 

-50 ; 5'0 ,~o ,~o 
VOLTS 

Fig. 7. Three brightness waveforms produced by sowtooth 
voltage for three different values of b at 300~ Ordinate 
(L/b) has been chosen so that equal areas under the curves 
imply equal total light output (ZnS:Cu,AI). 
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Fig. 8. The quarter width (V,, - -  V'I/2) of the brightness 
wave produced by sawtooth voltage as a function of the 
voltage of maximum light emission (V,,). (See text.) 
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T I M E  

J 

Fig. 9. Brightness wavefarm produced by pulse and mul- 
tiple sawtooth valtage waveform, showing addit ional l ight 
peaks (ZnS, ZnO:Cu,CI). 

152~ The  phosphor ,  w h i c h  was  i r r a d i a t e d  w i t h  
3650A u.v. l i gh t  a t  t he  t e m p e r a t u r e  of l i qu id  n i t r o -  
gen,  was  h e a t e d  to 136~ to e m p t y  the  s h a l l o w e r  
t raps ,  quenched  w i th  l i qu id  n i t rogen ,  and  then  the  
g low cu rve  was  r e r u n  (12) .  E x a m i n a t i o n  of t he  l e a d -  
ing  edge  of t he  r e s u l t i n g  g low p e a k  showed  an  ac -  
t i v a t i o n  e n e r g y  of 0.23 e.v. The  g low cu rve  of the  
s e l f - c o a c t i v a t e d  Z n S : C u  shows a la rge ,  c o m p l e x  
p e a k  at  388~ t o g e t h e r  w i t h  s e v e r a l  m u c h  s m a l l e r  
p e a k s  b e t w e e n  140 ~ and  250~ The  h igh  t e m p e r a -  
t u r e  p e a k  con ta ins  ove r  80% of the  t o t a l  t h e r m o -  
l u m i n e s c e n c e  de sp i t e  s t r ong  t h e r m a l  q u e n c h i n g  of  
t he  p h o t o l u m i n e s c e n c e  at  t h a t  t e m p e r a t u r e .  The  ac -  
t i v a t i o n  e n e r g y  of th is  peak ,  o b t a i n e d  b y  a p r o c e d u r e  
s i m i l a r  to t ha t  d e s c r i b e d  above,  is 0.52 e.v. The  mos t  
i m p o r t a n t  t r ap  d e p t h  of  ZnS ,ZnO:Cu ,C1  is 0.21 e.v. 
Th is  p h o s p h o r  was  used  in some  of  t he  e x p e r i m e n t s  
be low.  

A l t h o u g h  the  shape  of the  b r i g h t n e s s  w a v e f o r m  
p r o d u c e d  b y  a l t e r n a t e  p o l a r i t y  p u l s i n g  (Fig .  2) is 
c o m p l i c a t e d  b y  the  effect  of the  fas t  r i se  t ime  of t he  
pulses ,  some m e a s u r e m e n t s  w e r e  m a d e  on a ZnS,  
ZnO:Cu,C1 p h o s p h o r  of the  v a l u e  of the  b r i g h t n e s s  
i n t e r c e p t  L ,  and  of  the  t ime  tl/~ r e q u i r e d  for  t he  l igh t  
emiss ion  to fa l l  to ha l f  the  va lue .  In  one e x p e r i -  
m e n t  w i t h  t he  pu l se  p a t t e r n  shown  in Fig.  2, t he  
v a l u e  of t he  n e g a t i v e  or  " f i l l ing"  pu l se  was  he ld  con-  
s t an t  a t  I00 v and  t ha t  of the  pos i t i ve  pu l se  v a r i e d  
f r o m  25 to 250 v. The  d a t a  fit t he  fo l lowing  e m p i r i c a l  
equa t i ons  qu i t e  c lose ly :  

L ,  = V+/20 (L.  in c o n v e n i e n t  a r b i t r a r y  un i t s )  
V+t,~ = 1200 (t~/.~ in mi l l i s econds )  

In  a n o t h e r  e x p e r i m e n t  w i t h  the  s ame  pu l se  p a t t e r n ,  
bo th  pu l ses  w e r e  set  a t  100 v and  tl/~. m e a s u r e d  as a 
func t ion  of t e m p e r a t u r e  f rom 280 ~ to 330~ W h e n  
log t ~  was  p lo t t ed  aga in s t  l /T ,  a good s t r a i g h t  l ine  
was  o b t a i n e d  w i t h  a s lope c o r r e s p o n d i n g  to an  a c t i -  
v a t i o n  e n e r g y  of 0.23 e.v. 

F i g u r e  9 shows  the  l igh t  p a t t e r n  r e s u l t i n g  f rom 
the  a p p l i c a t i o n  of a m u l t i p l e  s a w t o o t h  vo l t age  w a v e -  
fo rm to a cel l  w i t h  ZnS ,ZnO:  Cu,C1 w i t h  conduc t i ng  
b inde r .  The  v o l t a g e  at  w h i c h  l igh t  p e a k  1 occurs  is 
t he  s ame  for  p e a k s  1' and  1", the  v o l t a g e  Vm of p e a k  
2 is l a r g e r  a n d  t h a t  for  p e a k  3 l a r g e r  s t i l l .  

To m e a s u r e  t he  t e m p e r a t u r e  d e p e n d e n c e  of  e lec -  
t r o l u m i n e s c e n t  b r i g h t n e s s  at  d i f f e ren t  vo l t ages  and  
f r equenc ie s  over  as w i d e  a t e m p e r a t u r e  r a n g e  as 
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Fig. ]Oa. Log B as a function of temperature far several 
combinations of frequency and voltage (ZnS,ZnO:Cu, CI). 
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Fig. lob. Log B as a functian af temperature for different 
frequencies at a single valtage (ZnS, ZnO:Cu,CI). 

100 

,oi  ~176 
400V 

I00 'a " ~  

200 V 

~O01q~e i leo I I I I I i , , i i z~o 24o 2~'o ~oo 35o ~ o  3so 420 45O 
TOK 

Fig. lOc. Lag B as a function of temperature for dif ferent 
valtages at a single frequency (ZnS,ZnO:Cu,CI). 

poss ib le ,  a b i n d e r l e s s  l a y e r  of ZnS ,ZnO:  Cu,C1 p h o s -  
pho r  was  used.  The  re su l t s  a r e  s u m m a r i z e d  in  Fig.  
10. F i g u r e  10a shows  four  b r i g h t n e s s - t e m p e r a t u r e  
cu rves  t h a t  i l l u s t r a t e  the  r a n g e  of f r equenc ie s  (5 cps 
to 50 kc)  and  v o l t a g e s  (150-700 v )  w h i c h  w e r e  e m -  
p l o y e d  a n d  t hus  to p o i n t  ou t  t he  e x t r e m e s  in  t h e  
v a r i a t i o n  of a v e r a g e  b r i g h t n e s s  B w i t h  t e m p e r a t u r e  
w h i c h  w e r e  e n c o u n t e r e d .  F i g u r e  10b shows  the  
change  in the  t e m p e r a t u r e  v a r i a t i o n  of b r i g h t n e s s  
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Fig. 1]. Values of c (see text) as a function of tempera-  
ture for several frequencies (ZnS, ZnO:Cu,CI). 

E L E C T R O N  T R A P S  A N D  E L  B R I G H T N E S S  

~ + f l + T = l  

F rom Assumpt ion 7, [cf. Ref. (4 ) ]  

wi th  f requency at  constant  voltage;  Fig. 10c shows 
the change with  vol tage at constant  frequency.  F ig -  
ure 11 is a plot  of the values of c obta ined at  each 
t empe ra tu r e  and frequency,  where  c is given by  (4) 

B = Bo exp ( - - c / k / V )  

Discussion and Interpretation 
As shown in Fig. 6 and 7, the total  l ight  emi t ted  

per  half -cycle ,  for the vol tage  waveform dia-  
g rammed  in Fig. 3, is app rox ima te ly  (15%) inde-  
pendent  of both t empera tu re  and the va lue  of b. 
This observat ion indicates  quite s t rongly that  the 
var ia t ion  of B / ]  with  both t empe ra tu r e  and s inu-  
soidal f requency f is not due to a f requency or t em-  
pe ra tu re  dependence of the exci ta t ion process but  
r a the r  to the effect of these pa ramete r s  in somehow 
l imi t ing the number  of electrons which can re tu rn  
f rom the bu lk  of the phosphor  par t ic les  to the high 
field region where  ionization occurs. To i l lus t ra te  
how this l imi ta t ion  can affect the average  s teady-  
state brightness,  the fol lowing model  is proposed.  
Assume and define: 

1. There  are  n~ "mobi le"  electrons which emerge 
from and r e tu rn  to the high field region dur ing  each 
cycle in the phosphor  par t ic le  at  a s teady state. 

2. There are  N~ electrons t r apped  in the bulk  of 
the par t ic le  d is tant  f rom the  high field region which 
remain  t r apped  there.  

3. There are N+ ---- N~ + ne ionized recombinat ion  
centers  in the high field region. 

4. an~ electrons recombine wi th  ionized emission 
centers  and this number  of photons is emit ted,  a ---- 
N+ X, where  X is propor t iona l  to the capture  cross 
section of the ionized recombina t ion  centers. 

5. fin, electrons fill empty  shal low t raps  or 
donor sites in the high field region. F ie ld  ionization 
of these electrons produces the exhaust ion ba r r i e r  
which consti tutes the high field region (4).  

6. ~n~ electrons fill empty  deep t raps  or donor 
sites in the high field region (13). 

7. At  a s t eady- s t a t e  condit ion as many  recom- 
binat ion centers  are ionized by electrons re leased 
from deep donors or t raps  and accelera ted by  the 
field as recombined dur ing  the previous  hal f -cycle .  

8. Of the N -- N~ + n~ electrons in the bu lk  of the 
phosphor  par t ic le  pr ior  to the r e tu rn  step, only a 
f ract ion ~, = I, (T , f ,V )  = n~/ (n~ + N~) have suffi- 
cient t ime and the rma l  act ivat ion to re turn.  

9. There are many  more  shal low than deep donor 
sites or t raps  in the  high field region, and  the i r  re la -  
t ive concentrat ion is constant.  

We then  have the following: 
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[1] 

an~ =- Tn, exp ( - - d / k / V )  =- TneF [2] 

F rom Assumpt ion  9 

f l /T = C (const.) > >  1 

F rom Eqs.  [1], [2], and [3] 

1 F 

C + 1  F + C + I  
I + - -  

F 

F rom Assumptions  

F 

C 

[3] 

[4] 

8, 3, and 4 

= ( X / B )  no [5] 

F rom Eqs. [5] and [4] we have for the equi l ib r ium 
number  of mobile  electrons 

n, = ( B / X )  ( F / C )  [6] 

Since the l ight  emi t ted  per  ha l f -cyc le  B / f  is p ro-  
por t ional  to n,, it follows tha t  

B / f  o~ ( B / X )  ( F / C )  ~ [7] 
o r  

B / ]  oc ( X / B )  n~ 2 (Assumpt ions  3, 4, and 8) [8] 

Equat ion [7] shows tha t  l ight  output  per  cycle 
B / ]  is p ropor t iona l  both to the usual  ionization p rob-  
ab i l i ty  factor  

F 2 =  exp ( - - 2 c ' / ~ / V )  = exp ( - - c / k / V )  

and to a factor  4, the fract ion of t r apped  electrons 
re tu rn ing  f rom the bulk.  Thus a reasonable  p ic ture  
based on the assumption of incomplete  r e tu rn  of 
electrons t r apped  in the  bu lk  of the phosphor  p a r -  
t icle is possible, consistent wi th  the basic pr incip le  
tha t  when a s teady state is reached as many  elec- 
t rons must  r e tu rn  to the recombinat ion  or high field 
region as left  tha t  region dur ing  the previous ha l f -  
cycle. I t  is in teres t ing  to note tha t  this pa r t i cu la r  
model  also shows B / I  to be propor t iona l  to no ~ (Eq. 
[8])  provided  # is a weak  function of the opera-  
t ional  pa rame te r s  under  consideration,  such as vol t -  
age, in agreement  wi th  the conclusions of Lehman  
(15) f rom loss measurements .  

The na tu re  of the function ~ = ~ (T , f ,V )  is then 
an impor tan t  question to be resolved, in pa r t i cu la r  
the role p layed  by the t i m e - v a r y i n g  field in faci l i -  
ta t ing the r e tu rn  of the t r apped  electrons.  Thornton 
(6) assigns to the field the function of lower ing  the 
effective t rap  depth  Eo by an amount  ~ a V / l ,  where  
a is the average t rap  separat ion,  V the appl ied  vol t -  
age, 8 the electronic charge, and l the cell thickness.  
The ra te  of recombina t ion  is assumed to be p ropor -  
t ional  to the ra te  of f ie ld-control led the rma l  re lease  
of the t r apped  electrons. The ins tantaneous l ight  
output  L is then given by 1 (6) 

1 A c t u a l l y  w e  h a v e  
L ~ ~ n ~ ( t )  = X N + n e ( t ) , a n d  

fllf - - d n / d t  oc n~  ( t ) ,  w h e r e  2 h e  - -  ne  (t} d t  

S i n c e  w e  h a v e  a s s u m e d  t h a t  o n l y  a s m a l l  f r a c t i o n  of t h e  r e t u r n i n g  
ne e l e c t r o n s  r e c o m b i n e  w i t h  t h e  N+ i o n i z e d  a c t i v a t o r s ,  N+ is  a w e a k  
f u n c t i o n  of t i m e  so t h a t  L ~< - - d n / d t .  

L cc 
dn ( E - - ~ a V / l  ) 
-~  -- sue exp -k-T [9] 
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Here  n is the  n u m b e r  of t r a p p e d  e l ec t rons  and  s is a 
f r e q u e n c y  f ac to r  or, m o r e  s imp ly ,  a p o r p o r t i o n a l i t y  
cons tan t .  S u b s t i t u t i n g  V = bt,  i n t eg r a t i ng ,  a n d  se t -  
t i ng  d L / d t  = 0 w e  h a v e  

E~ k T  s k t  
V,. = In [10] 

( 3 a / t )  ( ~ a / l )  ( ~ a / l )  b 

k T  
V,~ --  V',/, = 1.46 [11] 

( ~ a / l )  

w h e r e  Vm and  V',.. a r e  def ined as s h o w n  in Fig .  3. 
A p p l i c a t i o n  of Eq. [10] to t he  e x p e r i m e n t a l  r e su l t s  
shown  in Fig.  4 and  5 for  t he  ZnS:  Cu,A1 g ives  Eo 
0.53 e.v. a n d  a = 400A, c o r r e s p o n d i n g  to a t r a p  con-  
c e n t r a t i o n  of 2 x 10 ~ cm-~; the  g low c u r v e  of th is  
p h o s p h o r  shows  no t r a p s  of th is  dep th .  The  mos t  i m -  
p o r t a n t  g low p e a k  c o r r e s p o n d s  to a t r a p  d e p t h  of 
0.23 e.v. E q u a t i o n  [11]  r e q u i r e s  V ~ -  V'~/~ to be  i n -  
d e p e n d e n t  of b and  to i nc rea se  w i t h  t e m p e r a t u r e ,  
c o n t r a d i c t i n g  the  facts  as shown  in Fig.  6, 7, and  8, 
w h i c h  show t h a t  V,,~ - -  V',/~ decreases  w i t h  t e m p e r a -  
t u r e  and  i ncreases  w i t h  b. 

The  o t h e r  poss ib l e  func t ion  of t he  f ield is t ha t  of 
s i m p l y  s w e e p i n g  t h e r m a l l y  u n t r a p p e d  e l ec t rons  b a c k  
into  t he  r e c o m b i n a t i o n  region .  This  ro le  has  been  
used  b y  A l f r e y  and  T a y l o r  (1)  and  b y  Z a l m  (8) ; t he  
l a t t e r  e m p l o y e d  th is  m o d e l  to cons t ruc t  a s imp le  
t h e o r y  of t he  sh i f t  in  p h a s e  of  t h e  b r i g h t n e s s  w a v e s  
w i t h  r e spec t  to t ha t  of the  e x c i t i n g  vo l t ag e  as a 
func t ion  of f r e q u e n c y  and  vol tage .  W e  a d d  to Z a l m ' s  
expres s ion ,  viz.,  L c c - - d n / d t  = n A V ,  a t h e r m a l  ac -  
t i v a t i o n  f ac to r  g iv ing  i n s t a n t a n e o u s  l igh t  emiss ion  L 

L ~ - - d n / d t  ~ n A V  exp  ( - - E o / k T )  [12] 

w h e r e  V is t h e  a p p l i e d  v o l t a g e  a n d  A is a p r o p o r -  
t i o n a l i t y  cons t an t  w h i c h  con ta ins  a m o b i l i t y  fac tor .  
The  fac to r  n exp  ( - - E J k T )  r e p r e s e n t s  the  n u m b e r  
of e l ec t rons  in t he  conduc t i on  b a n d  w h i c h  a r e  a t  a n y  
i n s t an t  in t h e r m a l  e q u i l i b r i u m  w i t h  t he  t r a p p e d  
e l ec t rons  n. W e  a s sume  t h a t  the  t i m e  cons t an t  for  
e s t ab l i sh ing  th is  e q u i l i b r i u m  is v e r y  sho r t  c o m p a r e d  
to l / f ,  at  l eas t  for  o r d i n a r y  f r equenc ies .  F o r  V ---- bt  
we have  

V~ = ~ / b / A  exp  ( E o / 2 k T )  [13] 

V , . -  V'.~_ = 0.69 V ~  [ 1 4 ]  

E x p e r i m e n t a l l y  w e  find t ha t  if w e  r ep lo t  t he  d a t a  
f rom which  Fig .  4 was  d r a w n  fo r  ZnS:  Cu, A] in t h e  
fo rm of  log  V,, vs. 1 / T ,  as r e q u i r e d  by  Eq. [13]  
(Fig .  12) a s t r a i g h t  l ine  is o b t a i n e d  b e t w e e n  260 ~ 
and  340~ the  s lope  of w h i c h  y i e ld s  f r o m  Eq. [13] 
a v a l u e  of Eo = 0.2 e.v., in good a g r e e m e n t  w i t h  the  
g low  c u r v e  d a t a  for  th is  phospho r .  S i m i l a r  t r e a t -  
m e n t  of the  ZnS:  Cu d a t a  g ives  Eo = 0.4 e.v., (240 ~ 
290~ w h i l e  t he  v a l u e  o b t a i n e d  f r o m  the  ana lys i s  
of the  g low  c u r v e  d e s c r i b e d  a b o v e  is 0.52 e.v. B e -  
low the  t e m p e r a t u r e  r a n g e  ove r  w h i c h  these  a c t i v a -  
t ion  ene rg ie s  app ly ,  t r a p s  a r e  p r o b a b l y  ion ized  m o r e  
of ten  b y  col l i s ion  w i t h  conduc t ion  e l ec t rons  t h a n  
t h e r m a l l y ,  hence  Vm does  not  i nc rea se  w i t h  f u r t h e r  
dec rea se  in t e m p e r a t u r e .  Note  t h a t  the  m a x i m u m  
v a l u e  of V,~ is 190 vo l t s  for  Z n S : C u  and  107 for  
ZnS:  Cu,A1; t hese  va lue s  h a v e  r o u g h l y  t h e  s ame  r a t i o  

A u g u s t  1958 

2 0 C  

I 0 0  

>ESO 

2 0  

Green 

Rid 

&& & 

I000 ! T 

Fig. 12. Log Vm vs. 1 0 0 0 / T  for ZnS:Cu,  AI (green) an d  
ZnS:Cu (red), from the  s a m e  da t a  as  Fig. 4. 

as t he  i m p o r t a n t  t r a p  dep ths ,  in  a g r e e m e n t  w i t h  t he  
a b o v e  hypo thes i s .  A b o v e  th is  t e m p e r a t u r e  r a n g e  
for  th is  p a r t i c u l a r  v a l u e  of b (300 v / s e c o n d )  t he  
r a t e - d e t e r m i n i n g  s t ep  l e a d i n g  to l i gh t  emiss ion  is 
p r o b a b l y  r e c o m b i n a t i o n  in the  b a r r i e r  r eg ion  r a t h e r  
t h a n  the  s u p p l y  of e l ec t rons  to t h a t  reg ion .  Thus  V,, 
dec rea se s  m u c h  m o r e  s l o w l y  w i t h  f u r t h e r  i nc rea se  in 
t e m p e r a t u r e .  

A p lo t  of log Vm vs. log b is l i n e a r  for  bo th  p h o s -  
phors ,  b u t  w i t h  a s lope  of 0.3 r a t h e r  t h a n  0.5 as p r e -  
d i c t ed  by  Eq. [13] .  W e  can  e x p l a i n  th is  d i s c r e p a n c y  
i f  w e  a s s u m e  tha t  t he  m o b i l i t y  of  the  e l ec t rons  ( con-  
t a i n e d  in the  cons t an t  A in Eq. [13 ] )  is p r o p o r t i o n a l  
to b ~ t h a t  is, t h a t  r e t r a p p i n g  is d i m i n i s h e d  b y  e v a c -  
u a t i n g  the  e l ec t rons  fas te r .  A s i m i l a r  a s s u m p t i o n  
can  b r i n g  the  v a l u e s  of E o o b t a i n e d  f rom the  t h e o r y  
of  f i e l d - c o n t r o l l e d  t h e r m a l  r e l e a se  in to  r e a s o n a b l e  
a g r e e m e n t  w i t h  e x p e r i m e n t  (16) .  H o w e v e r ,  th is  
t h e o r y  s t i l l  does  not  p r e d i c t  c o r r e c t l y  t h e  d e p e n d -  
ence of V,,  --  V' ,2 on T and  b. The  second m o d e l  does 
p r e d i c t  c o r r e c t l y  a l i n e a r  r e l a t i o n  b e t w e e n  V ~  --  V'I~ 
and  V~ (Eq. [ 1 4 ] ) ;  t he  e x p e r i m e n t a l  r e l a t i o n  is 
(Fig .  8) V~--V'1/..,--~ 0.55 V .... for  bo th  phosp ho r s ;  
t he  o b s e r v e d  c o n s t a n t  of p r o p o r t i o n a l i t y  dif fers  f rom 
the  p r e d i c t e d  b y  on ly  20%. 

F o r  t h e  case  in w h i c h  V = V,, a c o n s t a n t  va lue ,  
w h i c h  is a p p l i c a b l e  to the  a l t e r n a t e  p u l s i n g  e x p e r i -  
m e n t s  d e s c r i b e d  above,  w e  h a v e  for  t he  p r o p o s e d  
m o d e l  of  t h e r m a l  r e l ea se  fo l l owed  b y  field ass i s ted  
r e t u r n ,  (Eq. [12] )  

L ~ - - d n / d t  = noA'Vo exp  ( - - A ' V o t )  [15] 

w h e r e  A '  = A exp  ( - - E o / k T ) .  E x p e r i m e n t a l l y  ( Z n S :  
Cu,C1), w e  found  Lo (Fig .  2) and  tlj.o to be  l i n e a r  
w i t h  Vo and  t h a t  t he  t e m p e r a t u r e  d e p e n d e n c e  of tlz~ 
c o r r e sponde d ,  as p r e d i c t e d  b y  th is  model ,  to an  ac -  
t i v a t i o n  e n e r g y  of 0.23 e.v. 

H a v i n g  thus  e s t a b l i s h e d  a r e a s o n a b l e  m o d e l  for  
t he  r e t u r n  of e l ec t rons  f rom the  bu lk ,  w e  can  p r o -  
ceed to c a l c u l a t e  a v a l u e  of ~ (Eq. [ 7 ] )  b a s e d  on 
th is  model .  The  m o d e l  has  been  c he c ke d  a ga in s t  e x -  
p e r i m e n t s  in w h i c h  e l e c t r o n  i n j ec t i on  f r o m  the  con-  
duc t i ng  m e d i u m  is poss ib l e  (8) ,  w h i l e  Eq. [7]  and  
[8]  h a v e  been  d e v e l o p e d  f rom a s s u m p t i o n s  w h i c h  
a r e  s t r i c t l y  t r u e  on ly  for  i n s u l a t e d  p h o s p h o r  p a r -  
t ic les  (Eq. [ 1 ] ) .  H o w e v e r ,  i t  seems  u n l i k e l y  t h a t  
" i n j ec t i on"  s ign i f i can t ly  a l t e r s  t he  n a t u r e  of  ~. 
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W i t h  s inuso ida l  e x c i t a t i o n  the  s u b s t i t u t i o n  V = Vo 
sin 27rft is m a d e  in Eq. [12] ;  i n t e g r a t i o n  y i e ld s  (3)  

w h e r e  

also" 

E L E C T R O N  T R A P S  A N D  E L  B R I G H T N E S S  

L cc noVoA' sin 2vft exp  ~ (s in  -~ ~Jt) [16] 

A'Vo AVo 
. . . .  exp  (--Eo/kT) 

no is  t h e  t o t a l  n u m b e r  of  e l e c t r o n s  t r a p p e d  i n  t h e  p h o s p h o r  b u l k  
a t V  = 0. 

B fl/f 
-- L d t ~ 2 n o  ( 1 - - e  -~) = 2no 

f o 

T h e r e f o r e  th is  m o d e l  r e q u i r e s  t h a t  t he  v a l u e  of t he  
fac to r  ~ in Eq. [7] ,  t he  f r ac t i on  of the  e l ec t rons  
t r a p p e d  in the  p a r t i c l e  b u l k  w h i c h  a r e  r e t u r n e d  each  
h a l f - c y c l e ,  be  p r o p o r t i o n a l  to (1 - -  e-X). Note  t h a t  a t  
l o w e r  f requenc ies ,  h igh  vo l tages ,  a n d  h igh  t e m p e r a -  
tu res  t he  v a l u e  of ~ a p p r o a c h e s  un i ty ,  so t h a t  the  

o v e r - a l l  vo l t age  d e p e n d e n c e  is exp  ( - - 2 c ' / ~ V ) =  

exp  ( - -c /~ /V)  ; a t  h i g h e r  f requenc ies ,  l o w e r  vo l tages ,  
and  l o w e r  t e m p e r a t u r e s ,  ~ a p p r o a c h e s  ~, so t h a t  the  

vo l t age  d e p e n d e n c e  of b r i g h t n e s s  is V exp  ( - -c /~ /V) .  
This  l a t t e r  d e p e n d e n c e  g ives  a h i g h e r  abso lu t e  v a l u e  

to the  s lope  of a p lo t  of In B vs. 1/~/V w h i c h  is a p -  

p r o x i m a t e l y  equa l  to c + 2~/V. 

F o r  a b i n d e r l e s s  l a y e r  or  for  p h o s p h o r  p lus  i n -  
su l a t i ng  b inde r ,  the  s u p p l y  of a v a i l a b l e  e lec t rons ,  
N~ + ne, can  be  r e g a r d e d  as i n d e p e n d e n t  of f r e -  
q u e n c y  s ince  th is  s u p p l y  is l i m i t e d  to sources  w i t h i n  
the  p a r t i c l e s  t hemse lves ,  w h i c h  is, of  course,  no t  t he  
case  w i t h  conduc t ing  b i n d e r  (4, 8) .  The  e x c i t a t i o n  

p r o b a b i l i t y  F = exp  ( - - d / k / V )  is p r o b a b l y  n e a r l y  
i n d e p e n d e n t  of f r e q u e n c y  for  o r d i n a r y  f requenc ies .  
The  d a t a  in Fig.  11 i nd i ca t e  t h a t  t he  m i n i m u m  v a l u e  
of c = 2c' (see Eq. [2] ,  [ 9 ] )  o b t a i n e d  a t  each  f r e -  
quency ,  hence  the  c loses t  to t he  a c t u a l  v a l u e  of 2c' 
is v e r y  n e a r l y  t he  s ame  on ly  a t  5 and  100 cps, w h e r e  
c = 195; a t  2 kc, c = 210, and  at  50 kc, c = 230. E v i -  
d e n t l y  t he  h igh - f i e l d  r eg ion  r e q u i r e s  a s m a l l  b u t  
f ini te  b u i l d - u p  t ime .  The  d i f fe rence  b e t w e e n  the  
h ighes t  and  lowes t  v a l u e s  of c i n d i c a t e d  in  Fig .  11 is 
44 un i t s  for  5 cps, 50 for  100 cps, 45 for  2 kc, and  

50 for  50 kc. F o r  V = 500 vol ts ,  t he  p r e d i c t e d  d i f f e r -  

ence,  2~/V, is 45 uni ts ,  p r o b a b l y  w i t h i n  e x p e r i m e n t a l  
e r r o r  of o b s e r v e d  va lues .  The  m a x i m u m  d i f fe rence  
in  c s h o w n  in Fig.  11 is 80 uni ts ,  so t h a t  w e  m u s t  as -  
sume  t h a t  c' i nc reases  s o m e w h a t  w i t h  f r equency .  

The  i nc rea se  in  c (F ig .  11) w i t h  T a f t e r  pas s ing  a 
m i n i m u m  at  m o d e r a t e  f r equenc i e s  p r o b a b l y  a r i ses  
f rom the  i n c r e a s e d  d i f fus ion  of holes  f rom the  b a r -  
r ie r ,  d e c r e a s i n g  the  b a r r i e r  f ield a t  a g iven  v o l t a g e  
(4 ) .  To show t h a t  t he  func t ion  ~ = 1 - -  e -~ c o r r e c t l y  
p r ed i c t s  the  t e m p e r a t u r e  d e p e n d e n c e  of the  e l ec -  
t r o l u m i n e s c e n t  b r i g h t n e s s  B, we  m u l t i p l y  the  d a t a  
f rom w h i c h  Fig.  10 was  t a k e n  b y  the  fac to r  

e c (~)/Vv 

F o u r  such  sets  of n o r m a l i z e d  d a t a  a r e  shown  in Fig .  
13. The  sol id  l ines  c o r r e s p o n d  to t he  func t ion  
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B =  700 ( 1 - - e  -") 
= 50 (V / ]  ~ exp  (--Eo/kT) 

E~ = 0.2 e.v. 

Note  t ha t  the  f r e q u e n c y  a p p e a r s  in  the  f i t ted  e q u a -  
t ions  to the  0.6 power .  W e  h a v e  a s s u m e d  h e r e  
t h a t  t he  m o b i l i t y  cons t an t  A in Eq. [18] is p r o -  
p o r t i o n a l  to ]o., j u s t  as i t  was  n e c e s s a r y  to a s sume  
tha t  th is  s a m e  c o n s t a n t  A (Eq. [14] ,  [ 15 ] )  is a func -  
t ion of b = dV/dt ,  t h a t  is, A = Aob ~ 

The  d i v e r g e n c e  of t he  e x p e r i m e n t a l  po in t s  t o w a r d  
h i g h e r  b r i g h t n e s s e s  a t  t h e  l o w e r  t e m p e r a t u r e s  m a y  
i n d i c a t e  the  onse t  w i t h  d e c r e a s i n g  t e m p e r a t u r e  of 
a n o t h e r  t h e r m a l l y  sens i t ive  m e c h a n i s m  such as t h a t  
p r o p o s e d  b y  Johnson ,  P ipe r ,  and  W i l l i a m s  (2) or  
Z a l m  (4) ,  w h i c h  in th is  case  ove rcomes  s o m e w h a t  
t he  effect  of t he  r a p i d  dec rease  of t he  6 func t ion  and  
in some cases  l eads  to a m i n i m u m  in the  b r i g h t n e s s -  
t e m p e r a t u r e  c u r v e  at  low t e m p e r a t u r e s ,  h second  
pos s ib l e  e x p l a n a t i o n  is t h a t  the  e m p t y i n g  of v e r y  
s h a l l o w  t r a p s  (~0 .05  e.v.)  c o n t r i b u t e s  a p p r e c i a b l y  
to the  e l e c t r o l u m i n e s c e n c e  a t  t e m p e r a t u r e s  too low 
to e m p t y  the  0.2-0.5 e.v. t r aps .  E v i d e n c e  for  t he  
ex i s t ence  of such  t r a p s  has  been  g iven  b y  H a a k e  (3) .  

Summary and Conclusions 
M e a s u r e m e n t s  of bo th  (a)  the  size and  shape  of 

e l e c t r o l u m i n e s c e n c e  b r i g h t n e s s  w a v e s  for  s imp le  
v o l t a g e  w a v e f o r m s  a t  d i f f e ren t  t e m p e r a t u r e s  a n d  
vo l t a ge  r ise  t imes ,  and  (b )  a v e r a g e  b r i g h t n e s s  as a 
func t ion  of t e m p e r a t u r e ,  vo l tage ,  and  f r e q u e n c y  for  
s inuso ida l  e x c i t a t i o n  l e ad  to t he  fo l lowing  conc lu -  
s ions:  In  a g r e e m e n t  w i t h  mos t  w o r k e r s  in the  field 
(1, 3, 6) ,  we  find t ha t  t he  m a j o r  effect  of t e m p e r a -  
t u r e  on e l ec t ro luminescence ,  a p a r t  f r o m  t h e r m a l  
quench ing ,  is in  the  t r a n s f e r  of e l ec t rons  f r o m  t r a p s  
in t he  low field r eg ion  in  t he  p h o s p h o r  p a r t i c l e  b u l k  
to  ion ized  emiss ion  c e n t e r s  in  t h e  h igh  field reg ion .  
A n  inc rea se  in t e m p e r a t u r e  inc reases  the  c o n c e n t r a -  
t ion  of conduc t ion  e l ec t rons  in t h e r m a l  e q u i l i b r i u m  
w i t h  the  t r a p s  in t he  low field region ,  w h i c h  m a y  
t h e n  be s w e p t  b y  the  a p p l i e d  field in to  t he  h igh  field 
region .  The  a p p l i e d  field does  not  a p p e a r  to l o w e r  
t he  t r a p  d e p t h s  s ign i f i can t ly ;  r e t r a p p i n g  be fo re  r e -  
c o m b i n a t i o n  is p r o b a b l y  an  i m p o r t a n t  fac tor .  A l -  
t h o u g h  a s ing le  t r a p p i n g  l eve l  suffices to e x p l a i n  the  
m a j o r  e x p e r i m e n t a l  de ta i l s ,  Fig.  9 ind ica t e s  t ha t  
a d d i t i o n a l  d e e p e r  l eve l s  a r e  also invo lved .  
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Fig. 13. Normal ized brightness (see text) as a function of 
temperature for several frequencies (ZnS, ZnO:Cu, CI). Plot- 
ted points are exper imental ;  solid lines, theoretical. 
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F i n a l l y ,  a s u m m a r y  of  t he  o v e r - a l l  t r e n d  in t e m -  
p e r a t u r e  d e p e n d e n c e  of e l e c t r o l u m i n e s c e n c e  in ZnS:  
Cu m a t e r i a l s  can  be  p roposed ,  A t  v e r y  low t e m p e r -  
a t u r e s  the  r e t u r n  of e l ec t rons  f r o m  the  p h o s p h o r  
b u l k  to the  b a r r i e r  is s u s t a i n e d  b y  i m p a c t  r a t h e r  
t h a n  t h e r m a l  d e t r a p p i n g ,  so t ha t  f ini te  l i gh t  emiss ion  
is m a i n t a i n e d .  F u r t h e r ,  if  in the  b a r r i e r  some of t he  
e l ec t rons  in the  d e e p e r  " s h a l l o w "  t r a p s  a r e  he ld  u n t i l  
the barrier field is at its maximum, ~ then their con- 
tribution to the brightness will diminish with in- 
creasing temperature so that a minimum in the 
brightness-temperature relation results, as found by 
Johnson, Piper, and Williams (2). At low to mod- 
erate temperatures the barrier field is relatively un- 
affected by thermal effects and brightness increases 
with temperature because of the increased number 
of electrons that can return to the barrier from the 
bulk in one half-cycle. This increased return cur- 
rent arises from increased thermal detrapping in the 
bulk (I). Finally at high temperatures positive holes 
escaping from ionized activators diffuse from the 
barrier, decreasing the barrier field (4) or simply 
become localized at killer centers (3), producing a 
maximum in the brightness-temperature curve. 

3 This  a m o u n t s  to a l ower  v a l u e  of C, t h e  ra t io  of  s ha l l ow  to deep  
donors ,  a t  t he se  v e r y  l ow  t e m p e r a t u r e s ,  so  t h a t  i f  F is  no t  too m u c h  
l o w e r  (because of t he  v e r y  s l i g h t l y  d i m i n i s h e d  space cha rge  d e v e l -  
oped  i n  t he  b a r r i e r ) ,  t h e n  a h i g h e r  b r i g h t n e s s  r e su l t s  t h a n  a t  some 
s l i g h t l y  h i g h e r  t e m p e r a t u r e ;  viz. ,  Eq. [7], 

~P r e m a i n s  cons t an t  in  th i s  v e r y  l ow  t e m p e r a t u r e  r a n g e  f r o m  i m p a c t  
d e t r a p p i n g .  A t  h i g h e r  t e m p e r a t u r e s  t he  s m a l l  i nc rease  in  F associ -  
a t ed  w i t h  comple t e  e x h a u s t i o n  of t he  b a r r i e r  (2) (more  e f fec t ive  
acce l e r a t i on  of f e w e r  e lec t rons)  m a y  coopera te  w i t h  i nc r ea sed  t h e r -  
m a l  d e t r a p p i n g  in  the  b u l k  a g a i n  to  inc rease  t he  b r i gh tne s s .  
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SYMBOLS 

The re la t ive  p robab i l i t y  of the capture  of r e tu rn -  
ing electrons by  ionized act ivators  in the  high 
field region. 
The re la t ive  p robab i l i ty  of the capture  of r e t u rn -  
ing electrons by  shal low t raps  in the  high field 
region. 
The re la t ive  p robab i l i ty  of the  cap ture  of r e tu rn -  
ing electrons by  deep t raps  in the high field 
region. 
The electronic charge. 
AVo exp (--Eo/kT) /nf 

r The f rac t ion of e lectrons t r apped  in  the bu lk  
which  r e tu rn  to the high field region. 

A The p ropor t iona l i ty  constant  in Eq. [12], a func-  
t ion of e lec t ron mobil i ty .  

A '  A exp (--Eo/kT) 
a The average  separa t ion  of e lec t ron traps.  
B The average  br ightness .  
b dV/dt  for  sawtooth  excitat ion.  
C #/~ 
c An empir ica l  constant  in the  re la t ion  B : B@ exp 

(-c/~/v) 
c' A constant  in the  express ion of ionizat ion p roba -  

b i l i ty  exp ( - -c ' /~/V)in  Eq. [2];  c : 2c' 
E@ The t rap  depth.  
F exp ( - - c ' / ~ )  
f F requency  in cycles pe r  second. 
L Ins tantaneous  l ight  emission. 
L@ Ins tantaneous  l ight  emission at  the beginning of a 

square pulse (Fig. 2). 
l Cell  thickness.  
N+ The number  of ionized ac t iva tor  centers  in the 

high field region. 
N~ The number  of e lectrons t r apped  in the bu lk  of 

the phosphor  which  r ema in  t r apped  th roughout  
the vol tage  cycle. 

n The number  of e lectrons t r apped  in the  phosphor  
bu lk  at  a given instant.  

ne The number  of e lectrons tha t  go back and for th 
be tween  t h e  phosphor  bu lk  and the high field 
region. 

t '  The dura t ion  of the fill ing pulse  (Fig. 3). 
tl/~ The t ime requ i red  for  L to decay to Lo/2 for 

square pulses (Fig. 2). 
An "average"  vol tage  for a given vol tage  range.  

Vm The vol tage  at  which L is m a x i m u m  for  saw-  
tooth exci ta t ion (Fig. 3). 

V'I/~ The vol tages at  which L is half  of m a x i m u m  for 
V"I/~ sawtooth  exci ta t ion  (Fig.  3). 
X A constant  p ropor t iona l  to the  capture  cross sec- 

t ion of the ionized act ivators .  
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ABSTRACT 

The e lect rolyt ic  dissolut ion of ge rman ium and sil icon has been appl ied  to 
the select ive e tching of n - p - n  and p - n - p  junct ion  t rans is tor  s tructures.  By 
employing  the electr ical  p roper t ies  of p -n  junct ions  in te rna l  to the  pel le t  as 
wel l  as the  e lec t ro ly t ic  behavior  of the  n -  and p - t y p e  ge rman ium or silicon, 
pa r t  of the emi t t e r  or collector  (or both)  of a t rans is tor  pel le t  may  be etched 
away,  leaving  the res t  of the pel le t  intact.  The resul t ing  exposure  of pa r t  of 
the  base region m a y  be used to locate the base region and faci l i ta te  a t t achment  
of the t rans is tor  base lead. 

G e r m a n i u m  and  s i l icon j u n c t i o n  t r a n s i s t o r  s t r u c -  
tu res  a r e  in  c o m m o n  use  at  t he  p r e s e n t  t i m e  for  
m a k i n g  bo th  h i g h - f r e q u e n c y  and  h i g h - p o w e r  t r a n -  
s is tors .  Me thods  for  p r o d u c i n g  the  n - p - n  or  p - n - p  
g e r m a n i u m  or  s i l icon b a r  i nc lude  the  d o u b l e  
d o p e d  (1) ,  r a t e  g r o w n  (2) ,  m e l t b a c k  ( 3 - 5 ) ,  g r o w n -  
d i f fused  (6 ) ,  su r f ace  d i f fused  (7, 8) ,  and  d i f fused  
m e l t b a c k  (9, 10) processes .  In  o r d e r  to f a b r i c a t e  a 
t r a n s i s t o r  f r o m  the  bar ,  a t t a c h m e n t  of a base  l e a d  
p r e s e n t s  a p r o b l e m  c o m m o n  to each  of t he  p r o c -  
esses. F o r  mos t  t r ans i s to r s ,  the  base  r eg ion  is so 
th in  ( g e n e r a l l y  0.0001 in. to 0.0005 in.)  t ha t  no 
p r a c t i c a l  m e t h o d  ex is t s  for  a t t a c h i n g  a l e a d  to the  
s ide of i t  w i t h o u t  sp i l l i ng  ove r  onto  e m i t t e r  or  co l -  
l ec to r  reg ions ,  or  both .  Even  if  a con tac t  cou ld  be  
m a d e  to t he  s ide  of the  base  r eg ion  only ,  i t  w o u l d  
g e n e r a l l y  be  m e c h a n i c a l l y  w e a k  due  to the  sma l l  
a r e a  of con tac t  i nvo lved .  

I t  is d e s i r a b l e  to be  ab le  to expose  p a r t  of the  
l a rge  d i m e n s i o n  of t h e  base  r eg ion  in a j u n c t i o n  t r a n -  
s i s tor  s t ruc tu re .  This  m a y  be  used  to i d e n t i f y  t he  
base ,  and  p e r m i t  m a k i n g  a base  con tac t  of c o n v e n -  
i en t  a r e a  ( a n d  s l igh t  p e n e t r a t i o n ) ,  m i n i m i z i n g  or  
e l i m i n a t i n g  e n t i r e l y  o v e r l a p  onto  e m i t t e r  and  col -  
l ec to r  reg ions .  This  p a p e r  desc r ibes  an  e l ec t ro ly t i c  
e t ch ing  t e c h n i q u e  t h a t  r e m o v e s  g e r m a n i u m  or  s i l i -  
con of one c o n d u c t i v i t y  t y p e  w i t h o u t  a t t a c k i n g  the  
a d j o i n i n g  r eg ion  of oppos i t e  c o n d u c t i v i t y  type .  
W h e n  th is  e tch  is u sed  to r e d u c e  the  size of the  
e m i t t e r  (or  co l l ec to r )  of a t r a n s i s t o r  b a r  w i t h o u t  
e t ch ing  the  base,  t he  d e s i r e d  g e o m e t r y  resu l t s .  E l ec -  
t r o l y t i c  e t ch ing  e x p e r i m e n t s  w e r e  c a r r i e d  out  on 
m e l t b a c k  [ g e r m a n i u m  n - p - n  ( 3 , 4 )  and  s i l icon 
p - n - p  ( 5 ) ]  and  d i f fused  m e l t b a c k  [ g e r m a n i u m  
p - n - p  (10) and  s i l icon n - p - n  (9, 10) ]  pe l le t s .  These  
p a r t i c u l a r  pe l l e t  c o m b i n a t i o n s  w e r e  chosen  because  
of the  ease  w i t h  w h i c h  the  s t r u c t u r e s  cou ld  be  m a d e .  
Resu l t s  shou ld  be  app l i cab le ,  h o w e v e r ,  to t r a n s i s t o r  
ba r s  m a d e  b y  a n y  of the  p rocesses  m e n t i o n e d .  

Etching Characteristics of Germanium and Silicon 
and Experimental Techniques 

The fo l lowing  c h a r a c t e r i s t i c s  of t he  e l e c t ro ly t i c  
d i s so lu t ion  of g e r m a n i u m  (11) or  s i l icon a p p l y  to t he  

se lec t ive  anodic  e t ch ing  of p - n  j u n c t i o n  s t ruc tu res .  
1. Hole  c u r r e n t  a t  the  su r f a c e  is r e q u i r e d  to r e -  

m o v e  m a t e r i a l .  
2. P - n  j unc t i ons  i n t e r n a l  to the  s t r u c t u r e  to be 

e t ched  m a y  h a v e  p o t e n t i a l s  i m p r e s s e d  across  t h e m  
due  to the  d r i v i n g  vo l tage .  R e v e r s e  b i a sed  j unc t i ons  
b lock  the  c u r r e n t  flow, a n d  f o r w a r d  b i a s e d  junc t ions  
in j ec t  m i n o r i t y  c a r r i e r s  a cco rd ing  to w e l l - e s t a b l i s h e d  
p r inc ip les .  

3. A p - t y p e  l a y e r  fo rms  on the  su r f ace  of g e r m a n -  
i um or  s i l icon  in m a n y  e l ec t ro ly t e s .  

4. W h e n  h igh  vo l t ages  a r e  a p p l i e d  to n - t y p e  m a -  
te r ia l ,  the  su r f ace  p - n  j u n c t i o n  w i l l  a va l anche ,  
s u p p l y i n g  a t  the  su r f ace  l a r g e  n u m b e r s  of holes  
w h i c h  can  r e m o v e  m a t e r i a l .  

5. Holes  m a y  be  i n j e c t e d  into  n - t y p e  m a t e r i a l  b y  
a f o r w a r d  b i a s e d  p - n  j u n c t i o n  ( i t e m  2 a b o v e ) ,  or  
b y  the  a p p l i c a t i o n  of l ight .  

The  e l e c t r o l y t e  used  m u s t  not  a t t a c k  g e r m a n i u m  
(or  s i l i con) ,  or  c h e m i c a l  e t ch ing  wi l l  p roc e e d  s i m u l -  
t a n e o u s l y  w i t h  e l e c t ro ly t i c  e tching .  Also,  a h igh  
c o n d u c t i v i t y  e l e c t r o l y t e  a p p e a r s  to g ive  t he  bes t  
p r e f e r e n t i a l  a t t ack .  H y d r o f l u o r i c - a c e t i c  ac id  m i x -  
t u r e s  w o r k e d  bes t  of a l l  the  e l e c t r o l y t e s  t r i ed .  G l a -  
c ia l  ace t ic  ac id  and  49% hydro f luo r i c  ac id  w e r e  
used.  The  r a t i o  of ac ids  was  no t  c r i t i ca l ,  so a 1:1 
m i x t u r e  was  used  for  conven ience .  

In  the  e l e c t r o l y t i c  e t ch ing  c i rcui t ,  con tac t  to the  
g e r m a n i u m  or  s i l icon b a r  m a y  be  m a d e  mos t  con-  
v e n i e n t l y  b y  m e a n s  of a n  a l loy  or  so lde r  reg ion .  
H o w e v e r ,  s i m p l y  ho ld ing  the  pe l l e t  in a p a i r  of 
t w e e z e r s  g e n e r a l l y  g ives  s a t i s f a c t o r y  resu l t s .  A b o u t  
50 cc of e l e c t r o l y t e  w e r e  used.  

A l l  e t ch ing  was  done  in a d i m l y  l i t  a r e a  to m i n i -  
mize  effects of l igh t  i n j ec t ion  of ca r r i e r s .  No ag i -  
t a t i o n  was  used,  b u t  t he  v io l e n t  b u b b l i n g  at  h igh  
c u r r e n t  dens i t i e s  s t i r r e d  the  e l e c t r o l y t e  we l l  and  
m i n i m i z e d  h e a t i n g  at  t he  in te r face .  The  e t ch ing  
p r o c e e d e d  con t inuous ly ,  w i t h  no p a s s i v a t i o n  p h e n -  
o m e n a  at  h igh  c u r r e n t  dens i ty .  

Etching of Uniform Resistivity Pellets 
To i l l u s t r a t e  t he  d i f fe ren t  e l e c t ro ly t i c  e t ch ing  

r a t e s  of n -  a n d  p - t y p e  semiconduc to r s ,  u n i f o r m  r e -  

469 
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Fig. 1. Electrolytic etching of germanium. Curve 1, 4~,-cm 
n-type; curve 2, 0.03D,-cm n-type; curve 3, 12D,-cm p-type; 
curve 4, 0.03D,-cm p-type. 

s i s t iv i ty  pe l l e t s  of b o t h  t y p e s  w e r e  used.  C u r r e n t  
d e n s i t y  vs. a p p l i e d  ( anode  to c a t h o d e )  v o l t a g e  
cu rves  for  low and  h igh  r e s i s t i v i t y  s amp le s  a r e  
shown  in Fig.  1. The  vo l t ages  m e a s u r e d  in th is  w a y  
g ive  no a c c u r a t e  i n f o r m a t i o n  a b o u t  t he  p o t e n t i a l  
across  t he  s e m i c o n d u c t o r - e l e c t r o l y t e  b o u n d a r y ,  
w h i c h  m u s t  be m e a s u r e d  in o r d e r  to c o r r e l a t e  q u a n -  
t i t a t i v e l y  w i t h  t heo ry .  H o w e v e r ,  a l l  t he  e s sen t i a l  
f e a t u r e s  a r e  i l l u s t r a t e d  w e l l  enough  for  a p p l i c a t i o n  
to p - n  j u n c t i o n  s t r u c t u r e  e tching .  C u r v e  1, for  4 ~ - c m  
n - t y p e  Ge, shows  the  low c u r r e n t  s a t u r a t i o n  and  
h igh  v o l t a g e  a v a l a n c h e  b r e a k d o w n  of t he  p - n  j u n c -  
t ion  f o r m e d  on the  sur face .  C u r v e  2, for  0 .03Q-cm 
n - t y p e  Ge, shows  a s m a l l e r  s a t u r a t i o n  c u r r e n t  and  
l o w e r  v o l t a g e  b r e a k d o w n ,  as is e x p e c t e d  for  a ( s u r -  
f ace )  p - n  j u n c t i o n  on a l o w e r  r e s i s t i v i t y  base .  C u r v e  
3, for  12~-cm p - t y p e  Ge, shows  t ha t  r e l a t i v e l y  h igh  
c u r r e n t s  m a y  be  d r a w n  at  low vo l t ages  due  to the  
p l e n t i f u l  s u p p l y  of holes  and  inef fec t ive  p-p* b a r r i e r  
a t  t he  sur face .  C u r v e  4, for  0 .03Q-cm p - t y p e  Ge, is 
m u c h  the  s ame  as c u r v e  3, b u t  m o r e  h i g h l y  c o n d u c t -  
ing  due  to the  l a r g e r  hole  concen t r a t ion .  A t  h igh  
c u r r e n t  leve ls ,  a l l  c u r r e n t s  a r e  b e c o m i n g  l i m i t e d  
by  the  b u l k  r e s i s t ance  of the  pe l l e t .  A p p r e c i a b l e  
c u r r e n t  f luc tua t ion  w i t h  t i m e  c o n t r i b u t e d  to t he  
s ca t t e r  of points .  A t  h i g h e r  c u r r e n t  levels ,  m e a s u r e -  
m e n t s  h a d  to be  t a k e n  v e r y  qu ick ly ,  because  t he  
ba r s  w e r e  e t ch ing  r a p i d l y  a n d  hence  the  c u r r e n t  
c h a n g i n g  con t inuous ly .  A t  these  levels ,  a l oud  c r a c k -  
l ing  noise  a c c o m p a n i e d  the  r a p i d  e tch ing .  

The  r e su l t s  of v a r i o u s  e t ch ing  r a t e s  can  be  seen  
in  Fig.  2. In  each  p a i r  of pe l le t s ,  t he  one on the  l e f t  
is 0 .03~-cm n - t y p e ,  t he  one on the  r i g h t  0 .03~-cm 
p - t y p e .  The  p a i r  a t  u p p e r  l e f t  w e r e  e t ched  a t  2 v for  
15 min .  The  n - t y p e  pe l le t ,  d r a w i n g  l i t t l e  cu r r en t ,  
is e t ched  v e r y  s l igh t ly ,  w h e r e a s  the  p - t y p e  s a m p l e  
is s e v e r e l y  a t t a c k e d .  The  pa i r  a t  t he  u p p e r  r i g h t  
w e r e  e t ched  a t  5 v for  4 rain.  In  th is  case, the  n - t y p e  
s a m p l e  is now be ing  e tched ,  b u t  no t  as fas t  as the  
p - t y p e  bar .  A t  l o w e r  left ,  10 v for  3 rain,  and  at  
l o w e r  r igh t ,  15 v for  1.5 ra in  g ive  a lmos t  e q u a l  
e t ch ing  r a t e s  for  t he  n - t y p e  and  p - t y p e  g e r m a n i u m .  
I r r e g u l a r i t i e s  in  the  shapes  of t he  e t ched  su r faces  
come f r o m  s m a l l  v o l t a g e  d rops  d o w n  the  ba r s  and  
f r o m  f luc tua t ions  in  t he  pos i t i on  of t h e  l i qu id  su r f ace  
due  to seve re  b u b b l i n g  a t  h igh  c u r r e n t  dens i t ies .  

E l e c t r o l y t i c  e t ch ing  cu rves  for  s i l icon could  no t  
be o b t a i n e d  because  of  t he  excess ive  f luc tua t ions  

Fig. 2. Electrolytic etching of uniform resistivity pellets. 
For each pair, left pellet = 0.03D,-cm n-type, right pellet 
= O.03D-cm p-type. Unetched section of each pellet is on 
the bottom. Upper left, 2 v for 15 rain; upper right, 5 v for 
4 rain; lower left, 10 v for 3 rain; lower right, 15 v for 1.5 
rain. 

w i t h  t i m e  of t he  c u r r e n t  a t  a g iven  vo l tage .  H o w -  
ever ,  s ince  s i l icon  j u n c t i o n  s t r u c t u r e s  e tch  in a m a n -  
n e r  m u c h  the  s a m e  as those  of g e r m a n i u m ,  the  
cu rves  for  u n i f o r m  r e s i s t i v i t y  rods  shou ld  be  s i m i -  
lar .  

Etching of Transistor Structures 
The  same  t echn iques  m a y  be  a p p l i e d  to t he  se lec-  

t ive  e t ch ing  of j u n c t i o n  t r a n s i s t o r  s t ruc tu re s .  R e -  
su l t s  a r e  i l l u s t r a t e d  in t he  p h o t o g r a p h s  t h a t  fo l low.  
As an  a id  to v i sua l i z ing  the  con tours  of t he  e t ched  
regions ,  a ske t ch  of each  case  is d r a w n  in Fig .  3. 
The  shape  of  a m e l t b a c k  or  d i f f u s e d - m e l t b a c k  b a r  
is s h o w n  in Fig .  3-1. The  u n m e l t e d  end of t he  pe l l e t  
( top)  se rves  as t he  emi t t e r ,  and  the  m e l t b a c k  sec-  
t ion  ( b o t t o m )  as the  col lec tor .  The  t h in  c e n t r a l  r e -  
gion is t h e  base ,  w h i c h  is g e n e r a l l y  c u r v e d  to an  
e x t e n t  con t ro l l ed  b y  the  i s o t h e r m a l  con tours  d u r i n g  
the  m e l t i n g  cycle.  The  emi t t e r ,  col lec tor ,  or  bo th  
in some cases  m a y  be  e t ched  to v a r y i n g  degrees ,  as 
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Fig. 3. Outlines of selectively etched transistor pellets 
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Fig. 4. Germanium n-p-n pellets. Top, emitter etched; 
center and bottom, emitter etched off. 

indicated in Fig. 3. Contact  to the region to be etched 
was made by  a small  a l loy dot using gold containing 
an t imony for the n - t y p e  or gal l ium for the p - t y p e  
region. The region to be etched was made the anode. 
Except  where  specifically mentioned,  base widths  
are <0.0015 in. for the silicon p - n - p  mel tback  bars, 
< 0.0005 in. for all  the other  s tructures.  Al l  bars  were  
app rox ima te ly  0.030 in. square,  0.125 in. to 0.250 in. 
long. About  0.050 in. was mel ted  in each case. 

In order  to ascer ta in  tha t  the base region is not 
a t tacked,  the fol lowing commonly used methods  of 
junct ion location were  employed.  (a) An ac vol tage 
was appl ied  from emi t te r  to collector while  the ba r  
was held in a suspension of fine ba r ium t i t ana te  pa r -  
ticles in benzene. The t i t ana te  deposi ted l ight ly  on 
the p - t y p e  regions and heavi ly  on the p - n  junctions.  
(b)  A fine thermoelec t r ic  probe was moved over  the 
bar  surfaces. Direct ion of the emf de te rmined  the 
conduct iv i ty  type. (c) Meta l lographic  cross section- 
ing and polishing fol lowed by  a slight etch 
(HNO~:HF = 4:1) showed up the junctions. Since 
the base regions were  so thin, ch ipping  of the edges 
l imi ted  the appl icab i l i ty  of this method.  (d) Com- 
pleted t ransis tors  were  made wi th  base contacts a l -  
loyed to the base "shelf" only. 

When measured  by  any of the above techniques,  
p roper ly  control led e lectrolyt ic  etching appeared  to 
stop precise ly  at the base -emi t t e r  or base-col lec tor  
junction.  

F igures  4 through 6 deal  wi th  ge rmanium and si l i -  
con n - p - n  bars.  The sur face- induced  p - n  junct ion 

Fig. 6. Silicon n-p-n pellets. Left, immediately after elec- 
trolytic etching. Right, emitter pressed after etching to reveal 
flaky material, under which lies selectively etched pellet as in 
Fig. 5, top. 

bar r i e r  be tween the (low res is t iv i ty)  emi t te r  and 
the e lec t ro ly te  breaks  down at low voltages and ap-  
prec iable  current  flows through the emi t te r  surface, 
etching it away.  The emi t t e r -base  p - n  junct ion is 
in the blocking direction, however,  and keeps cur-  
ren t  from flowing into the base region. Hence the 
base is not at tacked.  

F igure  4 shows a group of ge rman ium n - p - n  bars.  
The top four have emi t te r  regions etched (out l ine 
4-2) .  The three  pellets  in the middle  have emit ters  
etched off (out l ine 4-4) .  A small  spike of the emi t -  
ter  remains  in the center  of the base. Two of the 
separa ted  emi t te r  regions are shown at  the bottom. 
These bars  were  etched at 20 v anode to cathode 
for about  30 sec. In Figs. 4, 5, 7, and 8 bars  were  
given a slight chemical  etch af ter  e lectrolyt ic  e tch-  
ing to produce shiny surfaces so that  select ively a t -  
tacked regions would show up be t te r  in the photo-  
micrographs.  

F igure  5 shows a group of silicon n - p - n  pellets.  
Etching voltages and t imes are the same as for the 
ge rmanium n - p - n  bars  (Fig. 4). The three  pel lets  
at  the top have pa r t i a l ly  etched emit ters  (out l ine 
4-2) ,  while  those in the center  have emit ters  etched 
off (out l ine 4-4) .  At  the bot tom are two of the 
separa ted  emit ters .  

A pecul iar  surface condit ion resul ted  only in the 
case of silicon n - p - n  pellets.  Visually,  the pellets  
appeared  to be una t t acked  by  the e lectrolyt ic  etch. 
They re ta ined  thei r  shape and metal l ic  appearance.  
However,  sl ight mechanical  pressure  to the etched 
pa r t  of the emi t te r  region revealed  a flaky mate r i a l  
tha t  peeled off easily, exposing the select ively a t -  

Fig. 5. Silicon n-p-n pellets. Top, emitter etched; center 
and bottom, emitter etched off. 

Fig. 7. Germanium p-n-p pellets. Top left, emitter etched; 
top right, emitter etched off; center, nonselective attack at 
higher voltages; bottom right, collector etched; bottom left, 
collector etched off. 
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Fig. 8. Silicon p-n-p pellets. Top, emitter etched; center 
ond bottom, emitter etched off. 

Fig. 9. Silicon p-n-p pellets with ~0 .003  in. boses. Emitter 
and collector etched. 

t a c k e d  s t r u c t u r e  be low.  F i g u r e  6 shows  this  effect.  
The  b a r  on the  le f t  a p p e a r s  to be  une tched ,  b u t  the  
" e m i t t e r "  su r f ace  is eas i ly  r u p t u r e d ,  as shown  in t he  
b a r  on the  r igh t .  U n d e r n e a t h  is a s t r u c t u r e  as shown  
in Fig.  5 ( t o p ) .  Iden t i f i ca t ion  of t he  f l a k y  m a t e r i a l  
has  not  been  a t t e m p t e d .  I t  is p o s s i b l y  an  ox ide  of 
s i l icon.  I t  does  not  i n t e r f e r e  w i t h  t he  se lec t ive  e t c h -  
ing, b u t  g ives  a w r i n k l e d  a p p e a r a n c e  to t he  e t ched  
p a r t  of t he  e m i t t e r  reg ion ,  Fig .  5 bo t tom.  

F i g u r e s  7 t h r o u g h  9 dea l  w i th  g e r m a n i u m  and  
s i l icon p - n - p  bars .  To a t t a c k  p r e f e r e n t i a l l y  t he  
e m i t t e r  of such a s t ruc tu re ,  e t ch ing  m u s t  be  done  
a t  a v o l t a g e  low enough  so t h a t  t he  l eve l  of i n j e c t e d  
holes  in to  t he  base  b y  the  ( f o r w a r d  b i a s e d )  e m i t t e r  
p - n  j u n c t i o n  is no t  l a rge ,  and  the  su r f ace  p - n  j u n c -  
t ion of the  e x p o s e d  p a r t  of t he  base  does  no t  a v a -  
l anche .  If  t he  v o l t a g e  is too low, e t ch ing  is v e r y  slow. 
The  co l lec to r  m a y  be  a t t a c k e d  s e l ec t i ve ly  b y  m a k i n g  
i t  the  a n o d e  i n s t e a d  of  t he  emi t t e r .  In  such  a case, 
e t ch ing  can  be  c a r r i e d  ou t  a t  m u c h  h i g h e r  c u r r e n t  
dens i t i e s  because  the  low in j ec t ion  efficiency of the  
co l lec to r  p - n  j u n c t i o n  does not  p r o d u c e  h igh  ho le  
dens i t i e s  in the  base  reg ion .  

A g roup  of g e r m a n i u m  p - n - p  pe l l e t s  is s h o w n  in 
Fig .  7. The  b a r  a t  u p p e r  l e f t  has  t he  e m i t t e r  e t ched  
( o u t l i n e  4 -2 ) .  The  b a r  a t  u p p e r  l e f t  was  e t ched  
w i t h  2 v anode  to c a thode  for  s e v e r a l  minu te s .  
L o n g e r  e t ch ing  at  t he  s a m e  p o t e n t i a l  r e su l t s  in a 
s e p a r a t i o n  of t he  emi t t e r ,  as s h o w n  in Fig .  7, u p p e r  
r i g h t  (ou t l i ne  4 -4 ) .  In  the  m i d d l e  of  Fig .  7 is shown  
a pe l l e t  e t ched  in t he  s a m e  w a y  b u t  a t  a p o t e n t i a l  of 
20 v. Se l ec t ive  a t t a c k  no l o n g e r  occurs  because  of 

l a r g e r  i n j e c t e d  dens i t i e s  of holes  into the  base .  The  
co l lec to r  is on the  left .  A t  t he  l o w e r  r i g h t  in Fig.  7 
is s h o w n  a p - n - p  g e r m a n i u m  b a r  w i t h  the  co l lec to r  
e t ched  (ou t l i ne  4 -3 ) .  E t ch ing  in th is  case  was  done  
at  20 v for  a p p r o x i m a t e l y  1 min .  A t  l o w e r  l e f t  in 
Fig.  7 is a pe l l e t  w i t h  the  co l lec to r  e t ched  off (ou t -  
l ine  4 - 5 ) ,  w h i c h  took  20 v for  s e v e r a l  minu tes .  The  
r e m a i n i n g  t ip  of  t he  co l lec to r  r eg ion  m a y  be seen 
a t  t he  r i g h t  end  of t he  pe l le t .  

F i g u r e  8 i l l u s t r a t e s  se lec t ive  e t ch ing  of s i l icon 
p - n - p  bars .  The  t h r e e  top  ba r s  h a v e  e m i t t e r s  a t -  
t a c k e d  (ou t l i ne  4 - 2 ) .  T h e y  w e r e  e t ched  a t  20 v for  
a b o u t  ha l f  a minu te .  The  base  and  co l lec to r  a r e  not  
a t t a c k e d ,  as t h e y  w e r e  for  g e r m a n i u m  p - n - p  pe l l e t s  
a t  such  a h igh  vo l tage .  This  is p r o b a b l y  due  to t he  
low m i n o r i t y  c a r r i e r  l i f e t ime  in s i l icon cooled  so fas t  
f r o m  i ts  m e l t i n g  point ,  w h i c h  r e su l t s  in  a l o w e r  con-  
c e n t r a t i o n  of holes  i n j e c t e d  into  the  base  t h a n  for  
t he  ( e m i t t e r  e t ched )  g e r m a n i u m  p - n - p  bars .  The  
two  cen t e r  rows  show pe l l e t s  w i t h  s e p a r a t e d  e m i t -  
ters ,  e t ched  at  20 v for  a b o u t  a minu te .  Two s i l icon 
p - n - p  b a r s  w i t h  bo th  e m i t t e r  and  co l lec to r  e t ched  
d o w n  (ou t l i ne  4 -6)  a r e  shown  in Fig .  9. Base  w i d t h s  
in th is  case  a r e  a b o u t  0.003 in. so as to show up in 
the  p h o t o g r a p h .  E m i t t e r  and  co l lec to r  w e r e  e t ched  
s e p a r a t e l y .  The  s m a l l  dot  on the  b o t t o m  ( e m i t t e r )  
of t he  p e l l e t  a t  l e f t  is the  g o l d - g a l l i u m  a l loy  con-  
tact .  The  w h i t e  f i lm on the  e x p o s e d  base  of the  p e l l e t  
on the  r i g h t  is depos i t ed  d u r i n g  the  e l e c t r o l y t i c  a t -  
tack .  I t  was  eas i ly  c l eaned  off w i t h  a s l igh t  acid 
e tch  (HNO~:HF----4: 1). 
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ABSTRACT 

X - r a y  diffract ion studies indicate  the exis tence of a t  least  six thor ium ger-  
manide  phases. The phase of highest  ge rman ium content  is ThGe .o• ~, t en ta -  

t ive ly  identif ied as cubic or pseudo cubic wi th  ao ~ 11.72A, ~-ThGe~, isost ruc-  
rura l  wi th  a-ThSi2 and ~-USi~, is te t ragonal ,  space group D194~- I4 /amd,  ao 
4.106 • 0.003A, c~ = 14.193 • 0.005A. A phase  of composi t ion ThGe.6• 5 

(~-ThGe~) has a d is tor ted  A1B~ structure.  ThGe is cubic, space group 0 5 , , -  
Fm3m (NaC1 Type) ,  wi th  ao ~ 6.033 +_ 0.001A. Th~Ge~ is p r imi t ive  te t ragonal ,  
space group DS,h --  P4 /mbm,  wi th  ao ~ 7.971 ___ 0.004A and c0 ~ 4.170 • 0.003A. 
A phase  of composit ion ThGeo.~o. ~ gives a complex diffract ion pat tern .  Reac t iv i -  

t ies wi th  a few common chemical  reagents  a re  r epor ted  for  a-ThGe~, ThGe,.5, 
and ThGe~. 

P r e p a r a t i o n  and  s t r u c t u r e  i nves t i ga t i ons  for  a 
n u m b e r  of s i l ic ides  and  for  t h r e e  g e r m a n i d e s  of 
ac t inon  e l e m e n t s  h a v e  been  r e p o r t e d .  B r a u e r  and  
Mi t ius  (1)  p r e p a r e d  ThSi~ and  r e p o r t e d  its s t r u c -  
ture .  The  p r e p a r a t i o n s  and  s t r u c t u r e  d e t e r m i n a t i o n s  
for  ThSil.5 (" f l -ThSi . J ' ) ,  ThSi ,  a n d  Th~Si~ w e r e  c a r -  
r i ed  out  b y  Jacobson ,  F r e e m a n ,  Tha rp ,  and  S e a r c y  
(2) .  The  t h o r i u m  s i l ic ide  phases  a r e  i s o s t r u c t u r a l  
w i t h  the  c o r r e s p o n d i n g  u r a n i u m  s i l ic ides  whose  
s t r u c t u r e s  w e r e  e a r l i e r  ident i f ied  b y  Z a c h a r i a s e n  
(3 ) .  Z a c h a r i a s e n  also f o u n d  ~-PuSi~ and  ~-NpSi~ to 
h a v e  the  a -ThSi2  s t r u c t u r e  (3) .  These  u r a n i u m  s i l i -  
c ides  as w e l l  as U~Si a n d  USi~ h a d  been  first  p r e -  
p a r e d  b y  K a u f m a n n ,  Cul l i ty ,  a n d  B i t s i anes  (4) .  The  
s t r u c t u r e s  of U~Si (3) and  of USi~ (5, 6) a n d  an 
i s o m o r p h o u s  u r a n i u m  g e r m a n i d e  (6)  have  also been  
w o r k e d  out.  R u n n a l s  and  Bouche r  (7)  h a v e  p r e -  
p a r e d  PuSi~.~ ("f l -PuSi .2 ' )  and  h a v e  f o u n d  i t  to be  
i den t i ca l  in s t r u c t u r e  to USi~.5 ( " # - U S i J ' ) .  

The  p r e s e n t  r e s e a r c h  r e p o r t s  t he  first  i n v e s t i g a -  
t ion of t he  t h o r i u m  g e r m a n i d e s .  

Experimental 
The  t h o r i u m  m e t a l  u sed  in t hese  e x p e r i m e n t s  was  

o b t a i n e d  f r o m  the  F a i r m o n t  C h e m i c a l  C o m p a n y  as  
200 m e s h  powde r .  Spec t ro scop i c  ana lys i s  s h o w e d  
t r ace  a m o u n t s  of i ron  and  m a n g a n e s e  and  s m a l l e r  
a m o u n t s  of a few o the r  h e a v y  me ta l s .  S p e c t r o s c o p -  
i c a l l y  p u r e  g e r m a n i u m  was  o b t a i n e d  f r o m  the  E a g l e -  
P i c h e r  C o m p a n y .  G e r m a n i u m  ox ide  was  r e m o v e d  
b y  vo la t i l i za t ion .  F r o m  b e h a v i o r  of t he  t h o r i u m  on 
ign i t ion  and  t o w a r d  c o m p o u n d  fo rma t ion ,  2(} to 30 
mo le  % was  e s t i m a t e d  to be  p r e s e n t  as i n e r t  oxide .  
A l l  s t a t e d  compos i t ions  w e r e  c a l c u l a t e d  on the  as -  
s u m p t i o n  t h a t  on ly  80% of t he  m a t e r i a l  a d d e d  as 
t h o r i u m  a c t u a l l y  was  a v a i l a b l e  for  r eac t ion .  

P r e p a r a t i o n s  w e r e  m a d e  b y  d i r ec t  syn thes i s  f r o m  
the  p o w d e r e d  e l e m e n t s  in  g r aph i t e ,  a lumina ,  or  

t u n g s t e n  c ruc ib le s  at  1000~176 Some  s a m p l e s  
w e r e  r e g r o u n d  and  r e h e a t e d  to i n s u r e  o b t a i n i n g  
e q u i l i b r i u m ,  a n d  w e i g h t  losses w e r e  a s s u m e d  to be  
due  to the  v a p o r i z a t i o n  of g e r m a n i u m .  Cool ing  r a t e s  
of d i f fe ren t  s a m p l e s  v a r i e d  f r o m  1 0 ~  to 
300~  

X - r a y  a n a l y s e s  w e r e  m a d e  w i t h  114.59 m m  p o w -  
de r  d i f f rac t ion  cameras .  F i l t e r e d  coppe r  Ka r a d i a -  
t ion  was  used  for  a l l  bu t  two  p r e p a r a t i o n s .  E x p e r i -  
m e n t a l  p r o c e d u r e s  w e r e  s i m i l a r  to those  de sc r ibed  
p r e v i o u s l y  (8 ) .  

Identification and Structure of the Phases 

P r e p a r a t i o n s  w i t h  a G e : T h  r a t i o  n e a r  3.0 ( a l l o w -  
ing  for  the  t h o r i u m  ox ide  p r e s e n t )  w h e n  h e a t e d  in 
the  t e m p e r a t u r e  r a n g e  of these  e x p e r i m e n t s  gave  
s t rong  d i f f rac t ion  p a t t e r n s  of a t h o r i u m  g e r m a n i d e  
phase ,  a f a in t  p a t t e r n  of g e r m a n i u m ,  a n d  a m e d i u m -  
s t rong  p a t t e r n  of ThO~. A t t e m p t s  to i n d e x  the  g e r -  
m a n i d e  p a t t e r n  on the  bas i s  of k n o w n  s t r u c t u r e s  
w e r e  unsuccess fu l .  A l l  spac ings  w e r e  cons i s t en t  
w i t h  a cubic  un i t  ce l l  for  w h i c h  ao ---- 11.72A, b u t  th is  
l a r g e  cel l  m a y  no t  be  t he  t r u e  c r y s t a l l o g r a p h i c  un i t ;  
f u r t h e r  i nve s t i ga t i on  is c o n t e m p l a t e d .  I n d e x i n g  of 
the  first  20 spac ings  is s h o w n  in T a b l e  I. A l t h o u g h  
the  p h a s e  is a lmos t  c e r t a i n l y  ThGe3, i ts  compos i t i on  
wi l l  be  d e s i g n a t e d  as T h G e  ....... b e c a use  the  exac t  

ox ide  con ten t  of the  t h o r i u m  is u n k n o w n .  
S a m p l e s  n e a r  compos i t i on  ThGe~.~ s h o w e d  a s t rong  

p a t t e r n  of a n e w  p h a s e  and  the  s t r o n g e s t  l ines  of 
T h G e  .... S p a c i n g s  of th is  n e w  p h a s e  w e r e  c o m p a r e d  
w i t h  those  of t he  ~-ThSi~ t y p e  c o m p o u n d s  a n d  w e r e  
f o u n d  to be  a lmos t  iden t i ca l .  The  sin~/~ v a l u e s  w e r e  
i n d e x e d  on the  bas i s  of a t e t r a g o n a l  un i t  ce l l  w i t h  
ao = 4.106 • 0.003A and  co = 14.193 • 0.005A. C a l -  
c u l a t e d  in tens i t i es ,  as shown  in T a b l e  II, a r e  in good 
a g r e e m e n t  w i t h  t he  o b s e r v e d  in tens i t ies .  The  s t r u c -  
t u r e  has  g roup  D I ~ , , -  I 4 / a m d  s y m m e t r y .  
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Table I. Crystallographic data for ThG%.o• ~ 

h k l  s i n e S o ' : s ,  s in-~0( . ,  I c. I * o h s .  

Table III. Crystallographic data for ThGe~ 

h k l  s i n2@obs ,  s i n ~ c a l c .  I * o b ~ .  I c a l c .  

001 0.0341 0.0338 
110 0.0086 0.0086 w 100 0.0489 0.0486 
220 0.0344 0.0344 m 101 0.0822 0.0824 
221 0.0388 0.0388 m 002 0.1344 0.1346 
320~ 0.0558 0.0560 s 110 0.1461 0.1459 
400 0.0689 0.0689 m 111 0.1796 0.1797 
410 0.0732 0.0732 w 102 0.1830 0.1832 
411,330 0.0772 0.0776 w 200 0.1960 0.1946 
421 0.0905 0.0905 vs 201 0.2267 0.2284 
510 0.1119 0.1121 w- 112 0.2796 0.2805 
520 0.1252 0.1250 w- 003 0.3033 0.3028 
440 0.1378 0.1380 w+ 202 0.3259 0.3304 
522, 441 0.1422 0.1422 w+ 210 0.3406 0.3405 
620 0.1720 0.1724 w 103 0.3503 0.3517 
621 0.1763 0.1768 w 211 0.3734 0.3743 
541 0.1814 0.1810 w 300 0.4400 0.4378 
630 0.1944 0.1940 w- 113 absent 0.4478 
710,550 0.2156 0.2157 m 301~ 0.4716 \ 
640 0.2236 0.2241 w 212f 0.4734 0.4751 
641 0.2283 0.2282 w 203 0.4934 0.4974 
730 0.2496 0.2500 w- Plus several addit ional  lines. 

Plus many  addit ional lines. 

* w = w e a k ,  m = m e d i u m ,  s = s t r o n g ,  v s  = v e r y  s t r o n g .  
$ C o i n c i d e s  w i t h  a g e r m a n i u m  r e f l e c t i o n .  

There  are four  molecules  of a-ThGe.~ per  u n i t  cell 
w i th  four  t h o r i u m  atoms located in  0,0,0; 0,1/2,1/4; 
I/2,1/2,1/2; V2,0,W4; and  eight  g e r m a n i u m  atoms in  
0,0,z; 0 , 0 , - - z ;  OJ/2,(1/4+z); O,1/2,(V4--z); 1/2,1/2, 
( u  ~,1/2,(1/2--z); 1/2,0,(3A + z); 1/2,0,(3/4--z). 
The va lue  of z is a p p r o x i m a t e l y  0.42. The c/a ra t io  
is 3.456, and  the  ca lcu la ted  dens i ty  at room t e m -  
p e r a t u r e  is 10.47 g -cm -~. 

Samples near composition ThGe~.~ gave the dif- 
fraction pattern of an entirely new phase. Compari- 
son of this germanide pattern with that for ThSi~.~ 
(defect AIB~ structure) showed a striking similarity 
between the two. However, there are more reflec- 

Table II. Crystallographic data for a-ThGe~ 

h k l  s i n 2 0 o b s ,  s in2t~c a ,  c. I o b s ,  I r  c. 

101 0.0387 0.0382 w § 139.2 
004 0.0480 0.0474 m 41.7 
103 0.0622 0.0619 s- 49.3 
112 0.0825 0.0823 s § 295.0 
105 0.1098 0.1092 s 125.6 
200 0.1412 0.1410 m" 26.0 
116 0.1782 0.1770 w -  01  1) 40) 
107 0.1801 0.1803 s- 50.3 
2 0 4 )  0.1884 } w§ 2 5 . 9 )  
008 0.1887 0.1894 4.4 
213 0.2027 0.2028 m- 39.3 
215 0.2501 0.2502 s- 68.0 
109 0.2749 0.2750 w ~ 14.9 
220 0.2807 0.2819 m- 31.4 
3 0 1 }  0.3207 0 .3201}  4 . 2 }  
217 0.3212 s- 47.8 

) 0.3292 } w § 10 .8}  224 0.3288 
208 0.3304 7.4 
303 absent  0.3437 
1 - 1 - 1 0 }  0 .3655}  22 .4}  
312 0.3639 0.3642 s diffuse 55.4 
305 absent 0.3912 
1-0-11 absent 0.3934 
219 0.4146 0.4151 w 16.3 
0-0-12 0.4240 0.4248 w- 7.8 

w- 78 
m 646 
vs 2605 
w 330 
m § 884 
w 72 
m 228 
w 104 
m ~ 564 
s- 604 
w -  6 

w- 90 
w- 86 
m- 275 
m 494 
w § 150 

19 18} 
w 106 
w 167 

* w = w e a k ,  m = m e d i u m ,  s = s t r o n g ,  v s  = v e r y  s t r o n g .  

t ions shown by  the g e r m a n i d e  phase t h a n  by  the 
sil icide phase. In  addi t ion,  some g e r m a n i d e  reflec- 
t ions  are diffuse w i th  sharp l ines  showing  on e i ther  
side of the diffuse lines. The sin'-'0 va lues  for the  
g e r m a n i d e  phase  index  m o d e r a t e l y  wel l  for a h e x -  
agonal  u n i t  cell s imi la r  to tha t  for ThSil.~. I n t e n s i -  
ties ca lcu la ted  a s suming  tha t  ThGe,.6, l ike ThSil.~, 
be longs  to the D16~, s t ruc tu re  are compared  w i th  ob-  
se rved  in tens i t i es  in  Tab le  III. 

The p s e u d o - h e x a g o n a l  u n i t  cell conta ins  one 
molecu le  of ThGe.. wi th  one t h o r i u m  a tom in  0,0,0 
and  two g e r m a n i u m  atoms in  1 /2 ,2 /3 ,1 /2  and  
2 /3 ,1 /3 ,1 /2 .  The ca lcu la ted  dens i ty  at room t e m -  
p e r a t u r e  is 10.51 g - c m  -3. 

Our  da ta  seem best  exp la ined  by  the a s sumpt ion  
of a s l ight  d i s tor t ion  of the  ideal  hexagona l  cell in  
add i t ion  to the  vacanc ies  in  the  ideal  MX~. la t t ice  
l ike those no ted  for USil~, PuSi~.5, and  ThSil..~ (2, 7). 
A s s u m p t i o n  of an  o r tho rhombic  d i s tor t ion  does no t  
appear  to y ie ld  the  proper  ca lcu la ted  spacings.  A n  
a t t e m p t  wi l l  be m a d e  to index  the  s t ruc tu re  as a 
monoc l in ic  or t r ic l in ic  d i s to r t ion  of the  he xagona l  
cell. 

P r e p a r a t i o n s  in  the ThGe1.._, ~ .... composi t ion  r ange  

give a di f f ract ion p a t t e r n  of ThGel.6 a nd  a s t ronger  
p a t t e r n  of a n e w  phase. Af t e r  be ing  r ec rushed  and  
rehea ted  at 1500~ for abou t  2 hr, a s ample  of com- 
posi t ion ThGel  ~ gave a di f f ract ion p a t t e r n  essen t ia l ly  
free of ThGe  .... The  sin~0 va lues  for this  ne w  phase  
were  indexed  on the  basis  of a cubic u n i t  cell. The 
hkl  va lues  are e i ther  all  even  or all  odd, sugges t ing  
a sod ium chlor ide type  latt ice.  Re la t ive  in tens i t i es  
were  ca lcula ted  on the a s sumpt ion  tha t  the  s y m -  
m e t r y  was  tha t  of space group O~h-Fm3m (NaC1 
type)  wi th  four  t h o r i u m  atoms in  0,0,0,; 1/2,1/2,0; 
1/2,0,1/2; 0,1/2,V2; and  four  g e r m a n i u m  atoms in  
1/2,1/2,1/2 ; 1/2,0,0,; 0,1/2,0; 0,0,1/2. Ca lcu la ted  i n t e n s i -  
ties are in  exce l len t  a g r e e m e n t  w i th  observed  i n -  
tensi t ies .  Table  IV is a t a b u l a t i o n  of these data.  The 
good fit to the  sodium chlor ide la t t ice  leads one to 
conclude  the phase  to be  ThGe.  
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TabJe IV. Crystallographic data for ThGe Table VI. Nearest neighbors and interatomic distances 

h k l  s in2~ous ,  sin2~eal c, I*obs. Icalc .  C o m p o u n d  N e a r e s t  N e i g h b o r s  

111 0.0492 0.0488 s 137 
200 0.0654 0.0651 vs 290 
220 0.1307 0.1302 vs 216 
311 0.1797 0.1791 s- 75 
222 0.2697 0.2605 m + 36 
331 0.3094 0.3093 m- 28 
420 0.3260 0.3256 s 97 
422 0.3910 0.3907 s- 74 

5 1 1 }  0.4402 0.4396 w 1~} 
333 
440 0.5199 0.5210 w + 26 
531 0.5695 0.5698 w § 28 

442600} 0.5856 0.5861 m + 46 11} 

620 0.6533 0.6533 m 45 
533 0.6995 0.6987 w- 14 
6225 0.7154 0.7151 m 47 
444 0.7800 0.7801 w- 17 

551 0.8290 0.8289 w + 18 

641 0.8451 0.8451 m + 61 
642 0.9103 0.9101 s 160 

553 0.9592 0.9589 m diffuse 38 

* w = w e a k ,  m = m e d i u m ,  s = s t r o n g ,  v s  = v e r y  s t r o n g .  
R e m a i n d e r  o f  r e f l e c t i o n s  a r e  f o r  C u K a  I r a d i a t i o n .  

The  la t t i ce  p a r a m e t e r  for T h G e  was  ca l cu la t ed  
us ing  the  sharp  ref lect ions  in the  back  ref lect ion 
region.  Ca lcu la t ion  f r o m  t h r e e  d i f fe ren t  d i f f rac t ion  
pa t t e rns  g ives  the  v a l u e  ao = 6.044----0.001A. The  
ca lcu la ted  dens i ty  at r o o m  t e m p e r a t u r e  is 9.17 g - c m  -~. 

Samp le s  n e a r  compos i t ion  ThGeo.~ gave  d i f f rac t ion  
pa t t e rn s  showing  a w e a k  T h G e  phase  and  a h ighe r  
t h o r i u m  phase.  This  phase  was  n e v e r  p r e p a r e d  in 
the p u r e  s ta te  and a p p a r e n t l y  did not  c rys ta l l i ze  
wel l .  I t  m a y  be t h e r m o d y n a m i c a l l y  s table  ove r  on ly  

Table V. Crystallographic data for Th3Ge2 

h k l  s i n ~ o b s ,  sin'28 c ~ ] c. Iobs .  I c a l c .  

110 0.0180 0.0187 w- 7.0 
001 absent 0.0342 3.1 
200 absent 0.0374 1.4 
210 0.0464 0.0467 m 78.8 
111 0.0527 0.0529 m 67.0 
201 0.0706 0.0716 vs 286.1 
220 0.0749 0.0748 m- 79.6 
211 0.0808 0.0809 vs 266.9 
310 0.0933 0.0935 s 143.8 
221 absent 9.1089 0.9 
320 0.1216 0.1215 w 20.7 
311 0.1277 0.1277 w- 7.9 
002 0.1365 0.1368 m 57.4 
400* 0.1506 0.1497 m 0.7 
112 absent 0.1555 1.3 
321 absent  0.1557 0.5 
410 0.1589 0.1589 m 58.2 
330 0.1680 0.1683 w- 7.4 
202 absent 0.1742 0.5 
2 1 2 }  0.1834 0.1835} w 25.5~ 
401 0.1839 7.0~ 
420 0.1872 0.1870 w- 14.8 
411 0.1934 0.1931 m 63.1 
331 0.2021 0.2025 m 78.0 
222 0.2106 0.2116 w 34.8 

* T h i s  r e f l e c t i o n  c o r r e s p o n d s  t o  a T h O 2  r e f l e c t i o n .  

a-ThGe~ 

~-ThGe~ 

ThGe 

Th~Ge2 

T h o r i u m - -  12 Ge at 3.14A 
G e r m a n i u m - -  6 Th at 3.14A 

3 Ge at 2.37A 
T h o r i u m - -  12 Ge at 3.15A 

6 Th at 4.04A 
2 Th at 4.22A 

G e r m a n i u m - -  6 Th at 3.15A 
3 Ge at 2.34A 

T h o r i u m - -  6 Ge at 3.022A 
12 Th at 4.274A 

G e r m a n i u m - -  6 Th at 3.022A 
12 Ge at 4.274A 

Thor ium I - -  4 Ge at 3.23A 
8 Th at 3.66A 

Thor ium I I - -  6 Ge at 3.16A 
4 Th at 3.66A 

G e r m a n i u m - -  1 Ge at 2.48A 
2 Th at 3.23A 
6 Th at 3.16A 

pa r t  of the  t e m p e r a t u r e  r a n g e  s tudied.  The  low 
ang le  ref lect ion reg ion  of the  d i f f rac t ion  pa t t e rn s  of 
the  n e w  phase  is v e r y  s imi la r  to tha t  for  U~Si,~. The  
sin~t~ va lues  could  be f i t ted to a un i t  cel l  w i t h  t e t r a g -  
onal  s y m m e t r y .  In tens i t i e s  w e r e  ca l cu la t ed  by  use 
of the a s sumpt ion  t h a t  the  c o m p o u n d  is i so s t ruc tu ra l  
w i t h  U~Si.o and tha t  the  a toms  are  loca ted  in posi -  
t ions co r re spond ing  to those in the  silicide. Tab le  V 
conta ins  the  obse rved  and  ca lcu la t ed  data.  Since  
a g r e e m e n t  is good, these  da ta  conf i rm the  f o r m u l a  
Th3Ge~. The  s t r u c t u r e  is p r i m i t i v e  t e t r a g o n a l  w i t h  
space g roup  D ~ h - P 4 / m b m  s y m m e t r y .  T h e r e  are  
two  molecu le s  per  uni t  cel l  w i t h  the  t h o r i u m  a toms 
loca ted  as fo l lows:  2Thi in 0,0,0,; 1/a,1/2,0; 4ThH in 
x,1/2 + x,1/2; --x,l/2 --  x,1/2; 1/2 + x,  --  x,1/2; 1/2 --  x ,  
x,1/2; w i t h  x a p p r o x i m a t e l y  equa l  to 0.18. The  four  
g e r m a n i u m  a toms are  loca ted  in x,1/2 + x,0; --x,1/2 --  
x,0; 1/2 + x,--x ,O; 1 / 2 -  x,x,O; w i t h  x a p p r o x i m a t e l y  
equa l  to 0.39. The  la t t ice  p a r a m e t e r s  a re  ao = 7.971 
_+ 0.004A and co ~ 4.170 _+ 0.003A. The  c / a  ra t io  is 
0.523, and  the  ca l cu la t ed  dens i ty  at  r o o m  t e m p e r a -  
t u re  is 10.55 g - c m  -3. 

Sam p le s  of h ighe r  t h o r i u m  con ten t  g ive  a d i f f rac-  
t ion p a t t e r n  for  tho r ium,  t h o r i u m  dioxide,  and a n e w  
phase  of compl i ca t ed  s t ruc ture .  A t t e m p t s  to index"  
the  spacings for  the  n e w  phase  w e r e  unsuccessful .  
Because  of the  ThO~ c o n t a m i n a n t  it is not  possible  
to ass ign to t he  phase  an  accu ra t e  composi t ion .  On 
the  basis  of the  compos i t ion  of samples  w h i c h  gave  
the  best  pa t t e rn s  of the  k n o w n  compounds ,  the  c o m -  
pound  is b e l i e v e d  to be ThGeo.~o.. This  c o m p o u n d  

is the  only  one found  whose  s t ruc tu re  is a p p a r e n t l y  
d i f ferent  f rom tha t  of a co r r e spond ing  u r a n i u m  
silicide. 

N e a r e s t  N e i g h b o r  D i s t a n c e s  and  C o o r d i n a t i o n  
Nun~ber s  

As can be seen f r o m  Tab le  VI, the  ca lcu la ted  
i n t e r a t o m i c  d is tances  are  com pa t ib l e  w i t h  the  s t ruc -  
tu res  d e t e r m i n e d  for  the  d i f fe ren t  compounds .  The  
same coord ina t ion  n u m b e r s  are  found  in a-ThGe~ 
and ThGe~.o for  t he  t heo re t i c a l  MX~ s t ruc tu res  w i t h  
the  i n t e r a t o m i c  d is tances  be ing  only  s l igh t ly  d i f fer -  
ent. This  o b s e r v a t i o n  is i n t e r e s t i ng  because  the  
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a r r a n g e m e n t  of a toms is qui te  different .  In  a-ThGe.~ 
the t h o r i u m  atoms are con ta ined  in  a th ree  d i m e n -  
s ional  n e t w o r k  of g e r m a n i u m  atoms,  and  in  fl- 
ThGe~ the  t h o r i u m  atoms are b e t w e e n  a two d i m e n -  
sional,  g r aph i t e - l i ke  l ayer  of g e r m a n i u m  atoms. In  
ThGe  there  is on ly  t h o r i u m  to g e r m a n i u m  bonding .  
In  the Th~Ge~ s t ruc tu re  the t h o r i u m  I is not  e q u i v a -  
l en t  to the  t h o r i u m  II  atoms.  The re  is t h o r i u m  to 
t h o r i u m  bond ing  and  the  g e r m a n i u m  atoms are 
jo ined  in  pa i rs  at a p p r o x i m a t e l y  the i r  s ingle  bond  
distance.  The genera l  s t ruc tu re  is one of a l ayer  of 
t h o r i u m  atoms con ta ined  b e t w e e n  layers  which  con-  
t a in  bo th  t h o r i u m  and  g e r m a n i u m  atoms. 

I t  is i n t e re s t ing  to no te  tha t  by  r e m o v i n g  hal f  of 
the  g e r m a n i u m  atoms f rom fl-ThGe~ in  an  a l t e r na t e  
m a n n e r ,  and  by  sh i f t ing  the a tom posi t ions on ly  
s l ight ly,  the T h G e  s t ruc tu re  is obta ined.  The  111 
p lane  of fl-ThGe~ con ta ins  an  a lmost  iden t i ca l  a r -  
r a n g e m e n t  of a toms to tha t  found  in  ThGe.  

React iv i t y  w i t h  C o m m o n  Reagents  

The reac t iv i ty  at  room t e m p e r a t u r e  was observed  
for the ThGe  ...... ~ - T h G %  and  ThGe  .o~.~ phases.  

The  o ther  compounds  were  not  tes ted for r eac t iv i ty  
because  they  were  not  ava i l ab le  as pu re  phases.  

React ions  of the th ree  compounds  tes ted w i th  5% 
HC1, concen t r a t ed  HF, aqua  regia,  and  10% NaOH 
were  vigorous.  Reac t ion  w i th  30% H~O.o, 3M H oSO~, 

18M H.~SO,, 6M HNO~, and  concen t ra t ed  HNO~ pro-  
ceeded r a the r  slowly. No reac t ion  was  observed  to 
take  place w i th  85% H~PO, or 0.1N KMnO~. I t  is 
possible  tha t  some of the  reac t iv i t ies  were  affected 
by  the  presence  of ThO~ in  the  samples.  
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ABSTRACT 

The mobilities of the three ions in fused KNO3-AgNO~ mixtures  have been 
determined as a funct ion of composition. The mobil i ty of the ni t ra te  ion is 
insensit ive to composition changes; the cations, however, tend toward the 
mobil i ty of the main  consti tuent  cation at each end of the composition scale. 
Tempera ture  var ia t ion has no significant effect on the t ranspor t  numbers  of 
these ions. 

The mobi l i t ies  of the ions in  a NaNO~-AgNO~ 
m i x t u r e  have  been  d e t e r m i n e d  (1) .  This  m i x t u r e  
was  ideal  in  the  sense tha t  the ion mobi l i t ies  are i n -  
d e p e n d e n t  of composi t ion.  However ,  s ince Na + and  
Ag + in  the  pu re  n i t r a t e s  have  essen t ia l ly  the  same 
mobi l i t ies ,  it  was  cons idered  adv isab le  to repea t  the  
work  us ing  a pa i r  of cat ions  h a v i n g  s igni f icant ly  
di f ferent  mobi l i t ies .  Thus,  a m i x t u r e  of AgNO~ a nd  
KNO~ was chosen for s tudy.  

Experimental 
C. P. Reagen t  Grade  salts and  pu re  s i lver  wi re  

were  used in  the s tudy.  The appa ra tu s  and  tech-  
n iques  used were  dupl ica tes  of those used in  the 
AgNO~-NaNO~ w o r k  (1) .  

Results and Discussion 
The va lues  for the  mob i l i t y  of the  two cat ions 

re la t ive  to the  an ion  are expressed in  t e rms  of r (2) ,  
where  r = 1 - - t a g §  Nl~ where  N1 ~ is the or ig ina l  

mole  f rac t ion  of AgNO3 and  t_ is the  t r a n s p o r t  n u m -  
ber  of NO~-. If t_ is t a ke n  as zero, t h e n  r = tK§ A plot  
of ~b vs. N1 is shown in  Fig. 1. I t  can be seen tha t  
there  is some dev ia t ion  f rom l inear i ty ,  the  K § be ing  
less mobi le  t h a n  the  Ag § 

The  resu l t s  of the  v o l u m e  change  across a m e m -  
b r a n e  d u r i n g  electrolysis  of m i x t u r e s  of AgNO~ and  
KNO~ serve to fix all  th ree  of the  t r a n spo r t  n u m b e r s  
w h e n  combined  w i t h  the ~b data.  

Table I. Volume change of cathode per equivalent, q~, and t§ data 
for various mixtures of KNO~-AgNO3 

M o l e  
f r a c t i o n  
AgNO3 • Vc/Z (cm3/Eq.}  tag + tK + 

1.00 - -  --1.5_+2.6 0.72_+.06 0.0 
0.75 0.21___.01 --0.5___0.6 0.56___.03 0.15+_.03 
0.50 0.41• --1.2• 0.43___.04 0.25+_.04 
0.25 0.70___.01 --2.9• 0.20___.03 0.40+-.03 
0.00 - -  --0.9_+ 1.3 0.0 0.60+_.03 
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Fig. 1. r vs. composit ion in the system AgNO3-KNO3 
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where  Vo is the v o l u m e  change  of the catholyte ,  Z 

is the  cur ren t ,  and  the V's are the  mo la r  vo lumes  of 
the species indicated.  Molar  vo lumes  in this  sys tem 
are v e r y  n e a r l y  iden t ica l  w i th  pa r t i a l  mola l  vo lumes  
(3) .  In  the  pu re  salts, bo th  t r an spo r t  n u m b e r s  m a y  
be ca lcu la ted  f rom the  v o l u m e - c h a n g e  equa t ion  (4) .  
Tab le  I shows va lues  of (AV~)/Z for the  p u r e  salts  
and  sal t  mix tu res .  

The t r a n s p o r t  n u m b e r s  ca lcula ted  f rom the  4 and  
hVc equa t ions  are l is ted in  Tab le  I. 

The ionic e q u i v a l e n t  eonduetances ,  X,, are  cal-  
cu la ted  f rom the  to ta l  e q u i v a l e n t  conduct iv i t i es  and  
the  t r an spo r t  n u m b e r s  u s ing  the equa t ion  X,=Xt,/N~, 
where  X is the to ta l  e q u i v a l e n t  conductance ,  t, the  
t r an spo r t  n u m b e r ,  and  N, the  e q u i v a l e n t  f ract ion.  
The tota l  e q u i v a l e n t  conduc t iv i ty  of the m i x t u r e  

Table II. Ionic equivalent conductivities in the system AgNO~-KNO3 
at 350~ 

M o l e  
f r a c t i o n  
A g N O s  X kAg + kK + k N o  s -  

0.00 36.4 - -  21.7• 14.7• 
0.25 40.7 32.6• 21.7• 16.3• 
0.50 45.6 39.2• 22.8• 14.6• 
0.75 50.3 37.6• 30.2• 14.6• 
1.00 54.8 39.7• - -  15.6• 

t 

o 

Q 
X 

i i 

o ,~Ag + 
& p . K  + 

o ~.NO~- 

t ! I I 
0.0 0.2 Q4 06 08 

KN03 N M ~ "--" AgNO~ 

Fig. 2. Ionic mobil i t ies in the system AgNO3-KNO~ at 
350~ 

was ca lcu la ted  f rom the dens i ty  da ta  of Bloom and  
Rhodes (3) and  f rom specific conduc t iv i ty  da ta  ob-  
t a ined  in  this l a b o r a t o r y  (5) .  These da ta  are l is ted 
in  Tab le  II. 

The mobil i t ies ,  #,, are  ca lcu la ted  us ing  the equa -  
t ion  /~ = (X,)/96500 and  are p lot ted  as func t ions  of 
composi t ion  in  Fig. 2. 

The  precis ion in  the  d e t e r m i n a t i o n  of mobi l i t i es  
becomes poor at h igh  d i lu t ion  of the  ions because  
they  car ry  so l i t t le  of the  to ta l  cur ren t .  However ,  
the  mob i l i t y  curves  for the  cat ions suggest  that ,  at 
h igh di lu t ion,  the mob i l i t y  of the  mi no r  cons t i t uen t  
approaches  tha t  of the  m a j o r  cons t i tuen t ;  this, in  
tu rn ,  suggests  tha t  some sort  of cha in  m e c h a n i s m  
i nvo l v i ng  more  t h a n  one ion of the  same k i n d  is r e -  
spons ib le  for the  n o r m a l  mob i l i t y  in  the pu re  salts. 

Manuscript  received March 24, 1958. Contr ibut ion No. 
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A ny  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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in Aluminum Reduction Cells 
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ABSTRACT 

A n u m b e r  of a luminum production potlines were subjected to a series of 
counter -emf tests where in  the decay of the reversible voltage with t ime was 
measured. Analysis of these data indicate that  the reversible voltage dur ing 
electrolysis is associated with an intermediate  compound C*O on the anode 
surface which decomposes chemically to CO~ by a reaction of approximately 
second order. At a current  density of 0.95 amp/cm ~ and a tempera ture  of 
971~ the reversible voltage is 1.45 v. The free energy of formation of C*O 
at 971~ from C and O2 at 25~ is --67,150 cal /g mole. 

The over  all  chemical  reac t ion  for the  r educ t ion  
of a l u m i n a  as car r ied  ou t  n o r m a l l y  in  e lec t ro ly t ic  
cells by  the Hal l  process is 

2A1.~O~ + 3C ~ 4A1 -k 3CO2 [1] 

as judged  f rom the in i t i a l  r eac tan t s  and  final p rod -  
ucts. E x p e r i m e n t a l  ev idence  is p re sen ted  here  to 
suppor t  the  v iew tha t  ca rbon  dioxide  is fo rmed  by  
a t h e r m a l  reac t ion  b e t w e e n  the  ca rbon  anode  a nd  
oxygen  adsorbed  on the ca rbon  surface  an d  tha t  
the ac tua l  e lec t rochemica l  reac t ion  should be w r i t t e n  

2Al_~O~ + 6C-~ 4A1 + 6C~O [2] 

where  the symbol  C~O represen t s  oxygen  adsorbed  
on the ca rbon  surface.  Specifically, it  wi l l  be  shown 
tha t  the  revers ib le  decomposi t ion  vol tage  of the  cell 
depends  p r i m a r i l y  on the concen t r a t i on  of adsorbed  
oxygen  on the  anode surface  and  no t  on the  con-  
cen t r a t i on  of CO2 nor  on concen t r a t i on  g rad ien t s  
w i t h i n  the  electrolyte .  It  is pos tu la ted  t ha t  r eac t ion  
[2] is fol lowed by  

6C~0 -> 3C0~ + 3C [3] 

to give the over-all reaction [1] and it will be 
shown that reaction [3] is a thermal reaction pro- 
ceeding at a rate corresponding to approximately 
a second order reaction. 

Experimental 
The e x p e r i m e n t a l  m e a s u r e m e n t s  consisted e n t i r e -  

ly of a n u m b e r  of c o u n t e r - e m f  tests pe r fo rm e d  on 
a series of p roduc t i on  potl ines.  In  a c o u n t e r - e m f  
test, a l ine  of n o r m a l l y  opera t ing  cells is s u d d e n l y  
d i sconnec ted  f rom its ope ra t ing  electr ical  power  
source, and  the  open -c i r cu i t  vol tage  gene ra t ed  by  
the r e su l t i ng  l ine  of vol ta ic  cells is m e a s u r e d  as a 
func t ion  o2 t ime. The resu l t  is a recorded curve  of 
the po t l ine  c o u n t e r - e m f  on open c i rcui t  as it decays 
wi th  t ime. The  n u m b e r  of volts  per  pot is de t e r -  

m i n e d  by  d iv id ing  the po t l ine  c o u n t e r - e m f  by  the  
n u m b e r  of pots (cells)  in  the l ine.  

The tests were  pe r f o r me d  at the Wenatchee ,  
Wash ing ton ,  p l a n t  of the  A l u m i n u m  C o m p a n y  of 
America .  Tests we re  pe r fo rmed  only  on pot l ines  
tha t  showed no anode effect for a cons iderab le  pe-  
r iod before  the test, and  in  which  all  of the  cells 
were  a p p a r e n t l y  ope ra t ing  no rma l ly .  Of course it  
is p robab l e  tha t  condi t ions  va r i ed  somewha t  f rom 
cell to cell. By t a k i n g  a po t l ine  vol tage  a nd  d iv id -  
ing by  the  n u m b e r  of cells in  the l ine,  an  average  
cell vol tage  is obta ined .  

Fig. 1 is a d i a g r a m of the  e lect r ical  connec t ions  
used. Before the po t l ine  is t r ipped  (d i sconnec ted  
f rom its power  source) ,  the  d-c  source shown is 
ad jus ted  to the  a p p r o x i m a t e  va l ue  of the  c o u n t e r -  
emf of the  po t l ine  which  is abou t  200 v. This  pu ts  
the po in te r  on the vo l tme te r  at about  the  des i red 
r ead ing  and  g rea t ly  reduces  ove r swing  a nd  " h u n t -  
ing."  W h e n  the po t l ine  is t r ipped,  the  "b"  contacts  
on the cathode b r e a k e r  close. The  coil of C1 is ene r -  
gized by  the "b"  contact  closing. C1 closes a nd  en -  
ergizes the coil of C~. W h e n  C~ operates,  the  d-c  
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source  is d i s c o n n e c t e d  f r o m  the  v o l t m e t e r  a n d  t h e  
po t l i ne  c o u n t e r - e m f  is s i m u l t a n e o u s l y  a p p l i e d  to t he  
me te r .  The  C 1 -  C~ r e l a y  cha in  p r o v i d e s  a t i m e  d e -  
l ay  w h i c h  p r e v e n t s  the  v o l t m e t e r  f r o m  be ing  p l a c e d  
across  t he  po t l i ne  d u r i n g  the  i n d u c t i v e  su rge  f o l l o w -  
ing  the  t r i p p i n g  of t he  po t l ine .  This  surge ,  w h i c h  
was  s h o w n  b y  o s c i l l o g r a p h  m e a s u r e m e n t s  to  r e a c h  
1500 v, w o u l d  cause  t he  p o i n t e r  to s w i n g  off scale  
and  t h e n  "hun t . "  In  th is  m a n n e r  on ly  t he  first  f ew  
mi l l i s econds  of r e a d i n g  a r e  lost ,  b u t  the  p o t l i n e  emf  
could  no t  be  r e a d  d u r i n g  this  t i m e  a n y w a y  s ince  t he  
su rge  is caused  b y  the  h igh  d - c  field co l l aps ing  
a r o u n d  the  bus  bars .  

T i m e  is t a k e n  as zero a t  t he  i n s t a n t  t he  p o t l i n e  is 
t r i p p e d .  The  c o u n t e r - e m f  a t  t i m e  zero,  w h i c h  c o r r e -  
sponds  to t he  r e v e r s i b l e  decompos i t i on  v o l t a g e  of 
the  cel ls  a t  t he  o p e r a t i n g  c u r r e n t  d e n s i t y  a n d  t e m -  
p e r a t u r e ,  cou ld  n o t  be  r e a d  d i r e c t l y  for  the  r e a sons  
g iven  above .  Va lues  for  t he  r e v e r s i b l e  d e c o m p o s i -  
t ion  v o l t a g e  w e r e  o b t a i n e d  b y  e x t r a p o l a t i o n  of t he  
vo l t age  d e c a y  cu rves  b a c k  to zero  t i m e  us ing  an  
a n a l y t i c a l  p r o c e d u r e  as w i l l  be  shown.  

D a t a  f r o m  these  tes t s  a r e  g iven  in T a b l e  I. In  
T a b l e  I, t he  t i m e  in m i n u t e s  cou ld  be  d e t e r m i n e d  
r e a d i l y  f r o m  the  m e t e r  c h a r t  to 0.001 m i n  a n d  the  
vo l t age  p e r  po t  to 0.01 v. A n  e s t i m a t e  of the  n e x t  
d e c i m a l  p l a c e  is g iven  for  each  r ead ing ,  a l t h o u g h  
the  c o r r e l a t i o n  does  no t  d e p e n d  on th is  e s t ima te .  
The  r e sponse  t ime  of t he  m e t e r  was  v e r y  s m a l l  a n d  
w o u l d  no t  affect  the  r e a d i n g  in  v i e w  of t he  g r a d u a l  
d rop  of t h e  vo l t age ,  e x c e p t  pos s ib ly  d u r i n g  t h e  f irst  
f ew  seconds.  

Theoretical Analysis 
The  vo l t a i c  cel ls  g e n e r a t e  a vo l t age  w h i c h  c o r r e -  

sponds  to t h e  r e v e r s e  of t h e  p o s t u l a t e d  r e a c t i o n  [2 ] ,  
t h a t  is 

2AI + 3C*O -~ AI~O~ + 3C [4] 

The open-circuit (reversible) voltage generated by 
reaction [4] is given by the equation 

R T  a~A1 ~ a c~o 
E = Eo + In [5] 

n F  a~1~o8 a% 

w h e r e  E is the  v o l t a g e  of t he  cell ,  Eo is the  vo l t a ge  
t h a t  w o u l d  be  g e n e r a t e d  if  a l l  r e a c t a n t s  a n d  p r o d -  
uc ts  of r e a c t i o n  [4]  w e r e  in t h e i r  s t a n d a r d  s t a tes  
( a r b i t r a r i l y  c h o s e n ) ,  a n d  the  a v a l u e s  a r e  t h e  a c t i v i -  
t ies  of t he  r e a c t a n t s  and  p r o d u c t s  b a s e d  on these  
s t a n d a r d  s ta tes .  R equa l s  8.313 ] o u l e s / g  m o l e  ~  

o . T equa l s  K ,  F equa l s  96,500 c o u l o m b s / g  equ iv ;  n 
equa l s  6 g e q u i v / g  mo le  AI~O~; a n d  In equa l s  log to  
the  base  e. 

S ince  n e i t h e r  t he  a l u m i n u m  nor  t he  c a r b o n  a re  
in  so lu t ion  phase ,  t h e i r  ac t iv i t i e s  a r e  1 a n d  e q u a -  
t ion  [5]  becomes  

R T  a c~o 
E = Eo + -in-- [6] 

n F  a~,~o~ 

Since  the  se lec t ion  of  s t a n d a r d  s t a tes  is a r b i t r a r y ,  
l e t  us  se lec t  t he  cond i t ions  a t  t i m e  O, t h a t  is, w h e n  
the  e l ec t r i c a l  c i r cu i t  is b r o k e n ,  as t h e  s t a n d a r d  
s ta tes .  T h e n  le t  

p c 
a c * o = - -  a n d  a A l ~ _ O z : - -  

po Co 
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w h e r e  po a n d  co a r e  t he  fugac i t i e s  of C*O and  AI~O~, 
r e spe c t i ve ly ,  a t  t i m e  O ( s t a n d a r d  s t a t e s ) ,  a n d  p a n d  
c a r e  t he  c o r r e s p o n d i n g  fugac i t i e s  a t  a n y  s u b s e q u e n t  
t ime  t w h e n  the  open  c i r cu i t  vo l t a ge  has  d e c a y e d  to 
E a f t e r  s t a r t i n g  w i t h  a v a l u e  of Eo a t  t i m e  O. Then  
e q u a t i o n  [6]  becomes  

3 R T  p R T  c 
E=Eo + in --In [7] 

n F  Po n F  co 

If  n o w  p a n d  c can  be  f o u n d  as func t ions  of t he  
t i m e  t, t hen  e q u a t i o n  [7]  w i l l  e x p r e s s  t he  d e c a y  of 
E w i t h  t and  can  be  c h e c k e d  a ga in s t  the  e x p e r i -  
m e n t a l  d a t a  of t he  c o u n t e r - e m f  tes ts .  Be fo re  th i s  
is done,  h o w e v e r ,  l e t  us e x a m i n e  poss ib l e  m e a n s  of 
s i m p l i f y i n g  e q u a t i o n  [7] .  

I f  w e  a s s u m e  t e n t a t i v e l y  t h a t  t he  d e c a y  of  E w i t h  
t ime  is due  e n t i r e l y  to t he  r i se  in  c caused  b y  the  
e q u a l i z a t i o n  of t he  AI.~O~ c o n c e n t r a t i o n  g r a d i e n t  n e a r  
the  e lec t rodes ,  t hen  the  p t e r m  can  be  e l i m i n a t e d  
and  Eq. [7]  becomes  

R T  c 
E = Eo---- In-- [8] 

n F  co 

On the  o the r  hand ,  if w e  a s s u m e  t e n t a t i v e l y  t h a t  
t he  d e c a y  of E is due  e n t i r e l y  to the  fa l l  in  p caused  
b y  r e a c t i o n  [3] ,  t h e n  the  c t e r m  can  be  e l i m i n a t e d  
a n d  e q u a t i o n  [7]  becomes  

3 R T  p 
E = Eo + ~ l n - -  [9]  

n F  po 

To tes t  t he  v a l i d i t y  of e i t he r  of these  a s sumpt ions ,  
Eqs. [8]  and  [9]  w i l l  be  t e s t ed  a g a i n s t  the  e x p e r i -  
m e n t a l  da ta .  I f  n e i t h e r  [8]  n o r  [9]  fits t h e  da ta ,  t hen  
w e  m a y  conc lude  t h a t  b o t h  effects a r e  i m p o r t a n t  
a n d  wi l l  b e  fo r ced  to use  t he  m o r e  c o m p l e x  Eq. [7] .  

T e s t  o f  D i f f u s i o n  H y p o t h e s i s  

Le t  us t es t  Eq. [8]  first. F o r  t he  r e l a t i o n  b e t w e e n  
c and  t, a s s u m e  t h a t  the  change  of c w i t h  t i m e  is 
due  to t he  e q u a l i z a t i o n  of t he  AI~O~ c o n c e n t r a t i o n  
g r a d i e n t  f o r m e d  n e a r  the  e l ec t rodes  d u r i n g  e lec -  
t ro lys i s .  This  e q u a l i z a t i o n  t a k e s  p l a c e  b y  d i f fus ion  
and  convec t ion  a f t e r  t he  e l ec t r i c  c u r r e n t  is shu t  off. 
The  r a t e  of e q u a l i z a t i o n  m a y  be  w r i t t e n  in  t he  f o r m  

dc  
- K ( c o  - -  c )  [10] 

d t  

w h e r e  K is t he  mass  t r a n s f e r  coefficient  a n d  w i l l  
d e p e n d  on the  d e g r e e  of t u r b u l e n c e  as w e l l  as on 
the  d i f fus iv i ty  of t he  b a t h  a t  t he  e l ec t rode  sur face ,  
cb is the  f u g a c i t y  of t he  Al~O~ in t he  b u l k  of the  ba th ,  
and  c is the  f u g a c i t y  of the  AI~O~ a t  t he  e l ec t rode  
sur face .  If  w e  a s s u m e  tha t  K is a cons t an t  (a  r o u g h  
a p p r o x i m a t i o n  e spec i a l l y  n e a r  t i m e  O) w e  m a y  w r i t e  

s s _dc - -  K d t  [ 1 1 ]  
o Cb C 

w h e r e  Co is t he  f u g a c i t y  a t  t he  e l ec t rode  su r face  a t  
t i m e  O and  c is t h e  f u g a c i t y  of t he  e l ec t rode  su r face  
a t  a n y  s u b s e q u e n t  t ime  t. I n t e g r a t i n g  a n d  r e a r r a n g -  
ing  E4. [11] g ives  

cb(e K ' -  I) 
C --  + co [12]  

e ~ t  
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Table I. Decay of voltage with time for five counter-emf tests 

Test  No. 1 Tes t  No. 2 Tes t  No. 3 Tes t  No. 4 Tes t  No. 5 
P r e b a k e  a n o d e  P r e b a k e  a n o d e  P r e b a k e  a n o d e  P r e b a k e  a n o d e  S o d e r b e r g  anode  

C u r r e n t  d e n s i t y  C u r r e n t  d e n s i t y  C u r r e n t  d e n s i t y  C u r r e n t  d e n s i t y  C u r r e n t  dens i ty  
0.93 a m p / c m 2  0.90 a m p / c m 2  1.22 a m p / c m  -~ 0.93 am p /cm~  0.79 a m p / c m 2  

(before  t i m e  O) (be fore  t i m e  O) (before  t i m e  O) (before  t i m e  O) (before  t i m e  O) 
T e m p e r a t u r e ,  971~ T e m p e r a t u r e ,  973~ T e m p e r a t u r e ,  976~ T e m p e r a t u r e ,  967~ T e m p e r a t u r e ,  968~ 

t E t E t E ~ E t E 
M i n  V o l t s / p o t  M i n  V o l t s / p o t  M i n  V o l t s / p o t  M i n  V o l t s / p o t  M i n  V o l t s / p o t  

0.0333 1.324 0.0130 1.437 0.0167 1.412 0.0319 1.305 0.0833 1.355 
0.0639 1.296 0.0269 1.407 0.0833 1.303 0.0667 1.277 0.1667 1.331 
0.1194 1.268 0.0425 1.380 0.1667 1.269 0.1194 1.248 0.2500 1.318 
0.2152 1.239 0.0694 1.352 0.2500 1.244 0.1931 1.220 0.3300 1.289 
0.3055 1.211 0.1237 1.324 0.3333 1.227 0.2569 1.191 0.4167 1.273 
0.4444 1.183 0.2222 1.296 0.4167 1.202 0.2972 1.163 0.5000 1.248 
0.7361 1.155 0.4053 1.268 0.5000 1.185 0.3417 1.135 0.5833 1.231 
1.0693 1.126 0.7109 1.239 0.5833 1.168 0.4222 1.106 0.7500 1.223 
1.764 1.098 1.4526 1.211 0.6667 1.151 0.8472 1.078 1.000 1.227 
2.564 1.070 1.9387 1.183 0.7500 1.143 1.019 1.050 1.250 1.219 
4.028 1.042 3.161 1.155 1.1667 1.118 1.669 1.021 1.500 1.204 
6.030 1.014 4.792 1.127 1.6667 1.092 2.375 0.993 1.833 1.196 
8.717 0.986 2.5000 1.067 3.643 0.965 2.500 1.192 

3.5000 1.042 5.287 0.936 3.000 1.174 
5.0000 1.017 7.249 0.908 4.000 1.162 
7.0000 0.994 9.639 0.876 6.000 1.141 

10.0000 0.967 11.47 0.862 7.000 1.134 
13.5000 0.943 9.000 1.123 

12.000 1.111 
19.000 1.095 

S u b s t i t u t i n g  for  c f r o m  Eq. [12]  in to  Eq. [8 ]  g ives  

E = E o - - - - l n  e ~' + 1 [13] 
?bl~' 

This  is t he  e q u a t i o n  to be  t e s t ed  a g a i n s t  t he  da ta .  
The  d a t a  i nd i ca t e  t h a t  in  10 m i n u t e s '  t i m e  t h e  v o l t -  
age  decays  b y  a b o u t  0.4 v. T h a t  is, E o - - E = 0 . 4  
w h e n  t = 10. Us ing  these  va lue s  in  Eq. [13] ,  

2.303 1] R T l o g  e,O~ + = E~ -- E -- nF c~ 0.4 

[14]  

The  a v e r a g e  t e m p e r a t u r e  of t he se  tes t s  w a s  1244~ 
so t h a t  

2.303 RT 2.303 • 8.313 • 1244 
= 0.0411 v 

nF 6 • 96,500 

Then,  f rom Eq. [14] 

[ c b ( e  . . . .  1 ) ] 0 . 4  
log - -  elOX -t- 1 - - - - - - ~ 1 0  

c~ 0.0411 

If  K is g r e a t e r  t h a n  or  equa l  to 1, 
e l ~  1 

is v e r y  

/ .4 

k 

J 

0 
0 

0 
0 

0 
O 

0 
0 
0 
0 

I~a I I l 
8 ~  9.0 9.5 I0 .0 

Loc O , ~'~ 

Fig. 2. Nonlinear plot showing that Eq. [] 5], representing 
di f fus ion,  is not  va l id .  

I Cb 1 cb 10 "(' - - A -  1 = 10, and  - - - =  . I f  K close to 1, log c~ ~o 

is less  t h a n  1, --cb m u s t  be  even  l a r g e r  t h a n  10 =~. 
Co 

Thus  w e  see  tha t ,  for  Eq. [13]  to fit t he  da ta ,  i t  is 
n e c e s s a r y  for  t he  a c t i v i t y  of  t he  AI~O~ in  t h e  b u l k  of 
t he  b a t h  to be  a t  l e a s t  10 b i l l i on  t imes  the  a c t i v i t y  
of the  ALO~ at  the  e l e c t r o d e  su r f ace  d u r i n g  e lec -  
t r o ly s i s  ( be fo r e  a n d  at  t i m e  O) .  This  does  no t  s eem 
l ike ly .  H o w e v e r ,  s ince  w e  do no t  k n o w  the  a c t i v i t y  
a t  t he  e l ec t rode  sur face ,  w e  m a y  a d m i t  t h a t  th is  is  

C~ 
poss ib l e  at  h igh  c u r r e n t  dens i t i es .  Us ing  10 l~ for  - -  

Co 

in Eq. [13]  a n d  t e n t a t i v e l y  l e t t i n g  K = 1, 

E = E ~ 1 7 6 1 7 6  e---- U - X  + 1 ]  [15] 

If  Eq. [15] fits t he  da ta ,  a p lo t  of E vs. 

l o g [ e ' - - I  101~ ] L e '  • A- 1 w o u l d  g ive  a s t r a i g h t  l ine.  

The  d a t a  of c o u n t e r - e m f  tes t  No. 1, T a b l e  I, a r e  
p l o t t e d  in th is  w a y  in  Fig .  2 w h e r e  i t  can  be  seen  
t ha t  t he  po in t s  de f in i t e ly  do no t  f a l l  a long  a s t r a i g h t  
l ine  and  Eq. [15]  does  no t  r e p r e s e n t  t h e  e x p e r i m e n -  
t a l  da ta .  

In  Eq. [15],  K was  a r b i t r a r i l y  set  e q u a l  to 1. L e t  
us e x a m i n e  the  effect  of t a k i n g  o t h e r  v a l u e s  of K.  
Va lues  of K g r e a t e r  t h a n  1 y i e l d  cu rves  t h a t  a r e  
even  f a r t h e r  r e m o v e d  f rom a s t r a i g h t  l ine  t h a n  t h a t  
shown  in Fig.  2. Va lues  of K less t h a n  1 y i e l d  cu rves  
t ha t  a r e  s t r a i g h t e r  t h a n  t h a t  shown  in Fig .  2. In  
fact ,  w h e n  K is a n y  v a l u e  b e t w e e n  0 and  0.01, Eq. 
[13] can  be  m a d e  to r e p r e s e n t  t he  da ta .  H o w e v e r ,  
such r e p r e s e n t a t i o n  m u s t  be  r e g a r d e d  as t r i v i a l ,  for,  

e K ' -  1 
w h e n  K is b e t w e e n  0 a n d  0.01, t he  func t ion  - -  

e Kt 
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has  e s s e n t i a l l y  the  s a m e  v a l u e s  as K t  for  t he  r a n g e  
of t va lue s  in  the  tes t s  and  t h e r e f o r e  does  no t  r e p -  
r e s e n t  t he  a s s u m p t i o n s  w h i c h  l ed  to Eq. [13] .  F u r -  
t h e r m o r e ,  t he  s lopes  of  t he  s t r a i g h t  l ines  o b t a i n e d  
w h e n  Eq. [13] is u sed  on the  e x p e r i m e n t a l  t es t s  
w i t h  K = 0.01 a r e  f o u n d  to v a r y  f rom --0.1 to --0.2. 
But  Eq. [13] cal ls  for  a c o n s t a n t  s lope  of --0.0411 
at  1244~ Thus  Eq. [13] canno t  account  for  e i t h e r  
the  m a g n i t u d e  or  t he  v a r i a t i o n  of these  slopes.  

Thus  i t  is seen  t h a t  Eq. [13],  and  t h e r e f o r e  Eq. 
[8] ,  does  no t  r e p r e s e n t  t he  da ta ,  and  i t  can  t h e r e -  
fo re  b e  c o n c l u d e d  t h a t  e q u a l i z a t i o n  of  c o n c e n t r a t i o n  
g r a d i e n t s  is no t  an  i m p o r t a n t  cause  of vo l t age  d e c a y  
w i t h  t ime  d u r i n g  c o u n t e r - e m f  tes t s  a l t h o u g h  i t  m a y  
have  some effect.  

Test  of Chemical Reaction Hypothesis  

N o w  le t  us  t es t  Eq. [9]  for  w h i c h  the  a s s u m p t i o n  
was  m a d e  t h a t  t he  o n l y  i m p o r t a n t  cause  of c o u n t e r -  
emf  d e c a y  is the  d e p l e t i o n  of o x y g e n  a toms  on the  
s u r f ace  of  t he  c a r b o n  a n o d e  caused  b y  c h e m i c a l  
r e a c t i o n  [3] .  F o r  t he  r e l a t i o n  b e t w e e n  p a n d  t,  w e  
m a y  w r i t e  as  t he  r a t e  e q u a t i o n  for  r e a c t i o n  [3]  

dp 
kp ~ [16] 

dt 

w h e r e  k is t he  r e a c t i o n  r a t e  c o n s t a n t  a n d  r is t he  
o r d e r  of t he  reac t ion .  

R e a c t i o n  [3]  m a y  be  w r i t t e n  

2 C * O ~  CO~ + C 

This  r e a c t i o n  m a y  be  v i s u a l i z e d  as t a k i n g  p l a c e  b y  
the  m e c h a n i s m  of 2 a d s o r b e d  o x y g e n  a toms  c o m b i n -  
ing  d i r e c t l y  w i t h  one c a r b o n  a t o m  to f o r m  ca rbon  
d iox ide  a n d  thus  l e a v e  a f r e s h l y  e x p o s e d  c a r b o n  
a t o m  on the  a n o d e  su r f ace  to adso rb  a n o t h e r  o x y g e n  
a t o m  f r o m  the  fu sed  sa l t  ba th .  The  m o l e c u l a r i t y  of 
t he  r e a c t i o n  is t hus  2, a n d  if  t he  r e a c t i o n  occurs  b y  
the  s i m p l e  m e c h a n i s m  o u t l i n e d  t hen  the  o r d e r  of 
the  r e a c t i o n  is also 2 (1 ) .  The  o r d e r  of t he  r e a c t i o n  
r can  be  d e t e r m i n e d  e x p e r i m e n t a l l y  and,  if  i t  t u r n s  
out  to be  2, w e  m a y  cons ide r  th is  to be  a conf i rming  
p iece  of ev idence  for  our  pos tu la te s .  

Us ing  l im i t s  of po a t  t ime  O and  p a t  t i m e  t, Eq. 
[16] becomes  

J" y " d p _  k dt 
p~ 

p o  a 

I n t e g r a t i n g  a n d  so lv ing  for  p g ives  

S u b s t i t u t i n g  for  p f r o m  Eq. [17]  in to  Eq. [9]  a n d  
r e a r r a n g i n g  g ives  

3RT 3RT 
E = Eo - -  tn  po + I n [ k ( r - - 1 )  ] 

nF nF ( l - - r )  

) -k n F ( 1 - - r )  In k ( v - - 1 )  + t [18] 

E q u a t i o n  [18] can  be  w r i t t e n  in t he  fo rm 

E = S + W log ( t  -{- U) [19] 

w h e r e  t h e  cons t an t s  S,  W, a n d  U h a v e  v a l u e s  as  
fo l lows:  
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3RT 3RT 
S = E ~ - -  l n p o +  - -  l n [ k ( r - - 1 ) ]  [20] 

nF nF ( l - - r )  

(2.303) 3RT 
w = [21]  

n F  ( l - - r )  

p a  1 - r  

V [22]  
k ( r - - 1 )  

I f  Eq. [19] fits the  da ta ,  a p lo t  of E vs. log  ( t  + U) 
shou ld  g ive  a s t r a i g h t  l ine.  The  d a t a  of five c o u n t e r -  
e m f  tes ts ,  g iven  in  T a b l e  I, a r e  p l o t t e d  th is  w a y  in 
Fig.  3 to 7. As can  be  seen,  the  po in t s  do in  fac t  fa l l  
a long  s t r a i g h t  l ines .  F u r t h e r m o r e ,  Eq. [19]  accounts  
for  the  v a r i a t i o n  and  m a g n i t u d e  of t he  s lopes  of 
t he se  l ines.  T h e  s lope  W v a r i e s  f r o m  t e s t  to  t e s t  
be c a use  of v a r i a t i o n  in  r, the  k ine t i c  o r d e r  of r e a c -  
t ion  [3] .  F o r  the  five tests ,  r is f o u n d  f r o m  Eq. [21] 
to h a v e  va lues  r a n g i n g  f rom 1.64 to 2.11. Thus  r e -  
ac t ion  [3]  is f o u n d  to be  a p p r o x i m a t e l y  a second  

/,# 

/.C 

=/. 45o -o.157 LOG ~00 ~ + ZB4) 

E. = I..379 

2" = 1 . 7 8 6  

, I i I i i i 
1.0 2 .0  3 .O  

LOG ~1001~ ~- 2.~4)~ g" I N  M I N U T E S  

Fig.  3 .  C o u n t e r - e m f  test  N o .  I 

~,.~ 

L ( , - -  E - L 4 6 4 -  0.1~,3 L O G O O O $ . e  0.30) 
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L~ 

~ ' 0  i I i I t I 
i .o  2 .0  $.  o 
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Fig. 4. Counter-emf test No. 2 
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i.o l .o $.o 
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Fig. 5. Counter-emf test No. 3 
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E = 1 .452 -0 .193  LOG(lOOt § 1.9~ 

1 . , k - \  E. = ~ . . ~  
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Fig. 6. Counter-emf test No. 4 

1.4 

Q" 1.2 
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1" = 2 . / 0 9  

I _ I ] J I I I 
/ .0 2.0 J.O 

LOG ~00'~ + O.SO~ , "t, IN MINUTES, 

Fig. 7. Counter-emf test No. 5 

ever, by extrapolation of the data to O time. This 
is best done by setting t ---- 0 in Eq. [19] and solving 
for E which then becomes Eo, the decomposition 
voltage of the cell reaction. The constants for Eq. 
[191 together with values for Eo and r are given in 
Fig. 3 to 7. The range of Eois 1.38 to 1.51v. 

Individual values of k and po in Eq. [18] cannot 
be obtained from the empirical constants because 
there are only 3 empirical constants, S, W, and U to 
determine 4 unknowns, Eo, r, k, and p~. It  may  be 
possible to find k and p0 by running a series of 
counter-emf tests over a range of temperatures and 
using the Arrhenius equation 

k = Ae -B/r [23] 

together with Eq. [20] and [22] and their first de- 
rivatives with respect to temperature.  

It may  be argued ' tha t  Eq. [18] could apply to any 
thermal reaction such as 

CO_~ + C -~ 2CO 

But, if this were the case, the voltage would start at 
1.2 v which is the voltage corresponding to the elec- 
trochemical reaction 

2Al=O~ + 3C --> 3CO~ + 4AI 

and decay to i . i  v which is the voltage correspond- 
ing to the reaction 

ALO, + 3C--> 3CO + 2AI 

order kinetic reaction, the variation in order possi- 
bly being caused by different surface characteristics 
of the anode carbons. The magnitude of r thus con- 
firms the assumptions made in deriving Eq. [19]. 

The validity of Eq. [19], and therefore Eq. [9], 
is thus substantiated. I t  may  therefore be concluded 
that the thermal reaction of oxygen atoms with car-  
bon at the anode is the only important  cause of the 
voltage decay with time during the counter-emf 
tests. From this it follows that during normal  elec- 
trolysis the depolarization must be due almost en- 
tirely to reaction [3] and depends only slightly on 
the rate of diffusion of A120~ to the electrodes. The 
long time constant polarization discussed by Haupin 
(3) is thus seen to be caused predominant ly  by the 
kinetics of the carbon-oxygen reaction rather  than 
by equalization of concentration gradients in the 
electrolyte. 

The fact that, in general, r is not gxactly 2, indi- 
cates that reaction [3] is kinetically of a somewhat 
complex order (4). This in turn may mean that  
the reaction proceeds via a chain reaction and may  
therefore be accelerated or inhibited by trace cata- 
lysts. Since reaction [3] is also the controlling step 
in the normal  combustion of carbon (5) the follow- 
ing possibility suggests itself. A carbon anode can 
be made in two parts, the lower part  containing a 
trace accelerator for reaction [3] to lower the de- 
composition voltage, and the upper part  or stub 
containing a trace inhibitor to reduce air burning. 
A systematic search for such trace catalysts may 
prove fruitful. 

Equation [19] may be used to find precise values 
for the decomposition voltage. The voltage at O 
time, Eo, is vir tually impossible to obtain by direct 
experimental  observation. It can be obtained, how- 

The fact is that  the voltage starts at 1.4 to 1.5 v and 
decays steadily and indefinitely to values well below 
1.1 with no sign of leveling off. This is best explained 
by assuming the indefinite depletion of oxygen atoms 
at the carbon surface, with the CO2 product  having 
no effect on the voltage. 

The results of this analysis are in line with the 
reports of recent investigators. Pearson and Wad- 
dington (6) have shown that the pr imary  anode gas 
evolved is CO~ and that CO is formed as a secondary 
product by reduction of CO~ either by the anode car- 
bon or by metal fog. Schadinger (7) has shown that  
CO is not affected by contact with metal  fog so that 
the drop in voltage below 1.1 cannot be explained on 
the basis of reduction of CO by metal fog. Grjotheim 
(8), using a plat inum anode, found that  no measur-  
able overvoltage occurs for the discharge of alumi- 
num on an aluminum cathode so that the disregard 
of cathode polarization in the above analysis is justi- 
fied. A number  of investigators (9-11) have used the 
hypothesis of the formation of intermediate carbon 
oxides on the anode surface to explain results that  
are related to those presented here. 

Free Energy of Formation o: the Compound C*O 

If we assume that the compound C*O exists on the 
surface of the anode during electrolysis and that 
reaction [2] represents the electrochemical reac- 
tion, then the results of these counter-emf tests per-  
mit the calculation of an approximate value for the 
free energy of formation of C*O which may be com- 
pared with that for CO and CO~. This calculation is 
performed as follows: 

The average value of the reversible voltage Eo ob- 
tained from these tests is 1.45 v and therefore the 
voltage associated with the electrochemical reaction 
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AI~O~ -4- 3C ~ 2AI -4- 3C~O 

is --1.45 v at 971~ with the AI in the pure molten 
state, the carbon in the pure solid state, the Al~O~ 
dissolved in cryolite to give a 5 % solution by weight, 
and the compound CsO attached to the carbon 
anode surface. The free energy change for the reac- 
tion as written above is then 

6 X 96,500 >< 1.45 
AG~ = - - n  FE = = -4-200,609 cal  

4.185 

The  f ree  e n e r g y  of f o r m a t i o n  AGr of each  of t he  
c o m p o u n d s  in  t h e i r  a b o v e  d e s i g n a t e d  s ta tes  as 
f o r m e d  f r o m  t h e i r  e l e m e n t s  a t  25~ was  c a l c u l a t e d  
f rom p u b l i s h e d  d a t a  (12, 13) to g ive  

for  A1 ( m o l t e n  a t  971~ AGf = - - 1 2 , 6 1 0  c a l / g  
m o l e  

for  A1~O3 ( in  5% so lu t ion  c r y o l i t e  a t  971~ •  = 
--414,668 c a l / g  mo le  

for  C ( so l id  at  971~ aGr  ---- --4,202 c a l / g  m o l e  

The  f ree  e n e r g y  of f o r m a t i o n  of C~O a t  971~ 
f rom i ts  e l e m e n t s  a t  25~ is t h e n  c a l c u l a t e d  f r o m  the  
r e l a t i o n  

AG~ = --AG~,~o~- 3 AGc -4- 2 • A- 3 AGc.o 
o r  

• = 1/3 (AGA,~o~ -4- 3 AGc -- 2 AGA, -4- AG~) 
= 1/3 (--414,668 -- 12,606 -4- 25,220 -4- 200,609) 
= I/3 (--201,445) = --67,148 cal/g mole 

It is interesting to compare this value with the 
corresponding values for CO and CO~. The free en- 

ergies of formation of CO and CO~ in gaseous state 

at 971~ as formed from the elements at 25~ are 

listed below: 
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CO2 AG~ = --151,500 c a l / g  m o l e  CO.~ 

CO AGf = - -  76,570 c a l / g  mo le  CO 

CsO AGf = - -  67,150 c a l / g  mo le  C~O 

Thus  i t  a p p e a r s  t ha t  the  c o m p o u n d  C~O is t h e r m o -  
d y n a m i c a l l y  less  s t ab le  t h a n  e i t h e r  CO or  CO2, a n d  
i t s  f o r m a t i o n  d u r i n g  e l e c t r o l y s i s  m u s t  b e  p o s t u l a t e d  
to accoun t  for  t he  o b s e r v e d  r e v e r s i b l e  v o l t a g e  and  
i ts  d e c a y  w i t h  t i m e  on open  c i rcui t .  

Manuscr ip t  rece ived  Aug. 13, 1957. 
Any  discussion of this paper  wi l l  appear  in a Discus-  

sion Section to be publ i shed  in the June  1959 JOURNAL. 
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Technical Notes @ 
The Effect of Gamma Irradiation on the Potential Behavior 

of Platinum and Stainless Steel Electrodes 
Walter E. Clark 

Chemis try  Division, Oak Ridge National Laboratory,  Oak Ridge, Tennessee 

The  r e c e n t  s tud ies  b y  C a r t l e d g e  (1, 2) of t he  p o -  
t e n t i a l  b e h a v i o r  of s t a in less  s tee l  in  0.1N H~SO~ h a v e  
p r e s e n t e d  i n t e r p r e t a t i o n s  of a l m o s t  e v e r y  p a r t  of t he  
p o t e n t i a l - t i m e  p lo t s  in  t e r m s  of r eac t ions  t a k i n g  
p lace  a t  t he  e l ec t rode  sur face .  The  p u r p o s e  of t he  
p r e s e n t  w o r k  is to d e t e r m i n e  t h e  effect of g a m m a  
i r r a d i a t i o n  on the  p o t e n t i a l  of s t a in less  s tee l  u n d e r  
t he  s a m e  cond i t ions  as those  e m p l o y e d  b y  Ca r t l edge .  

The  r a d i a t i o n  source  e m p l o y e d  was  a c y l i n d r i c a l  
coba l t -60  source  of t he  t y p e  d e s c r i b e d  b y  G h o r m l e y  
a n d  H o c h a n a d e l  (3)  w i t h  1000 cu r i e  load ing .  The  
dose r a t e  in t he  c e n t e r  of the  c y l i n d e r  a m o u n t e d  to 

8.5 x 1017 e v / g  H.~O/min The  so lu t ion  and  the  m e t a l  
e l ec t rodes  w e r e  con t a ined  in  a glass  cel l  of 20 m l  
c a p a c i t y  connec t ed  to an  e x t e r n a l  s i l v e r - s i l v e r  su l -  
f a t e -0 .1M H~SO4 r e f e r e n c e  e l ec t rode  b y  m e a n s  of a 
g lass  and  T y g o n  br idge .  The  so lu t ion  was  s t i r r e d  b y  
m e a n s  of  a m a g n e t i c  s t i r r e r  a n d  a 300 r p m  e l ec t r i c  
moto r .  T e m p e r a t u r e  of the  so lu t ion  w a s  a u t o m a t i -  
ca l l y  c on t ro l l e d  to --+1.5~ P o t e n t i a l s  w e r e  m e a s u r e d  
to ----_2 m v  b y  m e a n s  of a v i b r a t i n g  r e e d  e l e c t r o m e t e r  
and  a B r o w n  con t inuous  r eco rde r .  A l l  m e a s u r e m e n t s  
w e r e  c a r r i e d  out  in  0.1N H~SO, so lu t ion  a t  85~ 
These  cond i t ions  w e r e  chosen  be c a use  s t e a d y - s t a t e  
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potent ia l s  are reached w i t h  re la t ive  rapid i ty  at th is  
t emperature  (2) and because  a cons iderable  a m o u n t  
of exper i ence  has been acquired w i t h  var ious  s ta in-  
less steels  in  this  s y s t e m  and under  these  condi t ions  
(4 ) .  The  w o r k  reported wa s  carried out  on type  347 
stainless  steel .  Exploratory  comparat ive  exp er i -  
m ent s  w e r e  carried out on types  302, 304, 309, 310, 
316, and 321. The  general  pattern of behav ior  was  
found to be the  same  in al l  cases. 

The  stainless  s tee l  e lectrodes  cons is ted of c y l i n -  
ders 1 c m  in l eng th  and 0.16 c m  in d iameter  h a v i n g  
a n o m i n a l  area of 0.54 cm ~ sealed into  P y r e x  glass  
tubes.  The  e lectrode wa s  abraded w i t h  2 / 0  e m e r y  
paper, rinsed,  and stored in an oven  at l l 0 ~  unt i l  
use.  A f ew  samples  w e r e  heated  in air at 200~ be-  
fore use,  in  order to bui ld  up an oxide  film. Usua l ly ,  
h o w e v e r ,  it was  fe l t  des irable  to use  meta l  w i t h  a 
m i n i m u m  a m o u n t  of ox ide  f i lm to avo id  the  comp l i -  
cat ion of apprec iable  concentrat ions  of  iron in the  
so lut ion  dur ing  the  ear ly  stages  of the  exper iments .  

In order to e m p l o y  the  p l a t i n u m  electrode as a 
moni tor  of the  redox potent ia l  of  the  solut ion,  it 
w a s  necessary  to inves t iga te  the  effect of radiat ion 
on the  potent ia l  of p la t inum.  The  o n l y  k n o w n  s tudy  
of this  s y s t e m  wa s  made  by  V e s e l o v s k y  (5)  and f e w  
detai ls  are g iven .  
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Fig. 1. Effect of gamma irradiation on the potential of 
smooth platinum and of platinized platinum electrodes in 
0.! N H~SO~ open to air. 
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Fig. 3. Effect of gamma radiation on the potential of 
plotinized platinum in deoxygenated 0. IN  H2SO~. 

Figures  1, 2, and 3 s h o w  the  effect  of  g a m m a  ir-  
radiat ion on p l a t i n u m  e lec trodes  under  a t m o s p h e r e s  
of air, hydrogen ,  and ni trogen,  re spec t ive ly .  A l -  
though  s m o o t h  p l a t i n u m  e lec trodes  are m u c h  m o r e  
s ens i t i ve  to products  of radio lys i s  than are p la t in ized  
e lectrodes ,  the  genera l  behav ior  of both types  is 
the  same.  Impos i t i on  of the source  causes  rapid de -  
basement .  U n d e r  an a t m o s p h e r e  of air this  is fo l -  
l o w e d  by  s l o w  e n n o b l e m e n t  w h i c h  does  not  occur  
under  h y d r o g e n  or ni trogen.  R e m o v a l  of the  source  
resul ts  in rapid e n n o b l e m e n t .  A second impos i t ion  
of radiat ion causes  a second rapid d e b a s e m e n t .  U n -  
der air the  degree  of this  d e b a s e m e n t  appears  to be  
s o m e w h a t  a funct ion  of the  t i m e  e lapsed  s ince  the  
source  w a s  last  r e m o v e d ,  ind icat ing  a probable  
bui ldup in the  so lut ion  of s o m e  ox id i z ing  spec ies  
hav ing  a finite l i f e t ime.  The  addit ion of po tas s ium 
b r o m i d e  (10-'M) to the so lut ion  as indicated  in 
Fig.  2 produced no change  in potent ia l  due  to pos tu-  
lated changes  in the  react ions  of the  products  of 
radio lys i s .  ( 6 ) .  

F igures  4 and 5 represent  t w o  types  of behav ior  
w h i c h  w e r e  observed  during e x p o s u r e  of t ype  347 
s ta in less  steel .  In the  first case  (Fig.  4) the  ini t ia l  
d e b a s e m e n t  w a s  not  suff ic iently drastic  to resul t  in 
the evo lu t ion  of hydrogen ,  and the  behav ior  of the 
s t ee l  under  irradiat ion w a s  e s sen t ia l l y  that  of an in-  
dicator  e lectrode.  In the second case (Fig.  5) even  
though  the  potent ia l  of the  s tee l  r e c o v e r e d  f r o m  its 
ini t ia l  d e b a s e m e n t  i m m e d i a t e l y  f o l l o w i n g  i m m e r -  
sion, the impos i t i on  of irradiat ion caused it to drop 
to a v a l u e  indicat ing  ac t ive  corrosion.  In this  par -  
t icular  case  the  s tee l  e v e n t u a l l y  r e c o v e r e d  its noble  
potent ia l  w h i l e  st i l l  under  irradiat ion.  The  fact  that 
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Fig. 5. Failure and subsequent recovery of Type 347 stain- 
less steel under gamma irradiation in O.1N H2S04. 

the potent ia l  of the  smooth p l a t inum electrode re -  
mains debased so long as the steel  corrodes ac t ively  
demons t ra tes  the va lue  of the  p l a t inum electrode as 
a qua l i ta t ive  moni tor  of the continuing product ion of 
F e ( I I )  in the solution even in the presence of the 
products  of the radio ly t ic  decomposi t ion of water .  

Hochanadel  (7) lists the  fol lowing react ions as 
being among those of impor tance  in the radiolys is  of 
wa te r  at 25~ 

,y 

H20 > H ~ O ~ + H ~ + H + O H  (Net  
decomposi t ion react ion)  [ 1] 

H2 + OH--> H20 + H [2] 

O.~ + H--> HO~ [3] 

HO~ + HO~-* H.O. + O~ [4] 

As peroxide builds up in solution: 

H~O~ + H ~ H~O + OH [5] 

H~O~ + OH ~ HO.~ + H~O [6] 

At  e levated  t empera tu res  hydrogen  peroxide  de-  
composes thermal ly ,  but  even at 150~ peroxide  was 
present  at the end of i r radia t ion.  
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The resul ts  repor ted  here  confirm the expected 
bui ldup of peroxide  in the i r r ad ia t ed  solution when 
open to air. Under  hydrogen,  react ion [2] wil l  p re -  
dominate,  peroxide  wil l  be removed,  and a pla t in ized 
p la t inum electrode wil l  assume the revers ib le  hy -  
drogen potential .  Under  ni trogen,  both  hydrogen  and 
oxygen f rom radiolys is  wi l l  tend to be removed  and 
the potent ia l  wi l l  approach tha t  of the hydrogen  
electrode, due to the grea t  solubi l i ty  of hydrogen  in 
p l a t i num and to the grea te r  speed of the hydrogen  
react ion on p l a t inum compared  to the react ions in-  
volving oxidizing species. 

The potent ia l  assumed by  the stainless steel de-  
pends on the na ture  of the surface of the e lectrode 
as wel l  as on the redox species in solution. When the 
steel  is pass ivated,  it tends to behave  as an indicator  
electrode. The presence of rad io ly t ic  hydrogen 
causes rap id  debasement  of such an electrode.  Since 
no film on stainless steel  is comple te ly  protect ive,  
the " indica tor  e lectrode potent ia l"  wi l l  a lways  be 
modified somewhat  by  the effect of a s imultaneous 
corrosion reaction.  The effect of the radioly t ic  oxi-  
dizing species wi l l  not be fel t  immedia t e ly  since 
these species diffuse more s lowly than  hydrogen.  If 
the pro tec t ive  film on the steel  is des t royed or r e -  
duced before  the effect of the oxidants  is appreciable ,  
active corrosion may  continue indefinitely.  At  pres-  
ent quant i t a t ive  methods for eva lua t ing  the balance 
be tween  oxidizing and reducing react ions are not 
ava i lab le  for such systems. 

Manuscript received Feb. 14, 1957. This work was 
done for the U. S. Atomic Energy Commission, under 
contract with the Union Carbide Nuclear Company. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOURNAL. 
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The Use of Nickel-Aluminum Alloy Coatings for the 
Protection of Molybdenum from Oxidation 

D. E. Couch, H. Shapiro, and A. Brenner 

Electrodeposition Section, Division of Chemistry, National Bureau o] Standards. 

Washington, D. C. 

Recent repor ts  (1, 2) have shown tha t  wrought  
n i cke l - a luminum al loys are very  res is tant  to ox ida -  
tion. However,  because of the i r  hardness  and br i t t l e  
nature ,  they  are  difficult to fabricate .  

The protec t ive  coatings descr ibed here in  were  p re -  
pared  by  p la t ing  the  mo lybdenum wi th  25~ (1 mil)  

of chromium followed by  175~ (7 mils)  of nickel.  
These samples were  then p la ted  wi th  50-75~ (2-3 
mils)  of a luminum.  

Severa l  methods of forming n i cke l - a luminum a l -  
loy coatings were  s tudied and found unsat isfactory.  
A l u m i n u m  pla t ing  f rom the hydr ide  ba th  (3) was 
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tried, but  the adhesion to the nickel was poor and the 
deposits often blistered during the heating cycle at 
600 ~ to 700~ which was required to alloy the alu- 
minum with the nickel. 

Low temperature fused salt baths were also used, 
such as potassium bromide, a luminum bromide (4) 
and potassium chloride, sodium chloride, a luminum 
chloride (5). With these fused salt baths the limit- 
ing thickness of the aluminum deposit was about 12~ 
(0.5 mil) before treeing and rough deposits pre-  
vented fur ther  build up. 

The most effective method of forming the nickel- 
aluminide layer was by electrodeposition from a 
fused cryolite bath operated at 1000~ 

With current  densities of 50 amp/din  ~, a luminum 
deposited too rapidly for complete alloying. The ex- 
cess aluminum ran to the bottom of the cathode and 
collected as a metal bead. At current  densities of 
10-20 amp/din  ~, the aluminum was deposited at 
sufficiently slow rates to allow complete alloying 
with the nickel. At 20 amp /dm ~, about 2.5 hr were 
required to deposit 65~ (2.5 mils) of aluminum. 

Several molybdenum panels which had been pre-  
viously plated with chromium and nickel were 
plated with a luminum from the various baths just 
described. The amount of a luminum deposited was 
determined by weight from which an average thick- 
ness was calculated. Panels with 12~ (0.5 mil) of 
a luminum or less oxidized at about the same rate as 
electrodeposited nickel, and they acquired the vitre- 
ous black nickel oxide coating typical of nickel oxi- 
dized in air at l l00~ With aluminum thicknesses of 
between 12~ (0.5 mil) and 20~ (0.8 mil) the rate of 
oxidation during the first 24-48 hr  was markedly  
reduced; the panels acquired a bluish coating which 

gradually turned black after about 100 hr  of oxi- 
dation. 

Samples coated with a thickness of alloy equiva- 
lent to 50~ (2 mils) of a luminum were oxidized for 
400 hr  at l l00~ These samples developed white 
or tan oxide films and showed weight gains of only 
0.005 g / cm ~. The nickel plated panels used as con- 
trols gave weight gains of 0.04 g / c m  ~. 

These experiments show that  the aluminide layer 
gave a very  significant improvement  to the nickel 
coatings. Some method of reducing the rate of dif- 
fusion of a luminum into nickel would probably fur-  
ther improve the life of the samples since it would 
maintain the aluminum concentration at a higher 
level in the surface for a longer period of time. This 
might  be accomplished by using a layer of nickel 
75-125~ (3-5 mils) over some metal that  would act 
as a diffusion barrier  to the aluminum, possibly 
chromium. In this way  the nickel aluminide com- 
position could be controlled at the most oxidation 
resistant ratio and it would be possible to obtain the 
same oxidation life with much thinner coatings than 
are being used at the present time. 

Manuscript received Dec. 9, 1957. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOURNAL. 
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Correction 

In the paper "The Effect of Temperature  and 
Thickness on the Electrical Resistivity of Ceramic 
Coatings" by Wm. H. Fischer which appeared on pp. 
201-203 in the April  1958 JOURNAL, Vol. 105, No. 4, 
the last column (H-147) in Table I should read: 

H-147 

SiO. 49.44 
B~O3 4.84 
AhO. 0.54 
Cr203 16.67 
BaO 18.46 
CaO 1.64 
ZnO 2.08 

BeO 
Na20 
K~O 
F, 
MnO 
CoO 
NiO 
TiO2 
ZrO 
MgO 
P,O5 
Co203 
MnO2 
Ni~O. 

H-147 (conf'd) 

1.24 
0.89 
0.43 

1.92 
1.16 
0.09 
0.34 
0.01 
0.03 
0.03 



The Reaction of Germanium with Nitric Acid Solutions 

I. The Dissolution Reaction 

Mary C. Cretella and Harry C. Gates 
Lincoln Laboratory, Massachusetts Institute oJ Technology, Lexington, Massachusetts 

ABSTRACT 

The react ion of s ing le -c rys ta l  ge rman ium wi th  HNO~ was s tudied as a 
funct ion of concentrat ion,  s t i r r ing  rate,  and tempera ture .  The reac t ion  ra te  
increased wi th  increas ing HNO~ concentrat ion,  reaching a m a x i m u m  at  ap-  
p rox ima te ly  6N. At  a given HNO~ concentra t ion the  dissolut ion ra te  decreased 
wi th  s t i r r ing and increased wi th  time. The ini t ia l  ra te  was found to be p ropor -  
t ional  to the product  of the concentrat ions of undissociated HNO~ and HNO~. 
The dissolution potent ia l  of the ge rmanium became more noble (cathodic)  wi th  
increas ing HNO~ concentrat ion.  I t  is proposed that  the r a t e -de t e rmin ing  step 
of the dissolution process is 

HNO~ q- HNO2-> 2NO~ q- H~O 

The ge rman ium dissolut ion ra te  in HNO3 solutions (N < 6) was not affected 
by  the presence of HF unless the  concentra t ion of the la t te r  exceeded app rox -  
imate ly  6N. 

C h e m i c a l  r e ac t i ons  of s emiconduc to r  su r faces  
w i t h  aqueous  so lu t ions  h a v e  become  of c o n s i d e r a b l e  
i n t e r e s t  in  r e c e n t  yea r s .  The  p r e p a r a t i o n  of  con-  
s i s t e n t l y  c lean  and  r e p r o d u c i b l e  surfaces ,  p a r t i c u -  
l a r l y  those  of g e r m a n i u m  and  si l icon,  is e x t r e m e l y  
i m p o r t a n t  in m a n y  s tud ies  of s e m i c o n d u c t o r  phys ics  
and  in the  f a b r i c a t i o n  of s o l i d - s t a t e  devices .  M e -  
chan ica l  m e a n s  of su r f ace  p r e p a r a t i o n  u s u a l l y  r e su l t  
in c o n t a m i n a t i o n  and,  e spec ia l ly ,  in  s t r u c t u r a l  d i s -  
t o r t i on  of the  surfaces .  C h e m i c a l  me thods ,  on the  
o t h e r  hand ,  have  been  e m p l o y e d  s a t i s f a c t o r i l y  b y  
and  la rge .  A n u m b e r  of so lu t ions  have  been  d e v e l -  
oped  for  c h e m i c a l  po l i sh ing  and  e tch ing ,  p r i m a r i l y  
on an  e m p i r i c a l  basis .  S ince  g e r m a n i u m  a n d  s i l icon 
a re  g e n e r a l l y  no t  a t t a c k e d  b y  n o n o x i d i z i n g  m e d i a  
ove r  a w i d e  r a n g e  of pH, ef fec t ive  e tches  for  these  
two  e l e m e n t s  con ta in  a t  l eas t  one  ox id iz ing  agent .  
N i t r i c  ac id  is the  p r i n c i p a l  ox id i z ing  agen t  in the  
r e l a t i v e l y  successfu l  and  mos t  c o m m o n l y  used  e t c h -  
i ng  or  po l i sh ing  so lu t ion  for  g e r m a n i u m  a n d  si l icon.  
K n o w n  as t h e  C P - 4  etch,  i t  con ta ins  hyd ro f luo r i c  
acid,  ace t ic  acid,  and  b r o m i n e  in a d d i t i o n  to n i t r i c  
acid.  The  ac t ion  of th is  c h e m i c a l  po l i sh ing  a g e n t  or  
t h a t  of i ts  i n d i v i d u a l  c o m p o n e n t s  is l i t t l e  u n d e r -  
s tood.  

The  p r e s e n t  s t u d y  r e p r e s e n t s  an  a t t e m p t  to e luc i -  
da t e  the  ac t ion  of HNO,, u n d o u b t e d l y  the  mos t  i m -  
p o r t a n t  c o m p o n e n t  of C P - 4  etch,  w i t h  e l e m e n t a l  
s emiconduc to r s .  G e r m a n i u m  was  chosen  s ince  i t  was  
m o r e  r e a d i l y  a v a i l a b l e  at  h igh  p u r i t y  t h a n  si l icon.  
In  o r d e r  to c l a r i f y  c e r t a i n  aspec t s  of t he  ac t ion  of 
n i t r i c  ac id  on g e r m a n i u m ,  n i t r i c - h y d r o f l u o r i c  ac id  
so lu t ions  w e r e  e m p l o y e d .  Thus,  to some ex ten t ,  the  
ac t ion  of hyd ro f luo r i c  ac id  on g e r m a n i u m  was  also 
s tud ied .  

Experimental 
Germanium sampIes . - -The  s a m p l e s  used  w e r e  

p r e p a r e d  f rom s ing le  c rys t a l s  g r o w n  in th is  l a b -  

o r a t o r y  f rom h i g h - p u r i t y ,  z one - r e f i ne d  g e r m a n i u m .  
S l abs  w i t h  u n i f o r m  r e s i s t i v i t y  of a b o u t  20 o h m - c m  
w e r e  cut  f r o m  p - t y p e  c r y s t a l s  and  40 o h m - e r a  f r o m  
n - t y p e .  The  c rys t a l s  w e r e  g r o w n  a long  the  < 1 1 1 >  
axis ,  and  s labs  w e r e  cut  p e r p e n d i c u l a r  to th is  axis .  
A l l  s a mp le s  e m p l o y e d  w e r e  r e c t a n g u l a r  in  shape  
and  m e a s u r e d  1 cm x 2 cm x 0.06 cm, a f fo rd ing  a 
l a r g e  f a c e - t o - e d g e  ra t io .  The  two  l a r g e  faces  w e r e  
{111} surfaces .  Unless  o t h e r w i s e  s ta ted ,  the  d a t a  
r e p o r t e d  in the  p a p e r  r e f e r  to p - t y p e  m a t e r i a l .  

S u r f a c e  t r e a t m e n t  cons i s ted  of g r i n d i n g  the  faces  
w i t h  No. 600 C a r b o r u n d u m ,  e t ch ing  for  1 ra in  in 
C P - 4  e tch  to r e m o v e  the  d i s t o r t e d  l a y e r s  and  i m -  
m e d i a t e l y  r i n s i n g  t h o r o u g h l y  w i t h  d o u b l y  d i s t i l l ed  
wa te r .  This  t r e a t m e n t  r e s u l t e d  in  smoo th  and  r e -  
p r o d u c i b l e  surfaces .  The  s a m p l e s  w e r e  des i cca t ed  
p r i o r  to we igh ing .  F r e q u e n t l y  the  s a mp le s  w e r e  r e -  
used,  bu t  t h e i r  su r faces  w e r e  p r e p a r e d  in the  s ame  
m a n n e r  as above  p r i o r  to each  run .  

SoIut ions . - -Stock so lu t ions  of  t h e  d e s i r e d  HNO~ 
n o r m a l i t y  w e r e  p r e p a r e d ,  and  t h e i r  e x a c t  c o ncen -  
t r a t i o n  was  d e t e r m i n e d  a n a l y t i c a l l y .  The  HNO~ + 
H F  so lu t ions  w e r e  p r e p a r e d  jus t  be fo re  use  b y  
w e i g h i n g  s t a n d a r d  HNO,  and  H F  so lu t ions  in to  t he  
r e a c t i o n  vessel .  P r i o r  to we igh ing ,  t he  c o n c e n t r a -  
t ions  of t he  i n d i v i d u a l  so lu t ions  w e r e  d e t e r m i n e d  
a n a l y t i c a l l y .  A l l  so lu t ions  w e r e  p r e p a r e d  f r o m  r e -  
agen t  g r a d e  chemica l s  and  d o u b l y  d i s t i l l ed  wa te r .  

Apparatus for dissolution exper iments  and poten- 
tial measuremen t s . - -The  a p p a r a t u s  e m p l o y e d  for  
t he  d i s so lu t ion  e x p e r i m e n t s ,  p o t e n t i a l  m e a s u r e -  
ments ,  and  the  effect of s t i r r i n g  is shown  in Fig.  1. 
The  m a i n  vesse l  was  c o n s t r u c t e d  of glass  in the  
HNO~ e x p e r i m e n t s  and  of " K e l - F "  w h e n  H F  so lu -  
t ions  w e r e  e m p l o y e d .  A K e l - F  s a m p l e  h o l d e r  p e r -  
m i t t e d  r o t a t i o n  of the  g e r m a n i u m  sa mp le s  and  e lec-  
t r i c a l  connec t ion  for  e l ec t rode  p o t e n t i a l  m e a s u r e -  
ments .  Ohmic  con tac t s  b e t w e e n  p l a t i n u m  l eads  a n d  
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Fig. 2. Dissolution rote of germanium in HN03 as a func- 
t ion of HNO~ concentrat ion and stirring at 27.5~ 

Fig. 1. Apparatus for dissolution experiments and poten- 
tial measurements. 

the  g e r m a n i u m  s a m p l e s  w e r e  o b t a i n e d  b y  so lder ing .  
In  cases  of v igorous  or  e x t e n s i v e  d i s so lu t ion  the  
s m a l l  p o r t i o n  of the  s a m p l e  m a s k e d  b y  the  h o l d e r  
was  a t t a c k e d ,  and  its a r e a  was  t hen  i n c l u d e d  in 
c o m p u t i n g  the  ra tes .  O r d i n a r i l y ,  h o w e v e r ,  the  
c l a m p e d  p o r t i o n  u n d e r w e n t  v e r y  s l igh t  a t t ack .  E x -  
ce l l en t  a g r e e m e n t  was  f o u n d  b e t w e e n  d i s so lu t ion  
ra t e s  d e t e r m i n e d  w i t h o u t  s t i r r ing ,  us ing  the  h o l d e r  
shown  in Fig .  1, and  those  d e t e r m i n e d  us ing  a f o u r -  
po in t  con tac t  s a m p l e  h o l d e r  m a d e  of glass  rod.  

M o v e m e n t  of so lu t ion  over  the  s a m p l e  su r face  
was  p r o v i d e d  b y  coup l ing  the  K e l - F  s a m p l e  h o l d e r  
to the  sha f t  of a s t i r r i n g  motor .  

The  a p p a r a t u s  was  m a i n t a i n e d  to cons t an t  t e m -  
p e r a t u r e  --0.1~ Before  s a m p l e  i m m e r s i o n  the  
so lu t ions  w e r e  a l l o w e d  to r e a c h  the  de s i r ed  t e m -  
p e r a t u r e .  Unless  o t h e r w i s e  specif ied the  d a t a  d i s -  
cussed in th is  p a p e r  w e r e  o b t a i n e d  a t  27.5~ 

Rate determinations.--The d i s so lu t ion  r a t e s  w e r e  
d e t e r m i n e d  p r i n c i p a l l y  f rom w e i g h t - l o s s  m e a s u r e -  
m e n t s  ( to  -----0.005 m g )  e m p l o y i n g  an  O e r t l i n g  m i -  
c r o b a l a n c e  and  the  g e o m e t r i c  a r e a  of the  samples .  
G e n e r a l l y  t he  w e i g h t  losses fe l l  b e t w e e n  0.06 and  
200 m g  for  a s a m p l e  a r e a  of a p p r o x i m a t e l y  4.5 cm ~. 
The  w e i g h t - l o s s  d a t a  w e r e  c o m p a r e d  w i t h  d a t a  ob -  
t a i n e d  b y  ana lys i s  of the  so lu t ions  for  g e r m a n i u m  
us ing  the  s p e c t r o p h o t o m e t r i c  h e m a t o x y l i n  m e t h o d  
(1)  s u i t a b l y  modi f i ed  for  th is  work .  The  re su l t s  of 
t he  two m e t h o d s  w e r e  in v e r y  good a g r e e m e n t .  I t  
was  n e c e s s a r y  to r e so r t  to the  a n a l y t i c a l  m e t h o d  for  
a l l  s amp le s  b e a r i n g  e l ec t r i ca l  connect ions .  S ince  in 
mos t  cases  d i s so lu t ion  r a t e s  r e m a i n e d  cons t an t  for  
t he  first  f ew hours ,  r a t e s  w e r e  c a l c u l a t e d  f rom the  
w e i g h t  loss a f t e r  1 -h r  i m m e r s i o n  and  a re  e x p r e s s e d  
t h r o u g h o u t  in un i t s  of m g / c m ' V h r .  

Introduction of gases into the solutions.--Gases 
o b t a i n e d  c o m m e r c i a l l y ,  m a i n l y  p r e p u r i f i e d  n i t rogen ,  
n i t r o g e n  d iox ide ,  or  m i x t u r e s  of the  two,  w e r e  i n -  
t r o d u c e d  t h r o u g h  c a l i b r a t e d  flow mete r s .  In  genera l ,  
gas  was  b u b b l e d  t h r o u g h  the  so lu t ion  for  a t  l eas t  
1 h r  p r i o r  to i m m e r s i o n  of the  samples ;  t o t a l  gas  
flow was  m a i n t a i n e d  at  80 m l / m i n .  The  ag i t a t i on  
caused  b y  gas b u b b l i n g  could  no t  be  d i r e c t l y  ca l cu -  
l a t ed  in t e r m s  of s a m p l e  ro t a t ion ,  w h i c h  was  the  
m a i n  fo rm of ag i t a t i on  e m p l o y e d  in th is  s tudy .  
H o w e v e r ,  an  e s t i m a t e  of e q u i v a l e n t  s t i r r i n g  r a t e  
cou ld  be  m a d e  b y  c o m p a r i n g  d i s so lu t ion  r a t e s  d u r -  
ing  n i t r o g e n  b u b b l i n g  w i t h  r a t e s  m e a s u r e d  at  v a r i -  
ous s t i r r i n g  ra tes .  N i t r o g e n  was  used  in th is  s t u d y  
s ince  i t  cou ld  no t  c h e m i c a l l y  p a r t i c i p a t e  in t h e  r e -  
ac t ion  m e c h a n i s m .  

Results and Discussion 
Dependence of Dissolution Rate 

on Acid Concentration and Agitation 

The  d i s so lu t ion  r a t e  of g e r m a n i u m  as a func t ion  
of HNO,  c o n c e n t r a t i o n  is s h o w n  for  s e v e r a l  s t i r r i n g  
r a t e s  in Fig.  2. F o r  a l l  s t i r r i n g  r a t e s  ( i nc lud ing  
zero)  the  d i s so lu t ion  r a t e  a t  first  inc reases  w i t h  i n -  
c r ea s ing  HNO,  concen t r a t i on ,  r eaches  a m a x i m u m  
and  t hen  decreases ,  a p p r o a c h i n g  zero a t  suff ic ient ly  
h igh  HNO~ concen t ra t ions .  

The  HNO~ c onc e n t r a t i on  at  w h i c h  the  d i s so lu t ion  
r a t e  is e s s e n t i a l l y  zero  in 1 h r  or  less is a p p r o x i -  
m a t e l y  17N w i t h  no s t i r r ing ;  th is  v a l u e  is sh i f t ed  to 
a p p r o x i m a t e l y  23N ( f u m i n g  HNO~) w i t h  s t i r r ing .  
No h y d r o g e n  was  e v o l v e d '  d u r i n g  d i s so lu t ion  e i t he r  
w i t h  or  w i t h o u t  s t i r r ing .  S t i r r i n g  inc reases  the  d i s -  
so lu t ion  r a t e  a t  HNO~ c o n c e n t r a t i o n s  b e l o w  abou t  
8N, b u t  i t  has  t he  r e v e r s e  effect above  8N as shown  
for  t w o ' r e p r e s e n t a t i v e  concen t r a t i ons  in  Fig .  3. The  
ve loc i t i e s  i n d i c a t e d  a r e  the  a v e r a g e  for  a l l  p a r t s  of 
the  s a m p l e  faces  as c a l c u l a t e d  f r o m  the  r p m  and  the  
g e o m e t r y  of t he  sample .  

The  a b o v e  b e h a v i o r  of g e r m a n i u m  r e s e m b l e s  
c lose ly  t he  b e h a v i o r  of some of t he  m o r e  c o m m o n  

A n a l y s i s  f o r  e v o l v e d  h y d r o g e n  w a s  p e r f o r m e d  b y  s w e e p i n g  t h e  
r e a c t i o n  c h a m b e r  w i t h  a s t r e a m  of  n i t r o g e n  a n d  e m p l o y i n g  s t a n d -  
a r d  o x i d a t i o n  a n d  a d s o r p t i o n  t e c h n i q u e s .  
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Table I. Dissolution of germanium in dilute HNO~ solutions at 27.5~ I I I T I r 
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Fig. 3. Germanium dissolution in HNO3 as a function of 
sample velocity at 27.5~ 

metals  such as iron (2) and a luminum (3) in HNO~ 
solutions. These metals  are known to dissolve in 
di lute  HNO~ solutions and to become passive in con- 
cent ra ted  HNO~. Fur the rmore ,  s t i r r ing has been 
found to affect thei r  dissolution ra tes  (4) in a way 
s imi lar  to tha t  observed for germanium.  

The foregoing resul ts  lead to the fol lowing con- 
clusions. 

In HNO~ concentrat ions corresponding to the 
ascending branch  of the  dissolution curves (Fig. 2) 
in te rmedia te  products  formed by  the in teract ion of 
ge rmanium and ni t r ic  acid par t i c ipa te  in the over-  
all  dissolution reaction. Thus, s t i r r ing decreases 
the dissolution ra te  because it br ings about a lower 
s t eady-s t a t e  concentrat ion of in te rmedia tes  at the 
ge rmanium-so lu t ion  interface  than  does diffusion 
alone. 

In HNO~ concentrat ions corresponding to the de-  
scending branch of the dissolution curves, s t i r r ing 
increases the  dissolution ra te  by reducing concen- 
t ra t ion  polarizat ion,  as is often the case in meta l  
dissolution reactions.  

Apparen t ly ,  different  mechanisms operate  in the 
ascending and descending branches  of the dissolu-  
t ion curves. Fur thermore ,  the mechanism of the de-  
scending branch  must  lead to pass ivat ion of ger-  
manium. 

The exper iments  descr ibed below were  carr ied  
out in an a t t empt  to c lar i fy  these two mechanisms.  
The semiconductor  proper t ies  of ge rmanium have 
been taken into consideration.  

Role of Ni trous Acid  in the Dissolution React ion 

Since HNO~ is recognized as an impor tan t  in te r -  
media te  in the reduct ion of HNO~, a s tudy of the 
role of HNO~ was considered essential  to an unde r -  
s tanding of the  Ge-HNO~ reaction. 

In addi t ion to HNO~, NO~ has been considered an 
impor tan t  in te rmedia te  in the reduct ion of HNO~ 
(5).  Actual ly ,  an equi l ib r ium exists among the 
species HNO~, NO~, and HNO~ in aqueous solutions 
as shown in Eq. [1] 

HNO., + HNO~ ~ 2NO~ + H~O [1] 

[NO~] ~ 
Vetter  (6) showed tha t  the  ra t io  var ies  

[HNO~] 

from 10 -~ to 10 -~ in HNO~ solutions ranging f rom 7 to 
14.5N at 25~ and hence [HNO~]>>[NO~].  Thus, 

D i s s o l u t i o n  CHNO 2 
r a t e  HNO~ m o l e / l i t e r  C~NOs* CH~Os x CHNO 3 

m g / c m ~ / h r  N o r m a l i t y  x 10s m o l e / l i t e r  x 10 ~ 

With stirring, 194 rpm 
0.06 5.46 ~ 1.26 - -  
0.20 5.95 0.12 1.49 17.9 
0.90 6.36 0.41 1.75 71.7 
1.75 6.94 0.57 2.05 116.8 
3.00 7.46 0.82 2.41 197.6 

Without stirring 
0.15 4.00 0.18 0.67 12.1 
0.33 4.50 0.22 1.04 35.4 
1.50 5.05 0.34 1.26 21.4 
2.15 5.70 0.65 1.49 96.9 

* C o n c e n t r a t i o n  of  u n d i s s o c i a t e d  HNO~ 

vi r tua l ly  all  of the NO~ int roduced into a modera te ly  
concentrated HNO~ solution is immedia t e ly  con- 
ver ted  to HNO~ + HNO2. 

In view of this equi l ibr ium, it is possible to de te r -  
mine the amount  of HNO~ present  in HNO~ solutions 
by means of a sui table  oxidizing agent,  wi thout  
in t roducing any significant uncer ta in ty  due to the 
presence of dissolved free NO,. Fur the rmore ,  addi -  
t ion of HNO2 to HNO~ solutions can be convenient ly  
accomplished by  bubbl ing  NO~ through the solution. 
This technique is p re fe rab le  to adding a n i t r i te  sal t  
since no foreign cation is in t roduced into the system 
under  s tudy;  however,  it  is necessary to de te rmine  
both HNO~ and HNO~ after  NO~ bubbling.  

In HNO~ solutions resul t ing  from dissolution runs 
wi th  s t i r r ing the amount  of HNO~ present  was de-  
t e rmined  by  in t roducing al iquot  port ions of the so- 
lution into a Ce § solution and t i t ra t ing  the excess of 
Ce +' wi th  FeSO,. The solutions resul t ing f rom runs  
wi thout  s t i r r ing were  homogenized before  al iquots 
were  taken  for analysis.  The ana ly t ica l  resul ts  are 
presented  in Table I. No significant change in HNO~ 
concentrat ion was found dur ing  the 1-hr  dura t ion  
of the exper iments .  The HNO~ concentrat ion re -  
mained essent ia l ly  constant  in the vic ini ty  of one 
hour. 

The dissolution rates  t abu la ted  in Table I pe r -  
ta in ing to s t i r red  solutions are p lot ted  in Fig. 4 
against  the product  of the concentrat ions of HNO~ 
and HNO~. The dependence of ra te  on concentrat ion 
is expressed by the fol lowing re la t ionship:  

V = KC~o~C~o~ [2] 

where  V is the dissolution rate,  and C.~o~ and C~o~ 
are the concentrat ions of undissociated HNO~ and 

i F I T I ] i 
% 

| 

i L 1 / 
O 50 100 ~50 200 

CH~o~ XCHNo~ XIO 5 

Fig. 4, Dissolution rate of germanium as a function of the 
product of concentrations of undissociated HNO~ and HNO3 
at 27.5~ 
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Fig. 5. Dissolution of germanium in HNO~ solutions at 
27.5~ The effect of HNO.~. Curve 1, no stirring (as in Fig. 2); 
curve II, stirring resulting from N= bubbling; curve III, stir- 
ring, 194 rpm (as in Fig. 2); curve IV, mixtures of NO2 -k 
N~ bubbling through HNO3 solution. Ini t ial  concentration 
4 .29N HNO3. Stirring equivalent to curve II; curve V, as in 
curve IV except ini t ia l  HNO~ concentration was 8.1N. 

HNO~, r e spec t i ve ly .  The  va lues  of CHNo~ w e r e  ca l cu -  
l a t ed  f rom the  HNO~ n o r m a l i t y  u s ing  the  d a t a  of 
Hood,  Redl ich ,  and  Re i l l y  (7) .  T h e  va lue s  of CHNo= 
w e r e  a s s u m e d  to be  the  s ame  as the  c o r r e s p o n d i n g  
HNO,  n o r m a l i t i e s  s ince the  d i s soc ia t ion  cons t an t  of 
HNO, is r e l a t i v e l y  s m a l l  (4 x 10-') and  ion iza t ion  is 
f u r t h e r  r e p r e s s e d  b y  the  p re sence  of HNO~. I t  is of 
i n t e r e s t  to no te  t ha t  Eq. [2]  does  no t  a p p l y  to the  
r a t e s  o b t a i n e d  w i t h o u t  s t i r r i n g  ( T a b l e  I ) .  This  r e -  
su l t  is no t  s u r p r i s i n g  since,  w i t h o u t  s t i r r ing ,  the  
a v e r a g e  HNO~ c o n c e n t r a t i o n  in the  b u l k  of the  so lu -  
t ion  does  not  r ep re sen t ,  even  a p p r o x i m a t e l y ,  the  
c o n c e n t r a t i o n  in t he  i m m e d i a t e  v i c i n i t y  of the  ge r -  
m a n i u m  surface .  In  fact ,  if  i t  is a s s u m e d  t h a t  Eq. 
[2]  app l i e s  to the  d i s so lu t ion  w i t h o u t  s t i r r ing ,  i t  
can be  e s t i m a t e d  f rom the  d a t a  of Tab le  I t h a t  the  
c o n c e n t r a t i o n  of HNO,  at  the  g e r m a n i u m - s o l u t i o n  
i n t e r f a c e  m a y  be  10 to 30 t imes  g r e a t e r  t h a n  the  
o v e r - a l l  concen t ra t ion .  

The  inf luence  of HNO~ is f u r t h e r  b r o u g h t  out  b y  
the  r e su l t s  p l o t t e d  in Fig.  5. C u r v e  I I  was  o b t a i n e d  
in  HNO~ so lu t ions  t h r o u g h  w h i c h  N~ was  b u b b l i n g  
and  cu rve  IV in so lu t ions  t h r o u g h  w h i c h  NO~ and  N, 
m i x t u r e s  w e r e  bubb l ing .  In  bo th  cases  the  o v e r - a l l  
r a t e  of gas  f low and,  t he re fo re ,  the  r a t e  of s t i r r i n g  
was  the  same.  The  HNO~ so lu t ions  c o r r e s p o n d i n g  to  
c u r v e  IV, t h e r e f o r e  con t a ined  a p p r e c i a b l y  m o r e  
HNO~ t h a n  those  of c u r v e  II. Cu rves  I and  I I I  a l -  
r e a d y  shown  in  Fig .  2, a r e  r e p l o t t e d  for  compar i son .  
C u r v e  V wi l l  be  d i scussed  la te r .  

2 0  
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Fig. 
tion of 

4 8 12 ~6 

TIME (hours) 
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6. Dissolution of germanium in 5.5N HNO3 as o func- 
t ime at 27.5~ with stirring ( ] 94  rpm). 

September 1958 

A c o m p a r i s o n  of cu rves  II  a n d  IV (Fig .  5) shows  
t ha t  for  a g iven  HNO~ c o n c e n t r a t i o n  HNO,  inc reases  
the  d i s so lu t ion  r a t e  and  also shi f ts  the  pos i t ion  of 
m a x i m u m  d i s so lu t ion  r a t e  t o w a r d  l o w e r  HNO~ con-  
cen t ra t ions .  The  o b s e r v e d  inc rea se  in  d i s so lu t ion  
r a t e  b y  a f ac to r  of a p p r o x i m a t e l y  100 in going  f rom 
c u r v e  II  to cu rve  IV for  the  concen t r a t i ons  4.37N and  
4.54N ( e x p e r i m e n t a l  po in t s  on cu rve  IV)  r e s u l t e d  
f rom an  i nc rea se  in  HNO,  c o n c e n t r a t i o n  b y  a f ac to r  
of a p p r o x i m a t e l y  200. In  v i ew  of the  fac t  t ha t  the  
a m o u n t  of s t i r r i n g  in  these  runs  was  no t  sufficient  
to p r e v e n t  e n t i r e l y  c o n c e n t r a t i o n  p o l a r i z a t i o n  a t  t he  
g e r m a n i u m - s o l u t i o n  in te r face ,  the  r e su l t s  a r e  in  
r e a s o n a b l e  a g r e e m e n t  w i t h  Eq. [2].  

S ince  HNO~ is f o r m e d  d u r i n g  the  d i s so lu t ion  p r o c -  
ess and  is i t se l f  a r eac t an t ,  t he  d i s so lu t ion  r a t e  
shou ld  i nc rea se  w i t h  t ime,  i.e., the  r e a c t i o n  shou ld  
be au toca t a ly t i c .  Such  inc rea se  in r a t e  has  been  ob -  
s e rved  for  a n u m b e r  of c o m m o n  m e t a l s  (4 ) .  Resu l t s  
o b t a i n e d  w i t h  g e r m a n i u m  in 5.5N HNO3 a re  shown  
in Fig .  6. The  d i s so lu t ion  r a t e  ( s lope)  w i t h  s t i r r i n g  
r e m a i n s  cons t an t  for  the  first  5 hr ,  t hen  i t  i nc reases  
s h a r p l y  and  f ina l ly  decreases .  A c c o r d i n g l y ,  the  
HNO2 c o n c e n t r a t i o n  at  the  end of 71/2 h r  was  found  
to be  a p p r o x i m a t e l y  fives t imes  l a r g e r  t h a n  t ha t  a t  
the  end  of 5 hr.  The  l a t t e r  concen t r a t ion ,  on the  
o t h e r  hand ,  w a s  f o u n d  to be  on ly  10% l a r g e r  t h a n  
t ha t  a t  the  end  of 3 hr .  The  r ea sons  for  the  s e v e r a l  
hou r  i n t e r v a l  p r i o r  to t he  s h a r p  inc rease  in HNO,  
c o n c e n t r a t i o n  a r e  no t  c l ea r  a t  th is  t ime.  A s h a r p  
i nc rea se  in HNO= concen t r a t ion ,  h o w e v e r ,  is r e -  
f lected in a s h a r p  i nc rea se  in d i s so lu t ion  ra te .  The  
s u b s e q u e n t  dec rea se  in d i s so lu t ion  r a t e  wi l l  be  d i s -  
cussed  la te r .  

Dissolution PotentiM 
The  i n s t a n t a n e o u s  e l ec t rode  p o t e n t i a l  of g e r m a -  

n i u m  o b t a i n e d  w i t h i n  10 sec a f t e r  i m m e r s i o n  in 
u n s t i r r e d  HNO3 so lu t ions  is p l o t t e d  as a func t ion  of 
HNO3 n o r m a l i t y  in Fig .  7. In  the  c o n c e n t r a t i o n  
r a n g e  5 to 7N, w h e r e  the  m a x i m u m  in d i s so lu t ion  
r a t e  occurs ,  the  p o t e n t i a l  sh i f ts  t o w a r d s  m o r e  noble  
(pos i t i ve )  va lues  b y  a p p r o x i m a t e l y  0.2 v. 

The  ca thod ic  sh i f t  of the  p o t e n t i a l  w i t h  i n c r e a s i n g  
HNO~ concen t r a t ion ,  a c c o m p a n i e d  b y  an  i nc rea se  in 
d i s so lu t ion  ra te ,  is i nd i c a t i ve  of a dec rea se  in ca -  
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Fig. 7. Instantaneous potential  of germanium in HNO3 
solutions at 27.5~ vs. standard hydrogen electrode; no 
stirring. 
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Fig. 8. Dissolution potential of germanium in HNO~ solu- 
tions at 27.5~ vs. standord hydrogen electrode. 

thodic polarization (8). On the other hand, above 
approximately 7N HNO~ the cathodic shift of the 
dissolution potential, associated with a decrease in 
dissolution rate, is indicative of an increase in 
anodic polarization which, at higher HNO, concen- 
trations, leads to germanium passivity as will be 
discussed later. 

The steady-state dissolution potential, essentially 
attained within 1 hr after immersion, is shown in 
Fig. 8 as a function of HNO3 normality.  In this case, 
both with and without stirring, the pronounced 
cathodic shift occurs at smaller concentrations than 
in the case of instantaneous potential, probably ow- 
ing to the accumulation of HNO~. This behavior is 
consistent with the observed cathodic shift of the 
potential with time for a given HNO~ concentra-  
tion. As shown in Fig. 8, in 5N and 5.5N HNO~ the 
dissolution potential is the same with and without 
stirring, indicating that stirring does not signifi- 
cantly affect the anodic reaction. At higher con- 
centrations, however, where the cathodic reaction 
controls the dissolution potential (see below) stir- 
ring shifts the potential toward more noble values 
by causing a decrease in the cathodic polarization. 

It is of interest to note in Fig. 7 that in dilute 
HNO~ solutions the instantaneous potential of 
n- type  germanium is more noble than that of p-type. 
During metal dissolution in acids the dissolution po- 
tential (mixed potential) usually remains near the 
reversible potential of the metal (9) because the 
exchange current for the metal-oxidation reaction is 
usually much larger than the exchange current for 
the hydrogen-reduct ion reaction, or in this case the 
HNO.~ reduction reaction. Thus, the dissolution po- 
tential is usually controlled by the anodic reaction. 
In the present case, the over-all  anodic reaction 
could be represented as (10): 

Ge 3- 2H~O + 2e+--> GeO~ + 4H* -F 2e- [3] 

where e + is a positive hole, or electron deficiency 
in the valence band in germanium. According to 
this mechanism the instantaneous potential of 
p-type germanium should be more active than that 
of n-type in the same solution owing to the greater 
supply of holes (cf. Fig. 7). Moreover, the initial 
dissolution rate (averaged over the first hour of im- 
mersion) of p-type germanium has been found to be 
approximately twice that of n-type at HNO3 con- 
centrations up to 4N. In more concentrated HNO~ 
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Fig. 9. Potential of germanium in HNO8 solutions at 
27.5~ as a function of current density. Calculated from 
dissolution rates. A, HNO~ < 6N; B, HNOs > 6N. 

solutions, on the other hand, where pronounced 
anodic polarization occurs (anodic control) and the 
anodic reaction no longer controls the dissolution 
potential, no difference in potential (Fig. 7) or in 
dissolution rate was observed between the two types 
of germanium. 

In Fig. 9 the instantaneous potential is plotted 
against the logari thm of the current density as cal- 
culated from the dissolution rates assuming a 
roughness factor of 1.3 (11). This Tafel- type rela- 
tionship has been observed earlier by Makrides, 
Komodromos, and Hackerman (12) and by Gatos 
(13, 14) for the potential of iron dissolving in oxi- 
dizing acid media. For the concentration range in- 
dicated (Fig. 9) straight line A approximates the 
anodic polarization of dissolving germanium since 
the system is under cathodic control (12) and, cor- 
respondingly, B approximates the cathodic polariza- 
tion. 

Interpretation of the Dissolution Process 
At low HNO3 concentrations (nonpassivating) the 

over-all  anodic reaction can be represented by Eq. 
[3]. No attempt was made in this investigation to 
determine the mechanism involved in the removal 
of germanium atoms from their respective lattice 
sites and their oxidation to the corresponding ions. 
Turner  (15) has recently investigated this aspect in 
studying the anodic dissolution of germanium under 
the influence of an externally applied emf. In the 
present system, as it has been pointed out above, 
the dissolution process is controlled by the cathodic 
reaction which will be the subject of the present 
discussion. 

In discussing the role of HNO~ in the dissolution 
of metals in HNO3, Evans (4) concludes that, in the 
absence of hydrogen evolution, reaction [1] leads 
to the formation of NO~ which is responsible for the 
oxidation of the surface metal atoms. Similarly, 
Vetter (16) has found that reaction [1] is rate de- 
termining in the reduction of HNO~ on a platinum 
electrode. 

Thus, the over-al l  cathodic reaction involves the 
reduction of HNO~ to HNO.~ and possibly, although 
unlikely, to NO. An effort was made to detect free 
hydrogen among the reaction products, under all 
experimental conditions, but the results were nega- 
tive. The reduction of HNO~ in the present system 
is believed to proceed according to the mechanism 
proposed by Vetter (16) for the cathodic reduction 
of HNO3 on a plat inum electrode: 
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H" § NO3- ~ HNO~ (fast)  
HNO~ + HNO~-> N~O, + H~O 

(slow, ra te  de te rmining)  
N~O~ ~ 2NO~ (fast)  
2NO~ + 2 e - ~  2NO~- (fast)  
2NO~- + 2H § ~ 2HNO~ (fast)  

[4] 

[5] 
[6] 
[7] 
[8] 

3H * + NO~- + 2 e - ~  HNO2 + H~O (over -a l l )  [9] 

Reaction [5] is ra te  determining.  Reaction [7] 
de termines  the cathodic potent ia l  since it is the only 
react ion involving electron t ransfer .  According to 
Vetter,  this react ion becomes ra te  de te rmining  at 
low cur ren t  densities,  wel l  below these correspond-  
ing to the dissolution rates  at  hand (0.1 to 1 m a /  
c m  2) �9 

Some of the exper imen ta l  resul ts  described above 
wil l  now be v iewed briefly in the l ight  of this mech-  
anism. 

With no s t i r r ing the concentrat ion of HNO~ be-  
comes apprec iab ly  higher  at the ge rman ium- l iqu id  
interface than  in the main  body of the solution, 
HNO~ forming faster  than  it can diffuse away from 
the interface.  S t i r r ing  decreases the dissolution ra te  
(Fig. 2) by  removing the HNO~ forming at the in-  
terface. Changes in s t i r r ing at high s t i r r ing ra tes  
have only a small  effect on the dissolution rate,  in-  
dicat ing tha t  the HNO~ format ion ra te  approaches 
the ra te  of its consumption through react ion [5] 
and through removal  from the in terface  by  st irr ing.  
Al though no electron exchange with  the germanium 
surface takes place in react ion [5] the action of 
HNO~ is essent ia l ly  l imi ted  at the interface for two 
reasons. Firs t ,  NO2 produced in react ion [5] unde r -  
goes reduct ion at the ge rmanium surface according 
to react ion [7], and second, react ion [5] is cata lyzed 
by metal l ic  surfaces as shown by Vet ter  (6) in the 
case of p la t inum.  

On the basis of the above mechanism the HNO~ 
concentra t ion must  increase wi th  t ime and, as a 
result ,  the dissolution ra te  must  also increase since 
it is control led by  react ion [5]. The decrease in 
C,~o~ corresponding to the increase in C~o~ is of 
l i t t le  significance because at t ime zero C.~o~>>C.~o~. 
In agreement  wi th  the above are the results  shown 

in Fig. 6 where  the HNO~ concentrations,  de te r -  
mined ana ly t ica l ly  as a function of time, were  
found consistent wi th  the dissolution rates. F u r t h e r -  
more, the poten t ia l  (E) of the Pt[HNO~, HNO2 elec- 
t rode shif ted dur ing ge rman ium dissolution, because 
of tINO~ formation,  as expected from the re la t ion-  
ship E = Eo--0.0296 log [HNO~], which has been 
verified expe r imen ta l ly  by Monk and El l ingham 
(17). Also consistent are the resul ts  repor ted  on 
solutions in which the concentra t ion of HNO2 was 
apprec iab ly  increased by bubbl ing  NO~ (Fig. 5). 

Act ivat ion  energies were  obtained for the dissolu- 
t ion process by de te rmin ing  the dissolution ra tes  
27.5 ~ 34.4 ~ and 44.2~ The resul ts  are shown in 
Table I I?  Vet ter  (6) de te rmined  the act ivat ion en-  
ergy of react ion [5] on p la t inum and found that  it  
decreases f rom 16.5 kca l /mo le  (in 6.9N HNO~) to 
14.4 kca l /mo le  (in 14.5N). Our value  of 18.0 k c a l /  
mole in 5.5N solution, wi th  st irr ing,  is consistent 
wi th  Vet ter ' s  results.  In the case of 7.5N solution 
our value of 12 kca l /mo le  is lower  than the cor-  
responding value  by Vet ter  ( approx ima te ly  16 kca l /  
mole) .  This is not surprising,  however,  since, in the 
present  system, 7.5N approaches  the pass ivat ing 
region where  the above react ion mechanism no 
longer holds. In 5.5N and 7.5N, wi th  no st irr ing,  the 
ac t iva t ion  energies are lower  than those obtained 
with  s t i r r ing (18 and 12 as compared wi th  10 and 9 
kca l /mo le ) .  The outs tanding difference be tween a 
s t i r red  and nons t i r red  Ge-HNO~ react ion is that  
the HNO~ concentrat ion at the  ge rman ium- l iqu id  
in terface  is apprec iab ly  less in the former  than  in 
the lat ter .  Thus, it  appears  reasonable  that  the 
measured  act ivat ion energy could also be a function 
of HNO~ concentration.  Consistent wi th  this is the 
low value  of 5 kca l /mo le  obta ined in 6.0N solutions, 
through which NO~ had been bubbled.  The HNO~ 
concentra t ion in this case was apprec iab ly  higher  
than in the previous  cases. 

1 1 V~z 
a T h e  a c t i v a t i o n  e n e r g y  is  e q u a l  to ( - -  --  - - ) R  In - - ,  w h e r e  V1 

T1 T2 Vl  

a n d  V.~ a r e  the  rates  a t  t h e  a b s o l u t e  t e m p e r a t u r e s  T1 a n d  T2 r e s p e c -  
t i v e l y ,  a s s u m i n g  t h a t  t h e  c o n c e n t r a t i o n  of t h e  r e a c t a n t s  is  no t  s e n -  
s i t i v e  to t e m p e r a t u r e .  

II. Passivity of Germanium 
ABSTRACT 

Above 6 to 8N, HNO3, the initial dissolution rate of germanium decreased 
with increasing HNO3 concentration and increasing stirring rate. The time 
required to bring about passivation of the germanium in these solutions de- 
creased from several hours to a few seconds in going to higher HNOz concen- 
trations. A surface oxide film (very l ikely GeO~) is associated with the passivity 
of germanium. Accordingly, the presence of HF which dissolves GeO2 but not 
germanium prevented germanium passivity. Dissolution potential measure- 
ments were consistent with the kinetic data. 

Dissolution as a Function of Time in 
Concentrated HN03 Solutions 

Weight  losses of ge rman ium in 7.5, 10.3, and 
12.0N HNO~ as a function of time, wi th  no st irr ing,  
are shown in Fig. 10. The t ime necessary to a t ta in  a 
max imum weight  loss is seen to decrease wi th  in-  
creasing HNO~ concentrat ion.  The gain in weight  
beyond this point  is associated wi th  the format ion of 
a surface film which eventua l ly  becomes visible. At  

concentrat ions grea te r  than 18N the film forms im-  
media te ly  upon immersion.  When sufficiently thick, 
the film is opaque whi te  and exhibi ts  the proper t ies  
of the soluble hexagonal  GeO.. ~ Thus, it  can be re -  
removed wi thout  affecting the substrate,  since it is 
soluble in KOH, NaOH, and HF, solutions which do 
not a t tack  ge rman ium at room t empera tu re  in the 

T h e  e x t r e m e l y  i n e r t  t e t r a g o n a l  f o r m  of  GeO~ w a s  n o t  d e t e c t e d .  
T h i s  f o r m  is  i n s o l u b l e  in  w a t e r  a n d  is  n o t  a t t a c k e d  by  H F  o r  N a O t t  
so lu t ions  (18) .  
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Fig. 12. Oxide film on g e r m a n i u m  fo rmed  in HNO~ solu-  
t ions a t  2 7 . 5 ~  as a f u n c t i o n  o f  t ime .  

absence  of d i s so lved  o x y g e n  (19) .  In  th is  respect ,  
t he  Ge-GeO2 sys t em affords  a u n i q u e  a d v a n t a g e  
ove r  t he  m o r e  c o m m o n  meta l s .  

The  to t a l  a m o u n t  of g e r m a n i u m  r e a c t e d  was  d e -  
t e r m i n e d  f rom the  w e i g h t  losses p l o t t e d  in Fig.  10 
and  the  a m o u n t  of g e r m a n i u m  con t a ined  in the  
ox ide  film. The  l a t t e r  was  o b t a i n e d  g r a v i m e t r i c a l l y  
b y  i m m e r s i n g  the  ox ide  b e a r i n g  s amp le s  in 1N 
NaOH for  a p p r o x i m a t e l y  1 hr.  R e p e a t e d  i m m e r s i o n s  
in 1N N a O H  r e s u l t e d  in no a d d i t i o n a l  w e i g h t  loss. 
The  r e su l t s  a r e  shown  in Fig.  11. No s t r u c t u r a l  
s tud ies  of the  ox ide  fi lm w e r e  c a r r i e d  out;  h o w e v e r ,  
ana lys i s  of the  g e r m a n i u m  ox ide  so lu t ions  for  ge r -  
m a n i u m  c o m b i n e d  w i t h  the  t o t a l  w e i g h t  of the  o x -  
ide  f i lm gave  the  e m p i r i c a l  f o r m u l a  Ge~O_o~. The  
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Fig. 11.  D isso lu t ion  o f  g e r m a n i u m  in H N 0 3  so lu t i ons  as a 
f u n c t i o n  o f  t i m e  a t  2 7 . 5 ~  (ox ide  su r face  f i l m  removed) .  

a m o u n t  of ox ide  p r e s e n t  on the  su r face  and  its a v e r -  
age  th ickness ,  a s s u m i n g  a d e n s i t y  (4.7 g cm -8) equa l  
to t h a t  of b u l k  GeOo, is s h o w n  in Fig.  12 as a f u n c -  
t ion of t ime.  In  7.5N so lu t ion  an  e x t e n d e d  pe r iod  
of r a p i d  g r o w t h  beg ins  a f t e r  a p p r o x i m a t e l y  3 hr.  
F o r  pe r iods  s h o r t e r  t h a n  abou t  3 h r  t he  a v e r a g e  
th i ckness  of ox ide  in 7.5N HNO~ is less t h a n  t h a t  
f o r m e d  in the  m o r e  c o n c e n t r a t e d  solut ions ,  a l t h o u g h  
the  in i t i a l  d i s so lu t ion  r a t e  for  t he  l a t t e r  c o n c e n t r a -  
t ions is s m a l l e r  t h a n  for  the  fo rmer .  A s s u m i n g  t h a t  
the  n a t u r e  of the  su r face  f i lm is the  s ame  in t he  
va r i ous  solut ions ,  i t  is a p p a r e n t  t ha t  i ts  so lu b i l i t y  
a n d / o r  r a t e  of so lu t ion  is g r e a t e r  in 7.5N HNO3 
t h a n  in the  o the r  two  solut ions .  A c c o r d i n g l y ,  wh i l e  
the  in i t i a l  r a t e  of g e r m a n i u m  d i s so lu t ion  in 10.3N 
HNO3 is 2.7 t imes  s m a l l e r  t h a n  in 7.5N solut ion,  the  
i n i t i a l  r a t e  of ox ide  g r o w t h  in the  f o r m e r  is on ly  1.6 
t imes  s m a l l e r  t h a n  in the  l a t t e r  cons ide r ing  the  
l i n e a r  g r o w t h  b e y o n d  3 hr .  In  a g r e e m e n t  w i t h  the  
above,  s e m i q u a n t i t a t i v e  e x p e r i m e n t s  showed  tha t  
the  so lub i l i t y  and  r a t e  of d i s so lu t ion  in HNO3 so lu-  
t ions  dec reases  a p p r e c i a b l y  w i t h  i n c r e a s i n g  HNO.~ 
concen t ra t ions .  P u g h  (20) has  o b s e r v e d  s im i l a r  b e -  
h a v i o r  for  GeO~ in H~SO, so lu t ions  ove r  a w i d e  con-  
c e n t r a t i o n  r a n g e  (0 to 16N).  

In  s t i r r e d  c o n c e n t r a t e d  HNO8 so lu t ions  the  b e -  
h a v i o r  of g e r m a n i u m  is s im i l a r  to t h a t  in n o n -  
s t i r r e d  so lu t ions  e x c e p t  t ha t  w i t h  s t i r r i n g  h i g h e r  
c o n c e n t r a t i o n s  a n d / o r  longe r  pe r iods  a r e  r e q u i r e d  
to b r i n g  abou t  pass iv i ty .  

I t  shou ld  be  p o i n t e d  out  t h a t  in concen t r a t i ons  
l o w e r  t han  6-8N the  d i s so lu t ion  r a t e  can  also d e -  
c rease  w i t h  t ime,  a l t h o u g h  it  does no t  become  zero.  
In  th is  case, h o w e v e r ,  r e l a t i v e l y  l a r g e  a m o u n t s  of 
g e r m a n i u m  d isso lve  be fo re  a su r face  f i lm is fo rmed .  
By  d e c r e a s i n g  the  v o l u m e  of a 5.5N HNO~ so lu t ion  
f rom 90 to 20 ml,  the  dec rease  in d i s so lu t ion  r a t e  
set  in a f t e r  6 h r  r a t h e r  t h a n  a f t e r  a p p r o x i m a t e l y  
24 hr.  A su r f ace  f i lm was  u l t i m a t e l y  f o r m e d  in bo th  
e x p e r i m e n t s  and,  a f t e r  an  a d d i t i o n a l  24 hr ,  s m a l l  
a m o u n t s  of GeO~ w e r e  o b s e r v e d  on the  w a l l s  of the  
r e a c t i o n  vessel .  
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Fig. ] 3. Dissolution of germanium in HNO.~ solutions con- 
taining HF at 27.5~ The solutions were not stirred except 
in the case indicated. 

Effect of Hydrofluoric Acid 
Dissolution rates  per ta in ing  to HF + HNO~ mix-  

tures are summar ized  in Fig. 13. A comparison of 
these resul ts  wi th  those of Fig. 2 shows that,  in 
general ,  the dissolution ra te  is not significantly 
affected by  the presence of HF at  HNO3 concentra-  
tions below 6N without  s t i r r ing and 8N with  s t i r -  
ring. An increase in dissolution ra te  by  a factor of 
approx ima te ly  2 is observed in nons t i r red  6N HNO, 
+ 6N HF solution over  6N HNO~, possibly due to a 
decrease in the degree of dissociation of HNO~. An 
increase in the concentrat ion of undissociated HNO~ 
would lead to increased ra te  according to Eq. [2]. 
Lack of sui table  concentrat ion and dissociation data  
under  the present  exper imenta l  condit ions prevents  
a quant i t a t ive  t r ea tmen t  of this  effect. 

F igure  13 shows fu r the r  that  in the presence of 
HF, as in the absence of HF (Fig. 2), s t i r r ing de-  
creases the dissolution ra te  at the lower  HNO, con- 
centrat ions.  Thus, it appears  that  HF does not in-  
ter fere  wi th  the mechanism of dissolution and that  
react ion [5] remains  ra te  determining.  In accord 
with this result ,  the act ivat ion energy of the dis-  
solution process in s t i r red  6N HNO~ § 6N HF was 
de te rmined  as 19 kca l /mo le  which compares  favor -  
ab ly  wi th  the value of 18 kca l /mo le  found in s t i r red  
5.5N HNO~ (Table  I I ) .  

In the higher  HNO3 concentrat ions where  reac-  
tion [5] is no longer ra te  determining,  the dissolu-  
t ion ra te  increases m a r k e d l y  in the presence of HF 
and reaches a l imi t ing value which, for a given 
HNO~ concentration,  increases wi th  increasing HF 
concentra t ion (Fig. 13). As in the absence of HF 
(Fig. 2), here also s t i r r ing  increases the dissolution 
rate.  

Table II. Activation energy for the dissolution of germanium 
in HN08 solutions 

Act iva t ion  energy  
HNOs Normal i ty  Kca l /mole  

5.5N, 194 rpm 18 
7.5N, 194 rpm 12 
6.0N + added HNO~, 194 rpm 5 
5.5N, no stirring 10 
7.5N, no stirring 9 
6.0N + 6N HF, 194 rpm 19 

Inasmuch as the decrease in dissolution ra te  is 
associated with  surface oxide formation,  i t  is r ea -  
sonable to assume tha t  the increase in dissolution 
ra te  by HF is due to the grea te r  solubi l i ty  of GeO~ in 
HF solutions due to the react ion:  

GeO.~ + 6HF--> H~GeF~ + 2H..O [10] 

The Nature of the Passivity of Germanium 

The facts descr ibed above point  to a pronounced 
anodic polar izat ion in concentra ted  HNO3 solutions 
resul t ing  from the format ion of a surface oxide 
which can become protec t ive  and lead to passivity.  
The anodic react ion and re la ted  s ide-react ions  may  
not be precisely  descr ibed by Eq. [3]. However,  in 
view of the p redominan t ly  acidic charac ter  of GeO3, 
it is un l ike ly  tha t  ionic or molecular  species other  
than GeO~ or germanic  acids are formed dur ing  oxi-  
dat ion of ge rmanium wi th  HNO,. The format ion of 
complex compounds be tween ge rman ium and HNO, 
(or the in te rmedia tes  of HNO~ reduct ion)  is essen- 
t ia l ly  excluded since the  solubi l i ty  of GeO~ de-  
creases wi th  increasing HNO3 concentrat ion.  I t  is 
possible that  GeO~ is the first dist inct  anodic product  
and that  H_~GeO, is formed from it by  hydra t ion .  
Al te rna t ive ly ,  GeO2 may  form from H~GeO~ by  de-  
hydrat ion.  Knowledge  of the sequence of format ion 
of the two compounds is not essential  to our a rgu-  
ment  since, in e i ther  event, format ion of GeO_~ can 
take  place on or near  the ge rmanium surface. 

The format ion of a layer  of GeO2 at high HNO.~ 
concentrat ions is expla ined  as follows. The ra te  of 
format ion of GeO, increases as the ra te  of the ca-  
thodic react ion increases according to [2]. At  the 
same time, however ,  the solubi l i ty  and /o r  the dis-  
solution ra te  of the oxide decreases. Thus, the ger -  
man ium- l iqu id  interface becomes sa tura ted  with  
respect  to GeO,. Since diffusion of GeO~ or H,GeO3 
away  from the interface is r e l a t ive ly  slow, nuclea-  
t ion and growth of GeO~ occurs on the germanium 
surface before GeO~ precip i ta tes  out in the bulk  of 
the solution. At  very  high concentrat ions sufficient 
GeO= precip i ta tes  out wi th in  a few seconds and in a 
sui table  form to cover all  of the germanium surface 
and br ing  about passivi ty.  

In low concentrations,  but  not below 6N, GeO~ at 
first forms adheren t  "patches"  on the ge rmanium 
surface. Thus, the surface exposed to the solution 
is decreased. If at any t ime sufficient ge rmanium 
area  were  exposed for react ion [7] to proceed faster  
than [5], the dissolution mechanism should be the 
same as descr ibed for d i lu te  HNO~ solutions. In 
such a case, the ra te  of the cathodic react ion and 
hence, the average  dissolution ra te  should not be 
affected by  the presence of oxide patches. Thus, the 
a t tack  should become localized at the bare  ge rma-  
n ium surface. Indeed, intensified local a t tack  was 
observed in HNO, solutions with concentrat ions 
near  those corresponding to the m a x i m u m  dissolu-  
t ion rates.  Above these concentrations,  however,  the 
average  dissolution ra te  decreases wi th  increasing 
HNO, normal i ty .  This c lear ly  suggests tha t  react ion 
[5] ceases to be ra te  determining.  Since react ion 
[5] is cata lyzed by  metal l ic  surfaces, the possibi l i ty  
exists tha t  its average  ra te  is a function of the 
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amount  of the germanium surface not covered by  
oxide. If this were  the case, the dissolution process 
at these concentrat ions should be under  cathodic 
control  and, thus, the dissolution potent ia l  should 
shift toward  more anodic values as the dissolution 
ra te  decreased (8).  Since a potent ia l  shift  toward  
more cathodic values was observed,  the system is 
now under  anodic control  and the anodic react ion 
[3] de termines  the ra te  of the over -a l l  dissolution 
process. 

The growth of th ick oxide films as in the present  
case (of the order  of microns, Fig. 12) by diffusion 
of oxygen inward  or ge rmanium ions ou tward  is not 
plausible  at room tempera tu re  and in the absence of 
very s trong electric fields (21). On the other  hand, 
the approx ima te  l inear  growth for the first few 
hours in 10.3N and 12.0N can be expla ined  on the 
basis of poor film adhesion, bl is tering,  cracking or 
other such macroscopic defects in the film (22). Ac-  
tual ly,  in the present  case, the grea te r  the l imi t ing 
thickness the more porous and the less dense the 
oxide film appeared  under  microscopic examinat ion.  
In some respects the pass iv i ty  of ge rmanium re-  
sembles the pass iv i ty  of meta ls  caused by insoluble 
salts as descr ibed by Mfiller (23). 

The t ime necessary for pass iv i ty  and the l imit ing 
average  oxide thickness decrease wi th  increasing 
HNO~ concentrat ion.  This t rend  extends to appre -  
ciably higher  concentrat ions than  those shown in 
Fig. 11 and 12. The exper imenta l  approach em-  
p loyed does not  lend itself  to es tabl ishing a quan t i t a -  
t ive expression of this trend.  I t  was found, however,  
that  in the concentrat ion beyond 16N (wi thout  s t i r -  
r ing)  the t ime requi red  for passivat ion is of the 
order  of seconds and the oxide thickness approx i -  
mate ly  150A. Thus, it  appears  tha t  the l imi t ing 
oxide thickness is inverse ly  re la ted  to the ini t ia l  
ge rmanium dissolution ra te  and to the solubi l i ty  
( a n d / o r  the dissolution ra te)  of the oxide in the 
HNO3 solutions. The ini t ia l  dissolution ra te  increases 
and the solubi l i ty  of GeO~ decreases wi th  increas-  
ing HNO~ concentrations.  High rates  of format ion 
of GeO~ lead to adher ing  dense surface oxide film 
for reasons which are not clear at  present .  Extension 
of the pass ivat ing  range to lower  HNO~ concentra-  
tions in the presence of HNO_o (Fig. 5, curve IV) is 
read i ly  unders tood in the l ight  of the fact that,  for 
a given HNO~ concentration,  HNO~ increases the 
ini t ia l  dissolution ra te  of germanium.  

Our views that  the behavior  of ge rmanium and its 
pass ivi ty  in concentra ted HNO~ solutions are de te r -  
mined by the format ion and presence of a GeO~ 
surface film ra the r  than by absorpt ion of cer tain 
species f rom the solution onto the surface are con- 
sistent wi th  the fact that  in these solutions both n-  
and p - t y p e  ge rmanium behave alike. In di lute  solu-  
tions where  no oxide film is present ,  dist inct  differ-  
ences were  observed be tween the two types of ger-  
manium. If adsorpt ion p layed  an impor tan t  role in 
the pass iv i ty  of germanium,  the two types of ger-  
man ium would p robab ly  exhib i t  measurab le  differ-  
ences in thei r  pass ivat ing characterist ics.  Pass iv i ty  
in HNO~ due to adsorpt ion a n d / o r  chemisorpt ion 
was hypothesized in the case of iron (24, 25). I t  is 
not necessary that  pass ivi ty  in HNO3 is es tabl ished 

by the same mechanism for al l  metals.  Thus, iron 
pass iv i ty  may  and may  not be comparable  to ger-  
manium passivi ty.  The Ge-HNO3 reaction, however,  
as pointed out earl ier ,  ]ends i tself  to a more direct  
s tudy than the corresponding behavior  of iron in 
ni t r ic  acid. 

Summary 
I. In  HNO~ solut ions  be low ca. 6N.- -The  disso- 

lution ra te  of ge rmanium is a function of the con- 
centra t ion of undissociated HNO~ and HNO~. Since 
HNO.~ is formed dur ing  the react ion of ge rmanium 
with  HNO~, the dissolution process is "au toca ta -  
lytic." Consequently,  s t i r r ing decreases the dissolu-  
tion ra te  by removing react ion products  f rom the 
ge rman ium HNO~ interface.  In addition, for a given 
s t i r r ing rate,  the dissolution ra te  increases wi th  
t ime owing to an increase in concentrat ion of HNO~. 

In uns t i r red  solutions the dissolution ra te  reaches 
a m a x i m um  in app rox ima te ly  6N HNO~; the m a x i -  
mum occurs at  a higher  concentrat ion (8-9N) with  
s t i r r ing and at a somewhat  lower  concentrat ion 
when re la t ive ly  large amounts  of HNO~ are  present .  

The dissolution potent ia l  of n - t y p e  ge rman ium is 
more noble than tha t  of p - type .  Fur the rmore ,  for a 
given HNO~ concentra t ion the dissolution ra te  of 
the former  is smal ler  than  tha t  of the la t ter .  

The dissolution potent ia l  of both n -  and p - t y p e  
germanium becomes more noble wi th  increasing 
HNO~ concentrat ion and, hence, wi th  increasing dis-  
solution rate.  Thus, the dissolution process is con- 
t ro l led  by the cathodic react ion ( reduct ion of 
HNO~) and the dissolution potent ia l  by the anodic 
reaction. 

The presence of HF does not affect the dissolu- 
t ion ra te  unless the HF concentrat ion becomes suffi- 
c ient ly high (above ca. 6N) to decrease the  dis-  
sociation of HNO~. 

II. In  HNO.~ solut ions  above  6 N . - - T h e  dissolution 
ra te  decreases wi th  increasing HNO~ concentrat ion 
and increases wi th  st irr ing.  For  a given HNO~ con- 
centra t ion the dissolution ra te  decreases wi th  t ime 
and eventua l ly  approaches zero; the higher  the 
HNO~ concentrat ion,  the sooner ge rmanium acquires 
passivity.  The t ime requi red  varies  f rom a few 
hours to a few seconds. A surface oxide film (very  
l ike ly  GeO~) is associated wi th  passive germanium.  
The average  thickness of the oxide film can va ry  
from a few microns to approx ima te ly  150A. 

The dissolution potent ia l  becomes more noble 
wi th  increasing HNO~ concentrat ion and, hence, 
wi th  decreasing dissolution rate.  Thus, the  react ion of 
ge rman ium with  concentra ted solutions of HNO~ is 
control led by  the anodic react ion ( format ion of 
GeO.~) and pass iv i ty  is associated wi th  pronounced 
anodic polarizat ion.  The decrease in solubi l i ty  
a n d / o r  ra te  of solution of GeO~ wi th  increasing 
HNO~ concentra t ion is of pa ramoun t  impor tance  in 
the passivat ion process. 

Pass iv i ty  of ge rmanium in HNO~ solutions is p re -  
vented or des t royed by  the presence of HF since HF 
prevents  the format ion of a protect ive  oxide film. 
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I. The Direction of Ionic Movement 

John E. Lewis and Robert C. Plumb 1 

Research Laboratories, Aluminum Company of America, 

New Kensington, Pennsylvania 

ABSTRACT 

I t  is demonst ra ted ,  by  a series of m a r k e r  exper iments  in which  layers  of 
nonporous anodic oxide were  tagged by incorpora t ing  rad ioac t ive  ma te r i a l  in 
them, that  nonporous anodic oxide grows at, or close to, the ox ide-e lec t ro ly te  
interface;  it  is concluded tha t  the  a luminum ion is the mobile  species. S imi la r  
exper iments  wi th  a porous oxide  m a y  also be in te rp re ted  in te rms of fo rmat ion  
of the oxide at  the ox ide-e lec t ro ly te  interface,  but  in this case the  in terface  
is at the bot tom of pores filled wi th  electrolyte .  

Two  d i s t i nc t  t y p e s  of ox ide  f i lms m a y  be  f o r m e d  
on a l u m i n u m  b y  anod ic  ox ida t ion ,  d e p e n d i n g  on the  
r a t e  a t  w h i c h  the  ox ide  is d i s so lved  b y  the  e l e c t r o -  
ly te  d u r i n g  the  o x i d a t i o n  (1) .  

W h e r e  t h e r e  is l i t t l e  so lven t  act ion,  t h in  n o n -  
po rous  films, whose  t h i cknes s  is p r o p o r t i o n a l  to t he  
a p p l i e d  vo l tage ,  a r e  f o r m e d  (2) .  W h e n  t h e r e  is a p -  
p r e c i a b l e  so lven t  act ion,  t h i c k  po rous  films, whose  
th i ckness  i nc reases  w i t h  the  t ime  anodized ,  a r e  
f o r m e d  (3) .  I t  has  been  shown  t h a t  the  porous  fi lms 
con ta in  a h e x a g o n a l  a r r a y  of pores ,  each  of w h i c h  
e x t ends  f rom the  so lu t ion  i n w a r d s  a lmos t  to the  
m e t a l  surface .  The  base  of each  po re  is s e p a r a t e d  
f r o m  the  m e t a l  b y  a th in  n o n p o r o u s  l a y e r  of 
ox ide  (4 ) .  A s l igh t  t e n d e n c y  t o w a r d  p o r o s i t y  w i t h  
e l e c t ro ly t e s  w h i c h  do no t  have  so lven t  ac t ion  has  
been  no ted  b y  F r a n k l i n  (5) .  The  c lass i f ica t ion  of 
anodic  fi lms as " e s s e n t i a l l y  n o n p o r o u s "  and  " p o r o u s "  
wi l l  be  r e t a ined ,  h o w e v e r .  

I t  has  no t  been  d e m o n s t r a t e d  b y  e x p e r i m e n t  

1 P r e s e n t  a d d r e s s :  D e D a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g  a n d  C h e m -  
i s t ry ,  W o r c e s t e r  P o l y t e c h n i c  I n s t i t u t e ,  W o r c e s t e r ,  M a s s a c h u s e t t s ,  

w h e t h e r ,  d u r i n g  fo rma t ion ,  a l u m i n u m  m o v e s  o u t -  
w a r d  t h r o u g h  the  f i lm or  o x y g e n  moves  i n w a r d ,  or  
if bo th  p rocesses  t a k e  place .  D e p e n d i n g  on w h i c h  of 
the  t h r e e  poss ib i l i t i e s  is in fac t  rea l i zed ,  the  ox ide  
fi lm wi l l  be  g r o w i n g  at  t he  o x i d e - s o l u t i o n  i n t e r -  
face,  a t  t he  m e t a l - o x i d e  in te r face ,  or  . somewhere  
b e t w e e n  the  two in te r faces .  In  the  case of p o r o u s -  
t y p e  coat ings ,  the  e l e c t r o l y t e  p r o b a b l y  fills t he  
pores ,  m a k i n g  con tac t  w i t h  t he  ox ide  a t  t he  po re  
bases ,  and  the  g r o w t h  of f u r t h e r  ox ide  m u s t  t a k e  
p lace  s o m e w h e r e  b e t w e e n  the  pore  bases  and  the  
me ta l .  This  has,  in fact ,  been  d e m o n s t r a t e d  in  n u -  
m e r o u s  e x p e r i m e n t s  (6, 7) b y  o b s e r v i n g  the  m o v e -  
m e n t  of l a y e r s  of porous  ox ide  w h i c h  w e r e  t a g g e d  
b y  p i g m e n t s  i n c o r p o r a t e d  in t he  pores .  These  e x -  
p e r i m e n t s ,  h o w e v e r ,  do no t  t e l l  w h e t h e r  t he  n e w  
ox ide  is b e i n g  f o r m e d  at  the  o x i d e - m e t a l  or  the  
o x i d e - s o l u t i o n  in t e r face ,  and  hence  g ive  no in -  
f o r m a t i o n  a b o u t  t h e  m o v e m e n t  of a l u m i n u m  or  o x y -  
gen t h r o u g h  the  ox ide  l aye r .  

The  e x p e r i m e n t s  to be  d e s c r i b e d  a re  s im i l a r  to 
those  in w h i c h  ox ide  l a y e r s  w e r e  t a g g e d  w i t h  p ig -  
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ments,  but  in this case the complicat ion of a pore. Lo 
s t ruc ture  was avoided by  using essent ia l ly  nonpor-  
ous oxide films tagged by  forming in a rad ioac t ive  ~" 

> 0.8 
electrolyte.  I t  wi l l  be shown in a la te r  paper  (8) ~- 
that  dur ing  anodizing some of the anion f rom the 
e lect rolyte  is incorpora ted  in the oxide as an es- ~ o.e 
sent ia l  component  of it. The tagged l aye r  was ap-  
pl ied e i ther  before or a f te r  app ly ing  a r a the r  th ick ~ o.4 
(700A) nonradioact ive,  nonporous oxide layer .  The g 
posit ion of the tagged layer  in the composite film ~ 0.2 
was de te rmined  by  dissolving the oxide s lowly and = 
measur ing  the remain ing  rad ioac t iv i ty  of the sample. 

0 

Experimental o 
Sulfur-35 tagged e lect rolyte  was p repa red  by  

adding car r ie r  H~SO, to radioac t ive  H~SO, (Oak 
Ridge Cat. I tem S - 3 5 - P - 1 ) ,  fuming  to remove chlo- 
r ide ion, and di lut ing to make  a 0.1% elec t ro ly te  
having a specific ac t iv i ty  of 0.6 m c / m g  SO4. Anodiz-  
ing in a sulfuric acid e lect rolyte  for an ex tended  
t ime gives a porous type  film. However ,  by  ve ry  
br ief  anodizing in such an e lec t ro ly te  wi th  a sui t -  
able appl ied  voltage,  the bui ldup of a porous l aye r  
can be minimized  and one wil l  obtain p r imar i l y  a 
nonporous ba r r i e r  l ayer  (4).  In this work, 99.99% 
A1 specimens were  immersed  for various periods of 
t ime in the  bath, a t  a dis tance of 5 cm f rom an 
a luminum cathode wi th  an appl ied  vol tage of 15 v. 
Where  a sulfate  coating was appl ied  af ter  the 50-v 
t a r t r a t e  coating, a 52-v potent ia l  was used. 

The 70OA thick nonradioac t ive  coatings were  ob-  
ta ined by  anodizing at a 50-v potent ia l  in a 3% am-  
monium t a r t r a t e  e lect rolyte  (2).  

The rad ia t ion  f rom the oxide films was measu red  
wi th  an end window Geige r -Muel l e r  counter  wi th  a 
precision of 2%. The 7OOA thick coating would a t -  
tenuate  less than  2% of the sulfur-35 radiat ion.  

The oxide was dissolved from the specimens wi th  
a 5% H~PO4-2% CrO~ solution at  50~ This reagent  
does not a t tack  the a luminum,  and it should not 
undermine  the oxide. 3200 

The act iv i ty  remain ing  on the specimens was 
plot ted  against  the to ta l  t ime of exposure  to the 2800 
oxide s t r ipping solution. 

2 4 0 0  
Results 

Figure  1 shows the resul ts  on three  specimens 
:~ 2 0 0 0  

t rea ted  wi th  (a) 30-sec H~SO, coat ing only, (b)  
700A iner t  layer ,  then 30-sec H.~SO~ coating, (c) 30- 
sec H~SO, coating, then 700A iner t  layer .  In  all  ~ ,coo 
cases, the H~SO~ coating was radioact ive.  I t  is ap-  -> 
pa ren t  f rom these three  curves tha t  the oxide layer  < 1200 

which is appl ied  first is the last  l ayer  to be removed  
dur ing  the s t r ipping t rea tments ,  so the oxide must  
have formed at the oxide-solu t ion  interface.  

It is difficult, because of the possibi l i ty  of non-  
uni form a t tack  on the oxide by  the s t r ipping solu- 
tion, to say prec ise ly  tha t  the oxide is being formed 
at the oxide-solu t ion  interface  r a the r  than  at some 
point  wi th in  the oxide l aye r  but  quite close to the 
oxide-so lu t ion  interface.  In this  sense, the  resul ts  
are  qual i ta t ive ,  and  one can only conclude tha t  the  
oxide is being formed much nea re r  the solution 
interface than  the me ta l  interface.  I t  follows tha t  
the pr inc ipa l  ma te r i a l  t r anspor ted  through the 

C I I I 
ULFATE + TARTRATF 

/ -  TARTRATE § SULFA 

2 4 6 8 I0 12 14 16 

STRIPPING TIME, MINUTES 

Fig. 1. Decrease in activity of sulfur-35 tagged oxide vs. 
time exposed to oxide stripping solution. Curves, top to 
bottom: 30-sec sulfate coating followed by 50-v tartrate 
coating; 30-sec sulfate coating only; 50-v tartrate coating 
followed by 30-sec sulfate coating. 

oxide film dur ing anodizing is a luminum and not 
oxygen. This resul t  is consistent  wi th  work  which 
indicates  that ,  under  forming conditions, ba r r i e r  
type  oxides are nonstoichiometric ,  containing excess 
a luminum. 

Another  in teres t ing  set of curves is shown in 
Fig. 2. In this case, 30-sec, 3-min,  and 10-min coat-  
ings were  formed in the radioac t ive  sulfuric  acid. 
Af te r  the radioact ive  coatings were  applied,  the 
specimens were  anodized in ammonium t a r t r a t e  to 
give a 50-v (700A) nonporous layer .  I t  would be 
expected  tha t  the t a r t r a t e  anodizing would:  (a) 
form a un i form nonporous layer  on top of the es- 
sent ia l ly  nonporous 30-sec coating, (b) complete ly  
fill the pores of the  3 -min  coating and perhaps  
bui ld  a nonporous layer  on top of it, and (c) t end  
to fill the pores of the 10-min coating, but  to a lesser 
extent  than wi th  the 3-min  coating. The curves in 
Fig. 2 are, in fact, jus t  wha t  would be expected with  

8 0 0  

4 0 0  

O o 

O 

I0 MINUTES 

,osEcos 

0 2 4 6 8 I0 12 14 

STRIPPING T I M E ,  MINUTES 

Fig. 2. Decrease in activity of sulfur-35 tagged oxide vs. 
time exposed to oxide stripping solution, Curves, top to bat- 
tam: 10-rain sulfate coating followed by 50-v tartrate coat- 
ing; 3-rnin sulfate coating followed by 50-v tartrate coating; 
30-sec sulfate coating followed by 50-v tartrate coating. 
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th is  mode l .  The  a c t i v i t y  of t he  s a m p l e  w h i c h  h a d  a 
10 -min  coa t ing  d e c r e a s e d  r a p i d l y ,  s h o w i n g  t h a t  t he  
pores  in t he  t a g g e d  ox ide  a p p l i e d  first  w e r e  no t  
f i l led up  c o m p l e t e l y  b y  the  n o n r a d i o a c t i v e  oxide .  
The  a c t i v i t y  of the  s a m p l e  w h i c h  h a d  a 3 - m i n  coa t -  
ing, whose  po re s  w o u l d  be  c o m p l e t e l y  f i l led b y  the  
n o n r a d i o a c t i v e  oxide ,  d e c r e a s e d  b u t  a t  a m u c h  
s lower  r a t e  t h a n  the  a c t i v i t y  of  the  10-ra in  sample .  
The  s a m p l e  w i t h  t he  30-sec  coa t ing  of t a g g e d  ox ide  
d i d  no t  show a d e c r e a s e  in  a c t i v i t y  u n t i l  t h e  non -  
r a d i o a c t i v e  ox ide  on top  h a d  been  d i s so lved  away .  

These  m a r k e r  e x p e r i m e n t s  d e m o n s t r a t e  conc lu -  
s ive ly  t ha t  the  a l u m i n u m  ion is t he  mob i l e  spec ies  in 
the  anod ic  o x i d a t i o n  of a l u m i n u m .  The  r e s u l t  is 
ana logous  to t ha t  found  in t he  anod ic  o x i d a t i o n  of  
t a n t a l u m  (9 ) .  

W h e n  the  e l e c t r o l y t e  has  no so lven t  ac t ion  on the  
oxide ,  the  a l u m i n u m  combines  w i t h  o x y g e n  a t  or  
n e a r  t he  o x i d e - s o l u t i o n  in t e r face ,  b u i l d i n g  u p  t h e  
t h i ckness  of t he  ox ide  in a cont inuous ,  u n i f o r m  
m a n n e r .  W h e n  the  e l e c t r o l y t e  has  so lven t  ac t ion  on 
the  ox ide  and  causes  pores  to be  fo rmed ,  t he  a l u m i -  
n u m  ions  combine  w i t h  o x y g e n  at  or  n e a r  t he  base  
of t he  pores .  This  n e w  ox ide  a p p a r e n t l y  fills in  b e -  
t w e e n  the  o u t e r  po rous  ox ide  l a y e r  a n d  the  me ta l ,  
a n d  m u s t  i t se l f  become  a p a r t  of the  po rous  o x i d e  

a f t e r  f u r t h e r  o x i d a t i o n  t a k e s  p lace .  The  de t a i l s  of 
the  process  b y  w h i c h  the  porous  l a y e r  is b u i l t  u p  
c o n t i n u o u s l y  f r o m  ox ide  w h i c h  is f o r m e d  n e a r  t h e  
bases  of the  pores  a r e  not  c l ea r  a t  t he  p r e s e n t  t ime.  
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ABSTRACT 

In  order  to avoid solvent  act ion by  the e lec t ro ly te  dur ing  anodic oxida t ion  
of a luminum,  the e lec t ro ly te  must  have  a high buffering capacity.  Wi th  such 
an e lec t ro ly te  the  conversion of a luminum to a luminum oxide is essent ia l ly  
quant i ta t ive .  The film thickness is p ropor t iona l  to the  vol tage  drop across the 
film, and the p ropor t iona l i ty  constant  does not  depend on the length  of t ime  
which the vol tage is left  applied.  The film contains,  as an essential  pa r t  of its 
s t ructure,  a quan t i ty  of the  anion f rom the electrolyte .  The  film appears  to be 
nonstoichiometr ic ,  hav ing  excess a luminum dur ing  formation,  the amount  of 
excess decreasing wi th  increased length  of anodizing time. The coulombic 
t ransfer  dur ing  film format ion  is quan t i t a t ive ly  accounted for  dur ing  fo rma-  
tion by  oxidat ion  of a luminum to the  t r iva len t  s ta te  and  l ibera t ion  of oxygen  
gas. Af te r  the  film growth  has ceased, the cur ren t  can be only pa r t i a l l y  ac-  
counted for  by  oxygen evolution,  bu t  i t  is thought  tha t  this  is because of 
difficulty in nuclea t ing  oxygen bubbles.  

I t  is n o w  w e l l  k n o w n  t h a t  an  ox ide  f i lm w h o s e  
th i ckness  is p r o p o r t i o n a l  to t he  v o l t a g e  m a y  be  
f o r m e d  on a l u m i n u m  b y  anodic  o x i d a t i o n  in an  e lec -  
t r o l y t e  w h i c h  has  no so lven t  ac t ion  on a l u m i n u m  
oxide .  This  p a p e r  desc r ibes  s e v e r a l  e x p e r i m e n t s  d e -  
s igned  to d e t e r m i n e  to w h a t  e x t e n t  a q u a n t i t a t i v e  
e l e c t r o c h e m i c a l  d e s c r i p t i o n  of t he  process  can  be  
made .  I t  cons iders  t he  r e l a t i o n s h i p  b e t w e e n  the  
t h i ckness  of t he  f i lm and  the  p o t e n t i a l  d rop  across  
it, the  compos i t i on  of t he  film, t he  n a t u r e  of t he  

1 Present  address: Department  of  Chemical  Engineer ing and 
Chemistry,  Worcester  Polytechnic Inst i tute,  Worcester,  Massa- 
chusetts. 

e lec t ro ly t e ,  and  the  cou lombic  efficiency in  f o r m i n g  
the  film. The  phys ics  of the  ion t r a n s p o r t  t h r o u g h  t h e  
f i lm is no t  cons ide red  exp l i c i t l y ,  a l t h o u g h  ev idence  
of n o n s t o i c h i o m e t r y  is p r e s e n t e d .  

M a n y  fac to rs  m a y  inf luence  the  cou lombic  effi- 
c i ency  in  f i lm fo rma t ion .  H a a s  (1)  f o u n d  b y  m u l t i -  
p le  b e a m  i n t e r f e r o m e t r y  t h a t  t h e  f i lm t h i c k n e s s  p e r  
vo l t  for  anod iz ing  a l u m i n u m  in an  a m m o n i u m  t a r -  
t r a t e  e l e c t r o l y t e  a t  a p H  of 5.5 i nc reases  f rom 
12 .2A/v  in  30 sec anod iz ing  to  13 .5A/v  a f t e r  15 m i n  
anod iz ing  and  inc reases  f u r t h e r  a t  a r a t e  of l % / h r  
a f t e r  tha t .  H e  found  t h a t  t he  a l u m i n u m  ox ide  fi lm 
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accounted for only 80% of the a luminum consumed, 
a l though the e lec t ro ly te  i tself  did not a t tack  the 
film. Dewald  (2,3) and Young (4, 5) have discussed 
the role of space charge, in the form of excess 
meta l  ions, dur ing  anodic oxidation.  Young (5) has 
demons t ra ted  tha t  such space charge is p robab ly  
"frozen into" the oxide when cur ren t  is in ter rupted .  
Direct  chemical  observat ion of "frozen in" space 
charge has not been made. I t  has been proposed 
(6, 7) tha t  low valent  a luminum is a direct  product  
of anodic oxidation,  and that  its oxidat ion to the 
t r iva len t  s ta te  resul ts  in hydrogen  being l ibera ted  at 
the anode. Al though hydrogen  evolut ion does un-  
doubtedly  occur in some electrolytes,  it  is usual ly  
thought  that  oxygen is the  gas evolved when a lumi -  
num is anodized in e lectrolytes  which are  sui table  
for the development  of oxide films. I t  has been ob-  
served by many  invest igators  tha t  porous anodic 
oxide coatings ( formed in e lectrolytes  wi th  solvent  
action on a luminum oxide)  contain measurab le  
amounts  of the acid anion, e.g., 12-14% SO, f rom 
H.,SO, (8).  

Experimental 
Weighing and oxide stripping.--The average  

thickness of an oxide film on a luminum was de te r -  
mined d i rec t ly  by weighing a specimen, anodizing 
under  the appropr ia te  conditions, reweighing,  dis-  
solving the oxide off in a reagent  which does not  
a t tack  a luminum, and weighing again. This gives 
the a luminum consumed in forming the oxide film 
and the total  weight  of the film. The reagent  used 
was 5% H~PO~-2% CrO~ at 85~ Dissolution of 
o rd inary  anodic oxide films which have not been 
formed at  excessively high voltages or t empera tu res  
is complete in 5 rain, whereas  the  a t tack  on the a lu-  
minum is less than 2A/rain,  as de te rmined  by rad io-  
active t racer  exper iments  (9) and less than  0.06 
~g /cmVmin  as de te rmined  by  direct  weighing 
measurement  in p re l imina ry  work  in this inves t iga-  
tion. The iner tness  of the a luminum results  f rom the 
format ion of a 10-20A thick mixed  phospha te -ch ro -  
mate  film on the surface by  react ion wi th  i t  (9).  
The a luminum consumed in forming an oxide film 
may  be de te rmined  f rom the weight  loss of a speci-  
men when a film is formed and then s t r ipped off. 

In this invest igat ion,  a 99.9% A1 foil, wi th  34 cm-" 
area, suspended from a 0.010 in. A1 wire,  was used. 
An Oert l ing torsion balance,  counterba lanced to ac-  
commodate  the  foil, which weighed about  30 mg, 
was used. The precision of weighing was •  ~g. 
The ca l ibra t ion  of the torsion scale was not affected 
by  the counterbalancing.  Samples  were  r insed twice 
in dis t i l led wa te r  and twice in acetone, dr ied  by 
suspending in hot air  over a hot plate,  and weighed.  
Thermal  equi l ib r ium in the balance  was reached 
wi thin  5 min. Electrostat ic  charges in te r fe red  with 
weighing on ve ry  d ry  days. No loss of precision was 
noted as a resul t  of the  sample  washing and d r y -  
ing procedure.  

Anodizing.--Two different  e lectrolytes  were  used. 
One was a 3% ta r t a r i c  acid solution, ad jus ted  to a 
pH of 5.5 wi th  ammonia,  as used by  Haas. The other  
was a solution of 1.6 wt  % H~PO4 adjus ted  to a pH 
of 7.0 wi th  KOH. The electrolytes  were  sa tu ra ted  

with  oxygen gas. A p la t inum cathode was used. The 
voltages across the film were  measured  wi th  a vac-  
uum tube volt  meter,  using an oxygen-p la t in ized  
p l a t inum reference electrode near  the sample. The 
reference  e lect rode and correct ion for its ha l f -ce l l  
were  s imilar  to those descr ibed in a subsequent  
publ icat ion (10). 

Radioactive tracer experiments.--The phosphate  
content of anodic oxide films formed in the phos-  
phate  e lect rolyte  was measured  by using neut ron  
i r r ad ia t ed  KHfPO~ and compar ing the ac t iv i ty  of 
the  films with  s tandards  p repa red  by evapora t ion  of 
al iquots of the electrolyte.  Act ivi t ies  were  measured  
wi th  a 1.5 m g / c m  ~ end window Geiger -Muel le r  de-  
tector  to a precision of 1%. No se l f -absorp t ion  by  
films of the thickness employed is to be expected.  

The samples in this por t ion of the work  were  1-in. 
squares of 0.064-in. thick, h i g h - p u r i t y  sheet (99.99% 
A1), chemical ly  polished by  the Alcoa R-5 br ight  
dip process2 Weighing of these samples was done 
with  a Kuhlmarm microbalance.  

Results 
The electrolyte.--The previous  observat ion (1),  

that  more a luminum is consumed dur ing  anodizing 
in a t a r t r a t e  e lect rolyte  than can be accounted for in 
the film, was confirmed by weight  change measure -  
ments. Up to 50% excess a luminum could be con- 
sumed in forming an l l 0 0 A  coating. The excess was 
var iab le  and depended on current  densi ty  and other  
unknown factors. This author  has observed in other  
studies that  b a r r i e r - t y p e  films cannot be formed in 
cer ta in  other e lectrolytes  such as K2SO4, but  tha t  
porous films s imi lar  to those formed in H~SO, are  
obtained.  Nei ther  ammonium t a r t r a t e  nor  potass ium 
sulfa te  e lectrolytes  wil l  dissolve Al~O~ by simple 
contact  wi thout  cur rent  flow. 

The behavior  observed in the different  e lect ro-  
lytes may  be expla ined  read i ly  in te rms of the 
buffering capaci ty  of the electrolyte.  By discharge 
of oxygen anions, through format ion  of AI~O, or 
l ibera t ion  of oxygen gas, a zone adjacent  to the sur-  
face which is deficient in anions is formed.  In the 
absence of a buffering agent  this zone wil l  be acidic. 
The oxide is forming at the oxide-solut ion  interface 
(11), and, whi le  in the process of forming, wil l  not  
show any of the cus tomary  aging effects which are  
responsible  for the difficulty usual ly  encountered  
in oxide dissolution. Hence, it  should dissolve 
read i ly  if the solution adjacent  to it  has a pH below 
about  3.5 (12). Potass ium sulfate  has a lmost  no 
buffering capaci ty  and ammonium t a r t r a t e  only 
litt le,  and it is not unreasonable  to expect  that  the  
pH at the oxide surface falls  below 3.5 dur ing  ano- 
dizing. A sui table  e lec t ro ly te  for quant i ta t ive  con- 
version of a luminum to ALO, should have, as the 
pH of m a x i m u m  buffering capacity,  a value  close 
to that  of least  solubi l i ty  of AI~O,. Of course, anions 
such as chloride, which have a deleter ious effect on 
the blocking power  of the oxide, should be avoided. 

The phosphate  e lec t ro ly te  descr ibed prev ious ly  
(a mix tu re  of KH~PO~ and K~HPO4-pH 7), wi th  a 
high buffering capacity,  has been used. The con- 
vers ion of metal l ic  a luminum to an oxide film is es- 

2 U.  S. P a t .  2 ,650,157.  
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sent ia l ly  quan t i t a t ive  wi th  this electrolyte.  Dur ing 
the in i t ia l  stages of ~ film format ion  there  is an ap-  
pa ren t  excess of a luminum over  tha t  requ i red  to 
form the film (e.g., as seen in Fig. 1, to be discussed 
l a te r ) ,  but  the apparen t  excess decreases wi th  in-  
creasing length  of anodic t rea tment .  Since i t  is un-  
l ike ly  tha t  a luminum lost to the  solution could re -  
enter  the coating, the  excess a luminum must  be in 
the coating r a the r  than  lost to the solution by  sol-  
vent  action. 

Film thickness per v o / t . - - F i g u r e  1 shows the po-  
ten t ia l  drop across a film, the  film thickness,  and the 
dens i ty  thickness per  vol t  as a function of t ime 
when a film was formed in the  phosphate  e lec t ro-  
lyte.  The current  was l imi ted  to 0.75 m a / c m  ~ in the  
ini t ia l  stages of film format ion  by an ex te rna l  va r i -  
able resistance.  A sl ight  b reak  in the vol tage  curve 
jus t  above 30 v corresponds to the point  at  which 
gas s tar ts  to be l ibe ra ted  at  the sample  surface. The 
cur ren t  dens i ty  is also shown. It  is seen tha t  the  
thickness per  vol t  is constant  (wi th in  an exper i -  
men ta l  e r ror  of 1 or 2%) f rom the point  where  only 
65% of the  film thickness has been reached to the  
t ime when  the film thickness is changing at  a ra te  
of only 1%/h r .  

The l inea r i ty  of the  re la t ionship  be tween  film 
thickness and vol tage  is shown in Fig.  2. 

Using a densi ty  of 3.2 for the film, which is in 
agreement  wi th  other  invest igat ions of anodic oxi-  
dat ion of a luminum, the film thickness in A / v  is 
13 .8_  0.3 which is in excel lent  agreement  wi th  
Haas 's  value  of 13.5 A / v  for 15 min anodizing. 

Al though the film thickness pe r  volt  was found to 
be independent  of t ime in this  work,  Haas (1) did  
observe a dependence.  Two reasons m a y  account for 
this. First ,  cathode polar izat ion and ohmic losses 
through the e lect rolyte  were  avoided in this  work  
by  measur ing  only the  poten t ia l  drop  across the  
film by means of a reference electrode.  Second, the 
slight tendency for the oxide to dissolve in the t a r -  
t r a t e  e lec t ro ly te  m a y  cause a prev ious ly  undetec ted  
porosi ty  in films formed in tha t  electrolyte.  

Composition of y~lm.--By forming films in an 
e lec t ro ly te  containing phosphorous-32,  i t  was found 
tha t  the  film contains phosphorus equivalent  to 
about  6% PO4, as shown in Fig. 3. The amount  of 
phosphorus in a film var ies  in direct  p ropor t ion  wi th  
its thickness,  showing tha t  the phosphorus  is in the  
film ra the r  than  absorbed on the  surface. I f  i t  is 
present  as A1PO4, then a s toichiometr ic  film contains 
8% A1PO, and 92% A120~. The most l ike ly  form for 
the phosphorus would be P20~ wi th  the phosphorus  
atoms s imply  subst i tu ted  for a luminum atoms in the  
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oxide lattice. In this case, the composition would be 
3.5% P202 and 96.5% AI~O~. In either case, the 
stoichiometric composition of the film would be 51% 
A1. Figure 1 shows the measured percentage of 
aluminum used in forming a 70-v film, as a function 
of time. After 5 min forming, while a current  of 
0.75 m a / c m  "~ was flowing through the film, 58% A1 
had been consumed. The percentage of aluminum 
decreased with length of forming time to only 53% 
A1 in 2 hr. There is no evidence of hydrat ion of 
the barr ier - type  films. 

A more detailed study of the composition of 
anodic oxide films is being pursued and a discussion 
of the significance of the nonstoichiometry to the 
mechanism of ionic transport  will be postponed 
until fur ther  information is available. The results 
presented here do support, by direct chemical meth-  
ods, Young's (4) prediction of excess metal ions 
being "frozen into" the oxide when anodizing is 
stopped. 

Current el~ciency.--When forming oxide films 
by anodic oxidation in the phosphate electrolyte, the 
current passing through the film may be accounted 
for quanti tat ively by the oxidation of a luminum to 
the tr ivalent  ion (forming an oxide film of thickness 
14A/v, density 3.2, and containing the nonstoichio- 
metric 55% A1) and the liberation of oxygen gas at 
the anode surface. After the oxide film reaches its 
maximum thickness for a given applied voltage, 
only about 80% of the residual current  flowing 
through it may be accounted for in terms of oxygen 
gas liberation at the anode. These effects are illus- 
trated by an experiment summarized in Fig. 4. Spec- 
imens were polished metallographically and chemi- 
cally micropolished by the procedure given by Lewis 
and Plumb (9). They were then anodized in the spe- 
cial cell described in the next  paper  of this series (10). 
The total coulombs passed through the cell, the volt-  
age drop across the film, and the volume of gas liber- 
ated at the anode were measured at various times 
during the formation of a 77 v film. Using the thick- 
ness factor (13.SA/v), density, and composition ex- 
pected from previous work, and assuming oxidation 
of aluminum to the tr ivalent state, the coulombs re- 
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Fig. 4. Coulombic transfer in formation of 80-v barrier layer 
film by anodizing in phosphate electrolyte. 

quired to form the film were calculated. Adding to 
this the coulombs required to generate the observed 
volume of gas, the curve marked "film plus oxygen" 
was obtained. It is seen that the agreement with the 
experimental  curve is quantitative while the film is 
forming, but less good when the film formation is 
almost complete. The poor agreement after film 
formation has practically ceased does not neces- 
sarily indicate that  oxygen liberation and film for- 
mation do not quanti tat ively account for the cur-  
rent under all conditions. During formation of the 
oxide film at the solution-oxide interface, the sur- 
face is changing continuously and would supply 
sites where oxygen bubbles could nucleate readily; 
in contrast to this, a stat ionary surface would not 
provide as many  sites for nucleation, and hence 
would favor discharge of oxygen without  nucleation 
of gas bubbles producing a diffusion-type current 
similar to that which occurs at any anode when the 
oxygen overvoltage is not exceeded. 

The coulombic efficiency, as defined by the ratio 
of coulombs necessary to oxidize the proper amount  
of a luminum to the tr ivalent state, to the total 
coulombs passed through film, varies greatly with 
the thickness of the film and the length of time the 
voltage is applied. It is generally observed that no 
oxygen is evolved from the anode until there is a 
voltage drop of 15-20 v across the film. Until then 
the current  efficiency is close to 100%. As the film 
thickens, a continuously higher percentage of the 
total current appears as oxygen, and the efficiency 
drops to 50% and lower. When the film stops grow- 
ing, some current  (usually called leakage current)  
continues to flow, and the apparent  current  effi- 
ciency drops still lower depending on how long the 
leakage current is allowed to flow. 

The results obtained may be explained without 
postulating low valent a luminum ion production. If  
even 10% of the aluminum were produced as a di- 
valent or monovalent  ion, these coulometric meas- 
urements should have detected it. It is possible that  
the low valent a luminum ions are produced to a 
lower extent and were detected by Davidson's 
(6, 7) sensitive experiments but escaped detection 
in this work. Further,  there are probably basic dif- 
ferences between the electrolytes used by Davidson 
and those used in this work, since his electrolytes 
were not generally suitable for forming protective 
oxide coatings. It is likely that  the nature of the 
ionic species produced will be sensitive to this dif- 
ference. 

Summary 
The measured potential drop across an anodic 

oxide film formed in a KH2PO,-K~HPO, electrolyte 
at a pH of 7 appears to be a precise measure of the 
thickness of the film, independent of whether  the 
film is undergoing formation or whether  growth has 
ceased. Using a KH~PO,-K~HPO~ electrolyte, the 
conversion of a luminum to aluminum oxide is es- 
sentially quantitative and the coulombic transfer 
may  be accounted for by conversion of the alumi- 
num to the tr ivalent  state and the liberation of some 
oxygen gas. 
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Studies of the Anodic Behavior of Aluminum 

III. The Specific Surface Area of Aluminun with Variable Resolution from 20. ~. to 1000.~. 
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ABSTRACT 

A new technique for s tudying the surfaces of metals that can be anodically 
oxidized is proposed. Its development  and application for a var ie ty  of a lumi-  
num surfaces is described. It  gives a measure of the specific area of a luminum 
with what  may be described as a continuously variable  resolution from 40A 
to 1000A. The results agree with measurements  of specific surface area by a 
radiochemical technique which has a resolution of about 20A and optical 
measurements  made at resolution greater than 1000A. The shape of a par t icu-  
lar surface area vs. resolution curve gives informat ion about the topography 
of the surface. 

If one could look at an  idea l ly  p r epa red  cross 
sect ion of a meta l l i c  surface  wi th  a con t inuous ly  v a r -  
iable  magni f ica t ion  f rom less t h a n  1 d i ame te r  to abou t  
10 ~ d iameters ,  more  and  more  deta i l  of the surface  
contours  wou ld  be revea led  as smal le r  and  smal le r  
asperi t ies,  cracks, fissures, etc., were  resolved,  u n t i l  
u l t i m a t e l y  the asper i t ies  cons is t ing  of a few atoms, 
together  wi th  oxide layers  and  adsorbed  molecules ,  
were  revealed.  Such a de ta i led  d i rec t  e x a m i n a t i o n  
of surface  contours  over  a su i tab le  magni f ica t ion  
r ange  is imposs ib le  at  the p resen t  stage of deve lop-  
m e n t  of e lec t ron  microscopy and  sample  sec t ioning  
techniques .  Special  t echn iques  for r evea l ing  surface  
contours  such as m u l t i p l e  b e a m  i n t e r f e r o m e t r y  and  
reflection e lec t ron  microscopy are  appl icable  on ly  to 
r e l a t ive ly  smooth  surfaces.  As a resul t ,  the k n o w l -  
edge of surface  topography  of rough  surfaces is 
v e r y  l imited.  

One m a y  f u r t h e r  consider  the  hypo the t i ca l  e x a m -  
ina t ion  of a surface  u n d e r  ideal ized condit ions.  If 
the surface  a rea  were  m e a s u r e d  at each magni f ica -  
tion, one wou ld  find it  con t inuous ly  inc reas ing  in  the  
m a n n e r  of a geometr ic  p rogress ion  since the sma l l e r  
asperit ies,  fissures, and  cracks wou ld  appea r  as i r -  
r egu la r i t i e s  on l a rger  asper i t ies  which  had  been  ob-  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of Chemical  Eng inee r ing  and 
Chemis t ry ,  Worcester  Polytechnic  Inst i tute ,  Worcester ,  Massa-  
chusetts.  

served at lower  magnif icat ions .  The converse  r e l a -  
t ionship  is that,  if the  surface  a rea  could be meas -  
u red  wi th  con t inuous ly  va r i ab le  resolut ion,  the  dis-  
t r i b u t i o n  of asper i ty  sizes could be in fe r r ed  f rom the 
va r i a t i on  of the  m e a s u r e d  surface  area.  Such  a proc-  
ess is cons idered  here.  

The surface  area  of meta l s  m a y  be m e a s u r e d  by  
severa l  phys ica l  chemical  techniques .  M e a s u r e m e n t s  
by  gas adsorp t ion  have  r ecen t l y  been  r ev i ewed  by  
O 'Connor  and  Uhl ig  (1) .  B o w d e n  and  Rideal  (2) 
devised the  classical t e chn ique  of m e a s u r i n g  double  
l ayer  capac i tance  of a me t a l  in  an electrolyte .  This  
t e chn ique  has been  r e - e x a m i n e d  r ecen t ly  by  Wiebe  
and  W i n k l e r  (3) .  Adsorp t ion  of rad ioac t ive  f a t ty  
acids f rom solu t ion  has been  used (4) .  The  f o r m a -  
t ion  of a th in  rad ioac t ive  b a r r i e r  l ayer  on a l u m i n u m  
has been  used by  this  au thor  (5) .  Each of these 
methods  of area  measu re r~en t  has a charac ter i s t ic  
reso lu t ion  or reso lv ing  power  co r respond ing  to the  
th ickness  of the l aye r  appl ied  to the surface.  Be-  
cause of e x p e r i m e n t a l  difficulties in  the  m e a s u r e -  
me n t s  a nd  the  ques t ionab le  va l id i ty  of the  resul t s  in  
some cases, the  sur face  area  f r e q u e n t l y  r e m a i n s  an  
u n k n o w n  factor  in  o therwise  q u a n t i t a t i v e  inves t iga -  
t ions of sur face  p h e n o m e n a .  

M a n y  metals ,  w h e n  anod ica l ly  oxidized in  a su i t -  
able  e lectrolyte ,  become covered wi th  a t h i n  oxide 
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film whose  th i ckness  is in d i r ec t  p r o p o r t i o n  to t he  
v o l t a g e  d r o p  across  t he  film. A l u m i n u m  and  t a n t a -  
l u m  h a v e  been  i n v e s t i g a t e d  in  t h e  mos t  de ta i l .  Z i r -  
conium,  u r a n i u m ,  si l icon,  c h r o m i u m ,  n iob ium,  and  
mar ly  o t h e r  m e t a l s  m a y  also be  a n o d i c a l l y  oxid ized ,  
a l t h o u g h  the  d e t a i l e d  v a r i a t i o n  of f i lm th i cknes s  
w i t h  v o l t a g e  has  no t  been  e luc ida ted .  W i t h  a l u m i -  
num,  in  a s u i t a b l e  e l e c t r o l y t e  (6) ,  t he  f i lm t h i c k e n s  
un t i l  the  f ield s t r e n g t h  is r e d u c e d  to a b o u t  0.07 v / A ,  
and  t hen  t h e  f i lm s tops  g rowing .  If  such a f i lm is 
f o r m e d  on a r o u g h  sur face ,  t he  f i lm r e p r o d u c e s  t he  
con tours  of t he  su r f ace  on ly  i f  the  he igh t  or  w i d t h  
of t he  a spe r i t i e s  exceeds  the  t h i ckness  of t he  film. 
By  m e a s u r i n g  the  a m o u n t  of a f i lm of a k n o w n  
th i ckness  f o r m e d  on a surface ,  the  a r e a  of t h e  s u r -  
face  w o u l d  be  d e t e r m i n e d  w i t h  a specif ied r e so lu t i on  
( the  f i lm t h i c k n e s s ) .  

This  t e c h n i q u e  of m e a s u r i n g  su r f ace  a r e a  w i t h  
v a r i a b l e  r e so lu t i on  has  been  d e v e l o p e d  for  a l u m i -  
num.  The  re su l t s  h a v e  been  c o m p a r e d  at  each  end  of 
the  r e s o l u t i o n  c u r v e  w i t h  m e a s u r e m e n t s  of t h e  
specific su r f ace  m a d e  b y  a r a d i o a c t i v e  t r a c e r  t e c h -  
n ique  (5)  ( r e so lu t i on  20A) ,  and  e l ec t ron  and  op t i ca l  
mic roscop ic  t e chn iques  ( r e s o l u t i o n  1000-10,000A).  

Measurement o5 Specil~c Surface Area 
by Anodic Oxidation 

As s h o w n  in a p r e v i o u s  p a p e r  (6) ,  t h e  t h i cknes s  
of t he  ox ide  f i lm f o r m e d  on a l u m i n u m  b y  anodic  
o x i d a t i o n  in  a 1.6% HGPO4 e l ec t ro ly t e ,  a d j u s t e d  to 
a p H  of 7.0 w i t h  KOH,  is 0.44 m g / c m " - v  or  14A/v .  
The  f i lm con ta ins  abou t  55% a l u m i n u m  u n d e r  f o r m -  
ing condi t ions ,  and  t h e  cou lombic  t r a n s p o r t  t h r o u g h  
the  f i lm d u r i n g  its f o r m a t i o n  m a y  be  accoun ted  for  
to  w i t h i n  5% b y  o x i d a t i o n  of  a l u m i n u m  to t h e  t r i -  
v a l e n t  ion  a n d  the  l i b e r a t i o n  of some o x y g e n  gas. 
The  su r f ace  a r e a  shou ld  be  m e a s u r a b l e  t h e n  b y  
f o r m i n g  a n  o x i d e  f i lm of a k n o w n  th ickness ,  m e a s -  
u r i n g  the  t o t a l  a m o u n t  of f i lm f o r m e d  f r o m  the  
cou lombic  t r a n s f e r  ( c o r r e c t i n g  for  o x y g e n  gas evo -  
l u t i o n ) ,  a n d  ca l cu l a t i ng  t h e  e x t e n s i o n  of t h e  f i lm in 
a r e a  uni ts .  D i v i d i n g  b y  the  g e o m e t r i c  a r e a  g ives  t he  
specific su r f ace  a r e a  or  r oughnes s  fac tor .  

Coulometer.--The cou lombic  t r a n s f e r  was  m e a s -  
u r e d  w i t h  a h y d r o g e n  gas  cou lome te r ,  w h i c h  also 
s e r v e d  as t h e  ca thode  for  anodiz ing .  The  c a thode  
was  a 1/s-in. l ong  p l a t i n i z e d  p l a t i n u m  wire .  T h e  gas  
v o l u m e  in t he  c o u l o m e t e r  a b o v e  the  l iqu id  was  k e p t  
u n d e r  0.3 m l  to m i n i m i z e  the  effects of t e m p e r a t u r e  
va r i a t i ons .  S ince  the  e l e c t r o l y t e  was  s a t u r a t e d  w i t h  
oxygen ,  w h e n e v e r  the  l eve l  of t he  l i qu id  was  r a i s e d  
the  c o u l o m e t e r  was  c o n d i t i o n e d  b y  pas s ing  c u r r e n t  
for  a sho r t  t i m e  to consume  a n y  o x y g e n  w h i c h  
m i g h t  combine  d i r e c t l y  w i t h  t he  h y d r o g e n  at  t he  
p l a t i n u m  surface .  The  r e sponse  of t he  cou lome te r ,  
as d e t e r m i n e d  b y  c o m p a r i s o n  w i t h  a good q u a l i t y  
a m m e t e r ,  was  w i t h i n  1% of t he  t h e o r e t i c a l  v o l u m e  
of g a s / c o u l o m b  in t h e  r a n g e  of 200 ~a to  50 ma.  A t  
175 ~a the  r e sponse  was  95% and  at  100 ~a i t  was  
70%. D a y - t o - d a y  b a r o m e t r i c  changes  w e r e  n e g l i g i -  
ble .  Gas  co l lec t ion  a f t e r  pa s s ing  c u r r e n t  w a s  c o m -  
p l e t e  in 2 or  3 min ,  and  w i t h  ca re  t he  v o l u m e  of 
gas  cou ld  be  m e a s u r e d  to 0.001 m l  ( l k )  c o r r e s p o n d -  
ing  to a s e n s i t i v i t y  of 0.008 cou lombs .  
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Fig. 1. Anode compartment of anodizing cel~ 
Cell design.--The des ign  was  d i r e c t e d  t o w a r d  

q u a n t i t a t i v e  co l lec t ion  of o x y g e n  gas. The  cel l  is 
shown in Fig.  1. Gas  b u b b l e s  w e r e  co l lec ted  b y  t a p -  
p ing  on the  top  of t h e  cell .  T h e  a d d i t i o n  of 1% 
a m y l  a lcohol  to t he  e l e c t r o l y t e  g r e a t l y  f ac i l i t a t ed  
b u b b l e  co l lec t ion  w i t h o u t  a f fec t ing  the  c h a r a c t e r -  
i s t ics  of t he  anod iz ing  process .  To m i n i m i z e  d i f fus ion  
cu r ren t ,  t he  e l e c t r o l y t e  was  k e p t  s a t u r a t e d  w i t h  O., 
gas t h a t  was  b u b b l e d  into  the  e l e c t r o l y t e  t h r o u g h  a 
fine c a p i l l a r y  a t  high pres su re .  E l e c t r i c a l  con tac t  
w i t h  t he  s a m p l e  was  m a d e  w i t h  a 0.010 in. a l u m i -  
n u m  w i r e  p r e s s e d  into  t h e  su r f ace  of t h e  s a m p l e  b y  
a n y l o n  screw.  Be fo re  t he  i n i t i a l  a s s e m b l y  of t h e  
cell ,  t he  w i r e  was  anod ized  to a 160-v  b a r r i e r  l aye r .  
In  o p e r a t i o n  of the  cel l  w i t h  a p iece  of p l a s t i c  s u b -  
s t i t u t e d  for  t he  sample ,  no d e t e c t a b l e  c u r r e n t  w a s  
obse rved .  A f i lm of g r ea se  at  t h e  j o in t  b e t w e e n  the  
top  and  c e n t r a l  po r t i ons  of t h e  cel l  p r e v e n t e d  t h e  
a c c u m u l a t i o n  of a c onduc t i ng  m o i s t u r e  f i lm b e t w e e n  
the  two  e l ec t rode  connect ions .  The  v o l t a g e  d rop  
across  t he  f i lm was  m e a s u r e d  w i t h  an  O5 r e f e r e n c e  
e lec t rode ,  cons i s t ing  of a p l a t i n i z e d  p l a t i n u m  w i r e  
a b o u t  1 m m  a w a y  f rom t h e  sample .  The  r e f e r e n c e  
e l ec t rode  was  k e p t  s a t u r a t e d  w i t h  O~ f r o m  the  so lu -  
t ion  and  b y  pas s ing  c u r r e n t  (4 m a  x 15 sec)  t h r o u g h  
it be fo re  each  s tep  of anodiz ing .  O3 r e f e r e n c e  e lec -  
t r odes  show i n s t a b i l i t y  and  l a c k  of r e p r o d u c i b i l i t y  
in t h e  r a n g e  of t ens  of mi l l ivo l t s ,  b u t  s ince  t he  v o l t -  
ages  to be  m e a s u r e d  h e r e  w e r e  la rge ,  good p rec i s ion  
w a s  n e e d e d  on ly  on t h e  d i f fe rences  b e t w e e n  succes -  
s ive  vo l t ages  and  no t  on t h e i r  abso lu t e  va lue .  The  
O~ e l ec t rode  h a d  t h e  spec ia l  a d v a n t a g e  t h a t  t h e r e  
w a s  no r i sk  of i n t r o d u c i n g  fo r e ign  ions,  such  as 
ch lor ide ,  w h i c h  can  be  v e r y  de l e t e r i ous  to anodiz ing .  

Power supply.--Sets of 22.5-v and  1.5-v d r y  cel ls  
w e r e  a r r a n g e d  w i t h  m u l t i p l e  t ap s  to g ive  any  p r e -  
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set  v o l t a g e  f r o m  0 to 160 v in  1.5-v s teps.  A n  
a u x i l i a r y  c i r cu i t  was  u sed  to pass  t h e  cond i t i on ing  
c u r r e n t  t h r o u g h  the  p l a t i n u m  e lec t rodes .  

Sample preparation.--To l im i t  t he  a r e a  of a spec -  
i m e n  for  m e a s u r e m e n t ,  t he  d e s i r e d  a r e a  was  m a s k e d  
off w i t h  ap iezon  w a x  and  the  r e s t  of the  s p e c i m e n  
was  anod ized  to a 160-v coat ing .  The  w a x  was  t hen  
r e m o v e d  b y  a t h o r o u g h  b e n z e n e  v a p o r  deg reas ing .  
No o the r  p r o c e d u r e  t r i e d  was  ef fec t ive  because  of 
t he  t e n d e n c y  for  anod ic  o x i d e  to p e n e t r a t e  b e n e a t h  
a n y  p r o t e c t i v e  coat ing .  The  p r o c e d u r e s  for  o b t a i n -  
ing the  v a r i o u s  su r f aces  a r e  g iven  in  t he  cap t ions  
for  t he  f igures.  

Measurement procedure.--After a s a m p l e  h a d  
been  inse r t ed ,  the  e l e c t r o l y t e  s a t u r a t e d  w i t h  O~, 
t e m p e r a t u r e  e q u i l i b r a t i o n  reached ,  a n d  t h e  h y d r o -  
gen c o u l o m e t e r  condi t ioned ,  vo l t ages  w e r e  a p p l i e d  
to the  s a m p l e  in  1.5 v and  l a r g e r  s teps.  Vo l t age  
d rops  across  t he  f i lm w e r e  m e a s u r e d  a n d  p l o t t e d  
a ga in s t  t ime .  S ince  t h e  r e c o v e r y  of  O~ d id  no t  a p p e a r  
to be  q u a n t i t a t i v e  w h e n  the  f i lm g r o w t h  was  v e r y  
s low (6) ,  t he  vo l t ages  w e r e  a p p l i e d  for  shor t  t imes  
(2-5 m i n )  only ,  u n t i l  the  m e a s u r e d  vo l t age  across  
t h e  f i lm s h o w e d  signs of l eve l ing  off. The  H~ and  O~ 
( i f  a n y )  w e r e  co l lec ted  and  m e a s u r e d ,  and  a n e w  
vo l t age  s tep  was  app l i ed .  I t  was  g e n e r a l l y  f o u n d  
t ha t  the  f irst  v o l t a g e  at  w h i c h  O~ was  evo lved  was  
n e a r  20 v. 

Calculation of specific surface area and resolution. 
- - T h e  m e a s u r e d  p o t e n t i a l  d i f fe rence  b e t w e e n  the  
r e f e r e n c e  e l e c t r o d e  a n d  t h e  a l u m i n u m  spec imen  is 
the  s u m  of the  o x y g e n  h a l f - c e l l  a t  the  p l a t i n u m  
(0.4 v ) ,  t he  p o t e n t i a l  d rop  across  the  film, and  
doub le  l a y e r  and  i n t e r r a c i a l  p o t e n t i a l s  w h i c h  m a y  
be  sa fe ly  i gno red  because  of t h e i r  m a g n i t u d e .  The  
p o t e n t i a l  d rop  across  t h e  f i lm is t h e  s u m  of t h e  a l u -  
m i n u m  h a l f - c e l l  (A1 ~ A1 § + 3e, 1.7 v )  w h i c h  w i l l  
be  p o l a r i z e d  to some e x t e n t  b y  t h e  ox ide  films, and  
t h a t  p o t e n t i a l  d e r i v e d  f rom the  e x t e r n a l  source.  The  
s u m  of t he  po t en t i a l s  (2.1 v )  fo r  the  a l u m i n u m  h a l f -  
cel l  and  the  o x y g e n  e l ec t rode  w e r e  a d d e d  to t h e  ob -  
s e r v e d  v o l t a g e  r e a d i n g s  to ob t a in  t he  t o t a l  p o t e n -  
t i a l  d rop  across  t h e  film. The  th i ckness  of t he  ox ide  
f i lm was  t h e n  c a l c u l a t e d  at  14&/v  and  this  u sed  as 
a m e a s u r e  of t h e  r e so lu t ion .  Co r r ec t i ons  a r e  p r o b -  
a b l y  good to b e t t e r  t h a n  a vol t .  The  r e so lu t i on  w i l l  
t hen  be  co r rec t  to w i t h i n  a b o u t  10A. The  d i f fe rences  
b e t w e e n  t h e  v o l t a g e s  a t  the  end  of two  success ive  
s teps  w e r e  used  as a m e a s u r e  of  t he  a d d i t i o n a l  
t h i c k e n i n g  of t h e  f i lm in t h a t  s tep.  The  specific s u r -  
face  a r e a  was  then  c a l c u l a t e d  f rom t h r e e  quan t i t i e s :  
t he  t h i ckness  of t he  f i lm f o r m e d  in t he  v o l t a g e  step,  
the  a m o u n t  of ox ide  f o r m e d  as d e t e r m i n e d  cou lom-  
e t r i ca l ly ,  a n d  the  g e o m e t r i c  a r e a  of t he  spec imen .  
The  c a l c u l a t e d  a r e a  f r o m  the  v o l t a g e  s tep  w h e r e  O= 
was  f irst  evo lved  g e n e r a l l y  d i s a g r e e d  w i t h  po in t s  
o b t a i n e d  jus t  be fo re  and  af te r .  This  m e a s u r e m e n t  
was  d i s c a r d e d  in  a l l  w o r k .  

Measurement of the Specific Surface Area 
by Radioactive Phosphate-Chromate Barrier Film 

This  t e c h n i q u e  has  b e e n  d e s c r i b e d  in  d e t a i l  p r e -  
v i ous ly  (5) .  W h e n  a l u m i n u m  is t r e a t e d  w i t h  a so lu -  
t ion  of 5% H~PO,-3% CrO~ at  85~ t h e  ox ide  is d i s -  
so lved  a n d  a p h o s p h a t e - c h r o m a t e  f i lm is f o r m e d  on 
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the  su r face  b y  r e a c t i o n  w i t h  t h e  a l u m i n u m .  This  
film, 10-20A thick,  seals  the  su r f ace  and  p r e v e n t s  
f u r t h e r  r e a c t i o n  on the  a l u m i n u m  b y  the  ac id  m i x -  
tu re .  The  a m o u n t  of t he  f i lm can  be  d e t e r m i n e d  b y  
us ing  r a d i o a c t i v e  p h o s p h o r i c  ac id  ( p h o s p h o r u s - 3 2 ) ,  
and  i ts  t h i ckness  is r e p r o d u c i b l e  so t h a t  t he  su r face  
a r e a  can  be ca lcu la ted .  The  r e so lu t i on  is t h o u g h t  to 
be  20A. The  m e a s u r e m e n t s  b y  th i s  m e t h o d  w e r e  
p e r f o r m e d  on po r t i ons  of  the  s a m p l e s  used  for  t he  
anod ic  o x i d a t i o n  work ,  b u t  i n d e p e n d e n t l y ,  and  in  
s e p a r a t e  l abo ra to r i e s .  

Measurement of Specific Surface Area 
by Microscopic Techniques 

S p e c i m e n s  w h i c h  h a d  been  used  for  the  anod ic  
ox ide  w o r k  w e r e  m o u n t e d  face  d o w n  a ga in s t  a n -  
o t h e r  spec imen  of a l u m i n u m  w i t h  A r a l d i t e  a d h e -  
sive,  t h e r m a l l y  cured ,  m o u n t e d  in  p las t ic ,  a n d  a 
p e r p e n d i c u l a r  cross  sec t ion  cu t  and  p o l i s h e d  b y  
m e t a l l o g r a p h i c  me thods .  A r a l d i t e  was  used  because  
i t  we t s  t he  ox ide  su r f a c e  v e r y  wel l ,  a n d  w h e n  cu red  
i t  has  a h a r d n e s s  c lose  to t h a t  of a l u m i n u m .  The  
good con tac t  b e t w e e n  two  m a t e r i a l s  of s i m i l a r  hard- 
ness is e s sen t i a l  in  po l i sh ing  a cross  sec t ion  of  an  
edge  to p r e v e n t  m e t a l  f low and  d i s t o r t i on  of t he  
edge.  The  spec imens  w e r e  p h o t o g r a p h e d  a t  t he  d e -  
s i r ed  magn i f i c a t i on  a n d  t h e  p h o t o g r a p h s  w e r e  e n -  
l a r g e d  10X b y  p ro jec t ion .  A soft  w i r e  1 m m  t h i c k  
( c o r r e s p o n d i n g  to 0.1 m m  on t h e  p h o t o g r a p h )  was  
ben t  to c on fo rm to t he  i r r e g u l a r i t i e s  of t h e  cross  
sec t ion  of t he  surface .  T h e  specific su r f a c e  a r e a  was  
c a l c u l a t e d  as the  r a t io  of the  l e n g t h  of t he  w i r e  to 
the  ex t ens ion  of t he  w i r e  a f t e r  b e n d i n g  to c on fo rm 
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Fig. 2. Area-resolution curve for aluminum sheet chem- 
ically polished by Alcoa R-5 bright dip treatment (U. S. Pat. 
2,650,157). 
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Fig. 3. Area-resolution curve for aluminum sheet specimen 
faced in lathe. No lubricant used but a clean cut with no 
tendency for stock to gall, sieze, or chatter. 
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Fig. 4.  Area-resolution curve for aluminum sheet specimen 
in "as rolled" condition. 
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the  m e a s u r e m e n t .  O p t i c a l  m e a s u r e m e n t s  w e r e  m a d e  
on ly  on su r faces  w h i c h  w e r e  r e l a t i v e l y  smoo th  a n d  
w h i c h  could  be  m e a s u r e d  eas i ly .  

A l l  a l u m i n u m  sur faces  w h i c h  h a v e  been  e x p o s e d  
to o x y g e n  a re  c ove re d  w i t h  a n a t u r a l  o x i d e  w h i c h  
is 20-30A t h i c k  a t  r o o m  t e m p e r a t u r e .  This  n a t u r a l  
o x i d e  shou ld  affect  the  a r e a  m e a s u r e m e n t s  b y  a n o -  
dic  o x i d a t i o n  s ince  the  e x p e c t e d  ionic  c u r r e n t  f low 
t h r o u g h  the  f i lm wi l l  no t  occur  u n t i l  t h e  m e a s u r e d  
f i lm th i ckness  exceeds  t ha t  of t he  n a t u r a l  oxide .  I t  
is seen  f r o m  Fig.  5 and  6 t h a t  the  m e a s u r e d  su r f ace  
a r e a  i nc r ea se s  as t h e  m e a s u r e d  f i lm th i cknes s  ( r e s o -  
l u t i on )  increases ,  u n t i l  i t  exceeds  20 or  30A. The  
su r f ace  a r e a  m e a s u r e d  a t  r e so lu t ions  of 30A and  
l o w e r  a r e  of course  not  va l id ,  be c a use  of  t he  n a t u r a l  
oxide ,  and  h a v e  been  o m i t t e d  f r o m  the  o t h e r  cu rves  
b u t  r e t a i n e d  on Fig.  5 a n d  6 for  i l l u s t r a t i v e  p u r -  
poses.  The  fac t  t h a t  t he  e x p e r i m e n t s  r e v e a l  t he  
n a t u r a l  o x i d e  a n d  g ive  an  a p p r o x i m a t e l y  co r r ec t  
t h i cknes s  for  i t  l ends  conf idence  to t h e  me thod .  The  
su r f a c e  a r eas  m e a s u r e d  b y  anodic  o x i d a t i o n s  a r e  
a b s o l u t e  in  t he  sense  t h a t  t h e y  a r e  b a s e d  on the  i n -  
d e p e n d e n t l y  m e a s u r e d  p h y s i c a l  p a r a m e t e r s  of  
t h i cknes s  p e r  vo l t  (7) ,  d e n s i t y  (7) ,  a n d  compos i t i on  
of  t he  ox ide  (6 ) .  Most  c o m p a r a t i v e  s u r f a c e  a r e a  
m e a s u r e m e n t s  (2, 4, 5) a r e  b a s e d  on  the  m a g n i t u d e  
of  a p h y s i c a l  q u a n t i t y  w h i c h  has  been  m e a s u r e d  on 
a su r f ace  w h i c h  is a s s u m e d  to be  smooth .  

I t  is seen f r o m  Fig.  2-6 t h a t  t h e  r a d i o c h e m i c a l  
m e a s u r e m e n t s  a g r e e  w i t h  t he  anod ic  ox ide  m e a s -  
u r e m e n t s  w i t h i n  a b o u t  5 % ove r  the  r a n g e  of  specific 
su r f a c e  a r e a s  f r o m  1.5 to 25. C o n s i d e r i n g  the  w i d e l y  
d i v e r g e n t  sources  of t he  f u n d a m e n t a l  p a r a m e t e r s  
used  in c a l c u l a t i n g  the  specific su r f ace  a r e a  f rom 
anod ic  ox ida t ion ,  a n d  the  e x t r e m e  d i f fe rences  b e -  
t w e e n  the  r a d i o c h e m i c a l  and  the  e l e c t r o c h e m i c a l  
t echn iques ,  t he  a g r e e m e n t  is g r a t i f y ing .  E v e n  the  

. . . . . . . . . . .  s l igh t  d i f fe rence  b e t w e e n  two  s a m p l e s  s h o w n  in Fig .  - -  6 R E M T  LY 

5, w h i c h  h a d  been  p r e p a r e d  iden t i ca l ly ,  b u t  i n d e -  
o ,o ooo 20 ooo p e n d e n t l y ,  a r e  r e p r o d u c e d  b y  the  r a d i o c h e m i c a l  a n d  

.ESOLUT,O.. 1 t he  e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  The  d i f fe rence  in  
a r e a  b e t w e e n  the  two  was  3.5% b y  the  r a d i o c h e m -  
ica l  t e c h n i q u e  a n d  5 % b y  the  e l e c t r o c h e m i c a l  t e c h -  
n ique .  I t  is t h o u g h t  t h a t  t he  a r e a  m e a s u r e m e n t s  a t  
30 to 40A r e so lu t i ons  a r e  a c c u r a t e  to a t  l e a s t  10% 
and  p o s s i b l y  5 %. 

O n l y  two  s a m p l e s  (Fig .  3 and  4) w e r e  s t u d i e d  in  
d e t a i l  a t  r e so lu t ions  g r e a t e r  t h a n  1000A b y  op t i ca l  
me thods ,  b u t  the  a g r e e m e n t  w a s  good. 

Distribution of Asperity Sizes on a Surface and 
Observations on the Nature of Surfaces Produced 

by Several Treatments 
The  cu rves  s h o w n  in Fig .  5 a r e  t he  mos t  i n t e r e s t -  

ing  of t h e  su r f a c e  a r e a  r e s o l u t i o n  cu rves  f r o m  the  
v i e w p o i n t  of t h e  s t r u c t u r e  of t h e  su r f ace  w h i c h  is 
r evea l ed .  The  specific a r e a  a t  a r e so lu t i on  of  1000A 
is 1.5. This  is i n c r e a s e d  b y  a b o u t  50% b y  i r r e g u -  
l a r i t i e s  w h i c h  can  be  d e t e c t e d  at  a r e so lu t i on  of 
600A b u t  no t  a t  1000A. I r r e g u l a r i t i e s  a b o u t  300A in 
size cause  a n o t h e r  60% inc rease  in  a rea ,  and  i r -  
r e g u l a r i t i e s  less  t h a n  90A in size i nc rea se  t h e  a r e a  
b y  a n o t h e r  50%. The  r a t h e r  s h a r p  b r e a k s  in  t he  
cu rves  such  as a r e  s h o w n  in Fig .  5 w e r e  no t  o b t a i n e d  
on mos t  of  t h e  o t h e r  curves .  H o w e v e r ,  a f ew  g e n e r a l  

2 
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Fig. 5. Area-resolut ion curves for  two specimens abraded 
separately on No. 320 " A l o x i t e "  cloth with kerosene lubrica- 
tion. Specimens were mounted in plastic. " A l o x i t e "  cloth 
was mounted on metal logrophic polishing wheel rotat ing at 
300 rpm l ight hand pressure on sample. 
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Fig. 6. Areo-resolut ion curve for  a luminum obroded suc- 
eessively with No. 120, No. 240,  and No. 600 silicon carbide 
paper using kerosene lubricat ion but (a) using very short 
i rregular strokes in random direction, (b) rubbing only long 
enough to develop scratches characteristic of the paper in 
use but not long enough to remove the scratches from the 
previous paper. 

to t he  p r o j e c t e d  sur face .  The  r e so lu t i on  was  t a k e n  
as t he  t h i cknes s  of t h e  w i r e  d i v i d e d  b y  10X t i m e s  
the  magn i f i ca t ion .  

Comparison of Results of Surface Area Measurements 
by Three Methods 

F i g u r e s  2-6 show the  r e su l t s  of  su r f ace  a r e a  m e a s -  
u r e m e n t  on a v a r i e t y  of a l u m i n u m  surfaces .  The  
r a d i o c h e m i c a l  r e s u l t  is s h o w n  to t h e  left ,  t he  anod ic  
ox ide  m e a s u r e m e n t s  a r e  s h o w n  in t h e  midd le ,  
p l o t t e d  as  specific su r f ace  a r e a  vs. r eso lu t ion ,  a n d  
the  op t i ca l  m e a s u r e m e n t s  a r e  p l o t t e d  to  t h e  r igh t ,  
a g a i n  as a func t ion  of reso lu t ion .  R a d i o c h e m i c a l  r e -  
su l t s  a r e  not  i n c l u d e d  for  t he  c h e m i c a l l y  po l i shed  
su r f ace  in  Fig .  2 b e c a u s e  t he  p h o s p h a t e  f i lm l e f t  b y  
t h e  c h e m i c a l  po l i sh ing  t r e a t m e n t  i n t e r f e r e d  w i t h  
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t r e n d s  a r e  ind ica ted .  F o r  e x a m p l e ,  t he  m e a s u r e -  
m e n t s  shown  on the  v e r y  r o u g h  su r f ace  in Fig.  6 
i nd ica t e  t h a t  t h e r e  is l i t t l e  c o n t r i b u t i o n  to t he  su r -  
face  a r e a  b y  i r r e g u l a r i t i e s  s m a l l e r  t h a n  200A, b u t  
t he  su r f ace  a r ea  is a r e su l t  of a r a t h e r  con t inuous  
r a n g e  of i r r e g u l a r i t i e s  v a r y i n g  in size f r o m  200A 
up to m o r e  t h a n  10,000A. F r o m  Fig .  4 i t  is seen t ha t  
a r o l l ed  su r f ace  has  i r r e g u l a r i t i e s  s m a l l e r  t h a n  
150A, a lmos t  no i r r e g u l a r i t i e s  in t he  size r a n g e  f r o m  
150A to 700 or  800A, bu t  a qu i t e  s igni f icant  con-  
t r i b u t i o n  to t he  su r face  a r e a  b y  i r r e g u l a r i t i e s  in t he  
r a n g e  of 1000A. One  of the  mos t  i n t e r e s t i n g  su r f aces  
was  t ha t  o b t a i n e d  b y  l a the  t u rn ing .  This  su r face  
had  m a c r o  roughnes s  v i s ib l e  to t h e  u n a i d e d  eye,  bu t  
w i t h i n  an  e x p e r i m e n t a l  e r r o r  of +_10% no mic ro  
roughnes s  as ide  f rom a sma l l  c o n t r i b u t i o n  f r o m  i r -  
r e g u l a r i t i e s  d e t e c t a b l e  at  50A reso lu t ion .  In  t e r m s  
of su r f ace  a r e a  th is  c o m p a r e s  v e r y  w e l l  w i t h  t he  
bes t  m e t a l l o g r a p h i c a l l y  p o l i s h e d  su r faces  w h i c h  
h a v e  a specific su r f ace  a r e a  of a b o u t  1.3 (5 ) .  

I t  is a p p a r e n t  t h a t  t h e  specific su r f ace  a r e a  of 
a l u m i n u m  sur faces  m a y  v a r y  g r e a t l y  d e p e n d i n g  on 
the  m e t h o d  of s a m p l e  p r e p a r a t i o n .  S u r f a c e s  w i t h  
roughnes s  fac tors  b e t w e e n  1.25 and  25 have  been  
o b s e r v e d  and  r e su l t s  b y  t h r e e  i n d e p e n d e n t  m e t h o d s  
a r e  in e x c e l l e n t  a g r e e m e n t .  F u r t h e r ,  b y  m e a s u r i n g  
the  specific su r f ace  a r e a  w i t h  v a r i a b l e  reso lu t ion ,  
t h e  d i m e n s i o n s  of t he  a spe r i t i e s  w h i c h  c o n t r i b u t e  to 
t he  su r face  a r e a  m a y  be  deduced .  I t  w o u l d  seem 
tha t  t he  i n f o r m a t i o n  a b o u t  t h e  su r f ace  a r e a  a n d  
su r f ace  t o p o g r a p h y  w o u l d  be  of v a l u e  in t he  q u a n -  

t i t a t i v e  i n t e r p r e t a t i o n  of o x i d a t i o n  a n d  co r ro s ion  
ra tes ,  and  w o u l d  a id  in i n t e r p r e t i n g  l ub r i ca t i on ,  
f r ic t ion ,  and  adhes ion  p h e n o m e n a .  
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Schlieren Studies of Concentration Gradients at a CuIHCI Anode 

Ralph S. Cooper 1 

Department o] Physics, University o)r Illinois, Urbana, Illinois 

ABSTRACT 

Schl ieren  optical  techniques have been appl ied  to the  s tudy of the  anolyte  
at a CulHC1 anode dur ing  cu r ren t  t ransients .  Both the space and t ime de-  
pendence of the  concentra t ion gradients  were  quan t i t a t ive ly  observed and 
cor re la ted  to the  e lec t rochemical  processes occurr ing at the anode. The deple -  
t ion of C1- ion in solution, owing to the  fo rmat ion  of a solid CuC1 anode layer ,  
and the ent rance  into solution of Cu +§ ion and the CuCL- complex were  ob-  
served. The deve lopment  and re la t ive  impor tance  of diffusion and na tu ra l  
convection were  s tudied under  var ious  conditions.  In  addit ion,  using a 
CulCuSO4 anode, exper imen ta l  evidence was obtained,  confirming the con- 
cent ra t ion  d is t r ibut ion  wi th in  the na tu ra l  convection layer  expected on theo-  
re t ica l  grounds.  

D e t a i l e d  i n f o r m a t i o n  conce rn ing  the  c o n c e n t r a -  
t ion g r a d i e n t s  a t  an  e l ec t rode  w o u l d  be  i n v a l u a b l e  
in the  fields of e l ec t rodepos i t ion ,  cor ros ion ,  and  
po la r i za t ion .  The  p u r p o s e  of th is  p a p e r  is to p r e s e n t  
i n f o r m a t i o n  of th is  t y p e  for  a Cu lHCI  anode,  ob -  
t a i n e d  b y  use  of t he  s ch l i e r en  op t i ca l  t echn ique .  
S c h l i e r e n  m e t h o d s  h a v e  been  u sed  p r e v i o u s l y  to  o b -  
s e rve  e ] ec t rochemica l  p h e n o m e n a  q u a l i t a t i v e l y  
(1 -4)  and  at  l eas t  s e m i q u a n t i t a t i v e l y  b y  S t e p h e n -  
son (5)  and  Y e a g e r  and  c o - w o r k e r s  (6) .  

1 P r e s e n t  add re s s :  Los  A l a m o s  Sc ien t i f i c  L a b o r a t o r y ,  Los  A lam os ,  
New Mexico.  

Experimental Arrangement 
Design and Principles 

The  sch l i e r en  a p p a r a t u s  u sed  in these  e x p e r i -  
m e n t s  was  des igned  b y  S t e p h e n s o n  (5)  and  r e -  
q u i r e d  on ly  s l igh t  modi f i ca t ion  to p r o d u c e  q u a n t i t a -  
t i v e l y  a c c u r a t e  resu l t s .  I ts  r e so lv ing  p o w e r  (10 -~ 
m m )  p e r m i t s  d e t a i l e d  e x a m i n a t i o n  of d i f fus ion 
l a y e r s  on ly  0.1 m m  th ick .  

The  s c h l i e r e n  a p p a r a t u s  p r o d u c e s  an  i m a g e  in  
w h i c h  the  b r i g h t n e s s  at  a n y  p o i n t  is p r o p o r t i o n a l  
to the  g r a d i e n t  of t he  r e f r a c t i v e  i n d e x  a t  t h a t  po in t  
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in  the  ob jec t  space.  Thus  b y  i n t e g r a t i o n  one can  ob-  
t a i n  t he  i n d e x  of r e f r a c t i o n  at  a n y  po in t  in t he  so lu-  
t ion  and,  consequen t ly ,  o b t a i n  i n f o r m a t i o n  c o n c e r n -  
i ng  the  ionic  concen t ra t ions .  The  p r i n c i p l e  of the  i n -  
s t r u m e n t  is as  fo l lows  (Fig .  1).  A b e a m  of l igh t  
f rom a source  (L)  i l l u m i n a t e s  the  so lu t ion  n e a r  an  
e l ec t rode  (E) ,  whose  i m a g e  is f o r m e d  on the  f i lm 
at  E'. The  lens  s y s t e m  is a r r a n g e d  so t ha t  t he  i m a g e  
of t he  e l ec t rode  (E ' )  l ies  b e y o n d  the  i m a g e  of t he  
l igh t  source  ( L ' ) .  A k n i f e  edge  is p l a c e d  a t  L '  to 
i n t e r c e p t  some of the  r a y s  f rom the  e l ec t ro ly t e .  I f  a 
c o n c e n t r a t i o n  g r a d i e n t  (and ,  consequen t ly ,  a r e -  
f r a c t i v e  i n d e x  g r a d i e n t )  ex is t s  in  t he  e l e c t r o l y t e  at  
some point ,  t he  b u n d l e  of r a y s  pa s s ing  t h r o u g h  t h a t  
po in t  w i l l  be  bent ,  e.g., as shown  b y  the  d o t t e d  l ines.  
This  wi l l  no t  a l t e r  t he  f o r m a t i o n  of t he  i m a g e  a t  E '  
b u t  w i l l  sh i f t  t he  i m a g e  of t he  l igh t  source  (S ' )  w i t h  
r e s p e c t  to t he  kn i f e  edge.  Thus  the  a m o u n t  of l i gh t  
r e a c h i n g  E'  w i l l  d e p e n d  upon  the  r e f r a c t i v e  i n d e x  
g r a d i e n t s  a t  E. The  ang le  0 t h r o u g h  w h i c h  the  b e a m  
is ben t  in pas s ing  t h r o u g h  the  a n o l y t e  is g iven  b y  

e = wn" [1]  

w h e r e  w is t he  r eg ion  in  w h i c h  the  g r a d i e n t  lies,  
and  th is  r eg ion  is def ined  in p r a c t i c e  b y  sh i e ld ing  
the  e l ec t rode  w i t h  two  glass  cover  sl ips,  n '  is t he  
v a l u e  of t h e  g r a d i e n t  in the  x d i r ec t i on  w h i c h  is 
p e r p e n d i c u l a r  to the  k n i f e  edge  and  in a p l a n e  
p a r a l l e l  to t h e  f i lm p lane .  I t  is u se fu l  to k n o w  h o w  
fa r  t h e  i m a g e  of the  source  wi l l  be  sh i f t ed  w i t h  
r e spec t  to t he  kn i f e  edge  u n d e r  a p a r t i c u l a r  g r a d i -  
ent .  D e n o t i n g  this  b y  Az, the  r e s u l t  is 

Az = wn ' f ,  = Oi~ [2]  

for  t he  l ens  s y s t e m  e m p l o y e d  here ,  w h e r e  f, is the  
focal  l e n g t h  of the  s ch l i e r en  lens.  No te  t h a t  th i s  is 
i n d e p e n d e n t  of t he  exac t  pos i t ion  of t h e  e l e c t r o d e  
and  the  pos i t i on  a n d  foca l  l e n g t h  of the  c o l l i m a t i n g  
lens  a n d  d e p e n d s  on ly  on the  fac t  t ha t  t h e  i m a g e  
of t he  source  l ies a t  the  focal  p o i n t  of t he  s ch l i e r en  
lens.  

A n  e x a c t  ana lys i s  of  d i f f r ac t ion  p h e n o m e n a  in 
s ch l i e r en  sys t ems  is v e r y  diff icult  and  has  no t  been  
c a r r i e d  out  t hus  far ,  b u t  s imp le  cons ide ra t i ons  can  
g ive  u se fu l  resu l t s .  The  c r i t i ca l  p h e n o m e n o n  is t he  
d i f f rac t ion  w h i c h  occurs  w h e n  t h e  k n i f e  edge  cuts  
off mos t  of t h e  l igh t  f r o m  the  source.  The  m a i n  
effect of th is  is to l o w e r  the  r e s o l u t i o n  of the  i n -  
s t r u m e n t ,  s p r e a d i n g  the  l igh t  f r o m  a s ingle  p o i n t  in 
t h e  a n o l y t e  ove r  a r eg ion  in the  f i lm p lane .  The  ha l f  
w i d t h  of the  d i f f r ac t ion  p a t t e r n  is a p p r o x i m a t e l y  

X >,X' 
h . . . .  [31 

sin fl z 

w h e r e  X is t he  w a v e  l e n g t h  of l ight ,  x '  is t he  d i s t ance  
f r o m  the  k n i f e  edge  to t he  film, and  z is t he  he igh t  
of t ha t  po r t i on  of the  source  i m a g e  w h i c h  is no t  in -  
t e r c e p t e d  b y  the  k n i f e  edge.  Thus  the  k n i f e  edge  
m u s t  no t  be  a l l o w e d  to cut  off too m u c h  of t h e  
b e a m  and  r e d u c e  the  r e s o l v i n g  p o w e r  of  t he  i n s t r u -  
m e n t  to b e l o w  tha t  r equ i r ed .  F o r  our  a p p a r a t u s ,  if  
z = 0.05 mm,  t h e n  the  r e s o l v i n g  p o w e r  is r e d u c e d  
to 0.04 ram, w h i c h  is a c o n s i d e r a b l e  f r ac t i on  of t he  
field of v iew.  The  c o l l i m a t i n g  lens  has  a foca l  l eng th  
(fo) of 48 mm,  and  the  s ch l i e r en  l ens  has  f, = 24 
mm.  The  l i g h t  source  L is a c t u a l l y  an  i l l u m i n a t e d  
slit ,  p l a c e d  a t  the  focal  po in t  of the  c o l l i m a t i n g  lens.  
There fo re ,  i ts  i m a g e  wi l l  be  at  the  focal  po in t  of the  
s ch l i e r en  lens  a n d  be ha l f  t h e  size of the  slit .  The  
a p e r t u r e s  in our  s y s t e m  p e r m i t  a m a x i m u m  sli t  
h e i g h t  of  3 ram,  g iv ing  a m a x i m u m  Az of 1.5 mm.  
The  e l e c t r o d e  th i ckness  (w)  is of t he  o r d e r  of 1 mm,  
w h i c h  pu t s  an  u p p e r  b o u n d  of 0.06 r i u / m m  on the  
g r a d i e n t  of t h e  r e f r a c t i v e  index .  This  is r o u g h l y  
e q u i v a l e n t  to a c o n c e n t r a t i o n  g r a d i e n t  of 6 m o l a r /  
m m  of NaC1 or  a c u r r e n t  d e n s i t y  of 60 m a / c m  ~. 

The  r e c o r d i n g  s y s t e m  of t he  s ch l i e r en  a p p a r a t u s  
was  a c o m m e r c i a l  8 m m  m o t i o n  p i c t u r e  camera ,  
w i t h  an  a p p r o p r i a t e  lens  set  b e h i n d  the  k n i f e  edge.  
The  d i r ec t  magn i f i ca t ion  was  of  the  o r d e r  of u n i t y  
w h i l e  t h e  f ield of v i e w  was  a p p r o x i m a t e l y  1 cm ~. 
The  f i lm could  b e  e x a m i n e d  m i c r o s c o p i c a l l y  to ob -  
t a in  t he  m a x i m u m  r e s o l v i n g  p o w e r  of t h e  i n s t r u -  
men t .  P h o t o g r a p h s  could  be  t a k e n  a t  r a t e s  of 16- 
64 f r a m e s / s e c  to y i e l d  the  t e m p o r a l  d e v e l o p m e n t  
of d i f fus ion t r ans i en t s .  To a n a l y z e  the  p h o t o g r a p h i c  
da ta ,  a m e t a l l u r g i c a l  m ic ro sc ope  was  modi f i ed  to 
p r o j e c t  a b e a m  of l igh t  on the  f i lm w h i c h  was  p l a c e d  
in  t he  n o r m a l  v i e w i n g  pos i t i on  on the  s t age  of t h e  
mic roscope .  The  beam,  r e c t a n g u l a r  in  cross  sec t ion  
and  on ly  20 ~ w i d e  a t  the  film, pa s sed  t h r o u g h  the  
f i lm to a p h o t o m u l t i p l i e r  t ube  m o u n t e d  u n d e r  t he  
s tage.  Thus  i t  was  poss ib le  to d e t e r m i n e  the  r e l a t i v e  
d e n s i t y  of a p o r t i o n  of the  f i lm on ly  2 x 10 -~ cm 2 in  
a rea .  The  f i lm was  m o u n t e d  on a m o v a b l e ,  ca l i -  
b r a t e d  s t age  so t h a t  the  d e n s i t y  cou ld  b e  o b t a i n e d  
as a func t ion  of t he  d i s t ance  a long  the  f i lm w h i c h  
was  e q u i v a l e n t  to d i s t ance  in  t h e  ob jec t  space.  In  
o r d e r  to process  the  d a t a  a u t o m a t i c a l l y ,  t h e  s t age  
was  d r i v e n  b y  a cons t an t  speed  m o t o r  w h i l e  t h e  
o u t p u t  of the  p h o t o m u l t i p l i e r  was  fed  t h r o u g h  an  
ampl i f i e r  in to  a B r o w n  r e c o r d i n g  p o t e n t i o m e t e r .  

Calibrat ion 

The  c a l i b r a t i o n  of the  i n s t r u m e n t  m a y  be  c a r r i e d  
out  b y  two  d i s t i nc t  m e t h o d s :  b y  p l a c i n g  a s t a n d a r d  
in  t he  ob jec t  space,  or  b y  a d j u s t i n g  t h e  k n i f e  edge.  
The  l a t t e r  m e t h o d  d e p e n d s  on the  fac t  t h a t  t he  pos i -  
t ion  of the  s l i t  i m a g e  r e l a t i v e  to t he  k n i f e  edge  
d e t e r m i n e s  t he  i n t e n s i t y  of the  film. Thus  b y  m o v -  
ing t h e  k n i f e  edge  b y  Az f rom i ts  n o r m a l  se t t ing,  
one ob ta in s  t he  i n t e n s i t y  c o r r e s p o n d i n g  to a g r a d i -  
en t  A z / w f , .  A lens  m a y  se rve  as a s t a n d a r d  sch l i e ren  
or  to check  the  o t h e r  m e t h o d  of c a l i b r a t i on .  The  
ang le  t h r o u g h  w h i c h  a r a y  is b e n t  in pa s s ing  t h r o u g h  
the  lens  a t  a d i s t a n c e  r f r o m  t h e  cen t e r  of t h e  l ens  
is j u s t  r/~t for  s m a l l  angles .  T h e  r a y  t h r o u g h  t h e  
c e n t e r  is u n d e v i a t e d .  Thus  a s ch l i e r en  pho to  of a 
lens  w o u l d  show one  s ide  b r i g h t  w i t h  t he  i n t e n s i t y  
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Fig. 2. Results of schlieren photographs of a lens as on 
abject, token with various settings of the knife edge. 

decreasing l inear ly  toward  the other  side. The diffi- 
cul ty  in using a lens as a s tandard  is tha t  the center  
is not exac t ly  known. Nevertheless ,  i t  is va luable  as 
a check on the appara tus ,  including the diffraction 
error.  F igure  2 shows the resul t  of photographing  a 
lens of focal length  St wi th  var ious  sett ings of the 
knife edge. Since 

r 
= of. = • f. [4 ]  

one expects  a s t ra ight  l ine of slope ] , / f ,  for a plot  
of AZ VS. dis tance r across the lens. For  al l  cases 
where  the knife  edge was open 0.2 m m  or more, the 
difference be tween the expe r imen ta l  resul t  and tha t  
predic ted  on the  basis of the  focal lengths agree  to 
wi th in  3 %. On the other  hand, the one curve which 
corresponds to low values  of Az and, consequently,  
poor resolving power,  gave a resul t  high by  13%. In 
this case, the  ca l ibra t ion  was car r ied  out by  photo-  
graphing  the empty  object  space wi th  var ious  se t -  
t ings of the  knife  edge. 

The Electrochemical System 
The sys tem chosen for s tudy was the CuTHC1 

anode which had a l r eady  been inves t iga ted  by  
s tandard  e lectrochemical  techniques (1, 4, 7). With  
a fixed appl ied  voltage, the cur ren t  t rans ients  show 
one or more periods (cur ren t  p la teaus)  where  the  
current  is independent  of time, fol lowed by  re l a -  
t ive ly  rap id  decreases. The cur ren t  may  go th rough  
a min imum before approaching  a s teady state, and 
even may  exhib i t  sustained oscillations. The same 
exper imen ta l  a r r angement s  were  used in this  work,  
using anodes which pe rmi t t ed  na tu ra l  convection to 
t ake  place. Unless o therwise  noted, the bu lk  acid 
concentra t ion was 2N. 

An anode was constructed wi th  a ver t ica l  rec-  
t angula r  surface, 1 m m  wide  by  2.4 m m  high. Thin 
glass cover slips were  cemented to the sides of the  
electrode to define the region w (Fig. 1) in which 
the concentrat ion gradients  lie. The presence of the 
cover slips did not apprec iab ly  affect the convec- 
t ion process. 

Schl ieren motion pic ture  (8 mm)  were  t aken  of 
t ransients  at 16 f rames/sec ,  which is Sufficiently 
rapid  to give a continuous deve lopment  in t ime of 
the diffusional processes, ye t  al lows photographing  
a sufficient per iod  (15 sec) to observe the  motion of 
the fluid in the complete  deve lopment  of na tu ra l  
convection. The resul ts  were  observed qua l i ta t ive ly  
wi th  a s tandard  8 mm motion pic ture  projector .  The 
film was then examined  f rame by  frame,  and r ep -  
resenta t ive  f rames were  selected for quan t i t a t ive  
analysis.  In tens i ty  ca l ibra t ion  was affected by  the 
method of a l ter ing the knife  edge position, and 
spat ia l  ca l ibra t ion  was made  by  photographing  a 
ret icle placed at  the electrode. 

Results and Discussion 
Schlieren Studies of the CuIHC1 System 

The first t rans ien t  to which the schl ieren tech-  
nique was appl ied  exhib i ted  most of the phenomena  
of interest .  The first c u r r e n t - t i m e  p la teau  (/i = 3.6 
ma)  was completed in 3 sec, before apprec iab le  con- 
vection was observed. Af te r  a ve ry  br ief  second 
plateau,  the current  reached a min imum of 0.3 ma 
(t  = 5 sec) and then rose to its s t eady-s t a t e  va lue  
of 1.5 ma. In the s teady s tate  the react ion products  
include Cu +§ ion, as the appl ied  potent ia l  was suffi- 
cient for its format ion  (7).  Schl ieren motion pic-  
tures  were  t aken  f rom t = 0 to t = 12 sec, and du r -  
ing the  s teady s tate  (t  = 4 min) .  F rames  at  ap-  
p rox ima te ly  1, 2, 3, 4, and 7 sec, plus one in the 
s teady state were  selected for quant i t a t ive  analysis.  
The resul ts  (Fig.  3 and 4) are presented  as graphs  
of the re f rac t ive  index gradient  (n') vs. the  distance 
f rom the e lect rode face (x ) ,  wi th  the convention 
tha t  a posi t ive gradient  corresponds to n increasing 
toward  the anode. Since the  re f rac t ive  index is 
roughly  propor t iona l  to the  to ta l  ionic concentra-  

E30 E=O.2v 
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Refractive index gradients near a CulHCI anode 
during the early stages of a current transient. 
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Fig. 4. Refractive index gradients near a CuIHCI anode 
after the current drop, and in the steady state. 

t ion,  t h e  cu rves  m a y  also be  t h o u g h t  of as p lo t s  of 
c o n c e n t r a t i o n  and  d e n s i t y  g rad ien t s .  

F r o m  Fig.  3 w e  see t h a t  a f t e r  1 sec a pos i t i ve  
g r a d i e n t  has  a r i s en  in t h e  r eg ion  0 < x < 0.065 mm.  
(The  a p p a r e n t  d e c r e a s e  in  n' fo r  x < 0.02 m m  is due  
to d i f f r ac t ion  at  t he  edge  of t h e  anode .  The  cu rves  
shou ld  be  e x t r a p o l a t e d  in to  t h a t  r e g i o n  to o b t a i n  
va lue s  a t  t he  anode  su r face . )  The  g r a d i e n t  is n e g a -  
t ive  f r o m  x = 0.065 m m  to x = 0.04 ram,  w h e r e  i t  
a p p r o a c h e s  zero.  I n t e g r a t i n g  in  f r o m  t h e  bu lk ,  2 w e  
find t h a t  the  i n d e x  of r e f r a c t i o n  f irst  decreases ,  
r e a c h i n g  a m i n i m u m  (of n = nb~,k - -  0.05 x 10 -8) at  
0.065 mm,  and  t h e n  inc reases  to nb,,k + 1.2 X 10 -8 at 
t he  a n o d e  face.  

I t  is c l ea r  t h a t  t h e r e  a r e  a t  l e a s t  two  dis t incff  
c o n c e n t r a t i o n  g r a d i e n t s  r e q u i r e d  to p r o d u c e  the  
r e s u l t  o b s e r v e d  for  t = 1 sec. These  a r e  a l a r g e  pos i -  
t ive  g r a d i e n t  c lose to t he  anode  (x  = 0.06 r a m )  and  
a s m a l l e r  n e g a t i v e  g r a d i e n t  r e a c h i n g  f u r t h e r  ou t  
in to  the  solu t ion .  S ince  Cu §247 has  been  s h o w n  no t  to  
occur  a t  t he  p o t e n t i a l s  a s soc ia t ed  w i t h  t h e  f irst  
p l a t e a u  (7) ,  and  t h e  a n o l y t e  becomes  s a t u r a t e d  
w i t h  CuC18- p r i o r  to p r e c i p i t a t i o n  of  CuC1, t he  l a r g e  
pos i t ive  g r a d i e n t  m u s t  b e  due  to s a t u r a t i o n  of  t h e  
a n o l y t e  b y  CuCl~-. The  n e g a t i v e  g r a d i e n t  c o r r e -  
sponds  to a l o w e r  t o t a l  ionic  c o n c e n t r a t i o n  w h i c h  
can  be  a c c o u n t e d  for  on ly  b y  d e p l e t i o n  of  ch lo r ine  
ions  due  to t he  f o r m a t i o n  of t he  CuC1 l a y e r  a n d  the  
CuCI~- c o m p l e x  c lose  to t h e  anode  face.  

I f  t he  s e p a r a t i o n  of t he  two  g r a d i e n t s  (F ig .  5) is 
va l id ,  w e  m a y  c o m p a r e  t h e  c o n c e n t r a t i o n s  c o m p u t e d  
f rom t h e m  to v a l u e s  o b t a i n e d  b y  i n d e p e n d e n t  
means .  F r o m  the  a r e a  of t he  n e g a t i v e  g r a d i e n t  in 

2 The bulk  solution s e r v e s  as a r e fe rence  point  for  t he  r e f r ac t ive  
index  and  the  concentra t ion,  w h i c h  is 2N HC1 unless  noted o ther-  
wise. 

s There  a re  at  least  th ree  compounds  w h i c h  m a y  appear  in  solu- 
t ion:  HC1, CuC1, and  CuCI~. I n  solution, these  wil l  be ionized o r  
complexed  and wil l  exis t  largely  as a m i x t u r e  of H+, CI-, CuCl~-, 
and  Cu++. To a first  approx imat ion ,  we  m a y  consider  t he  contr i-  
but ions  to the  r e f r ac t i ve  index  by  the  va r ious  components  to be 
addi t ive  and  proport ional  to the  concent ra t ions  of the  respec t ive  
compounds.  The  par t ia l  mola r  re f rae t iv i t i e s  a r e  8.6 • 10 -~ for  HC1, 
1.44 x 10-s for CuCI~, and estimated to be 1.0 x I0 -s for CuCI 
in HCI. 
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Fig. 5. A decomposition of the configuration t = 1 sec 
(Fig. 3) into two components refractive index gradients, a 
positive gradient owing to the e0trance of Cu + into solution 
as the CuCI,- complex, and a negative gradient due to the 
depletion of the CI- ion used in the formation of the solid 
CuCI layer. 

Fig.  5, w e  find the  d i f fe rence  (Ac) b e t w e e n  t h e  b u l k  
and  a n o d e  ac id  c o n c e n t r a t i o n s  to be  0.17N. W e  can  
e s t i m a t e  t h e  HC1 c o n c e n t r a t i o n  a t  t h e  su r f a c e  u s ing  
d i f fus ion  t h e o r y  (7)  b y  the  e q u a t i o n  

it+ ~ /4Dt  
Ac = 6.4 • 10 -2 i ~ [5]  

FSD 

w h e r e  i is in  ma,  a n d  Ac in m o l e s / l i t e r .  D is t he  d i f -  
fus ion  coefficient  of  the  sa l t ;  F is t h e  F a r a d a y  con-  
s t an t ;  t+ is t he  t r a n s f e r e n c e  n u m b e r  of t he  H § ion;  
and  S is t h e  a n o d e  su r f a c e  a rea .  F o r  t = 1 sec, th i s  
g ives  c = 0.2M, in  good a g r e e m e n t  w i t h  obse rva t ion ,  
a n d  w e l l  w i t h i n  t h e  a p p r o x i m a t i o n s  i nvo lved .  Sec -  
ond, t he  p r e s e n c e  of sol id  CuCI  ind i ca t e s  t h a t  t h e  
so lu t ion  a t  t h e  anode  face  is s a t u r a t e d  w i t h  CuC1,-, 
w h i c h  is a b o u t  0.22N in 1.8N HC1. F r o m  t h e  a r e a  of  
t he  pos i t i ve  g rad i en t ,  w e  c o m p u t e  0.25N, a g a i n  in  
good a g r e e m e n t .  

N o w  cons ide r  t h e  t ime  d e p e n d e n c e  of  t h e  g r a d i -  
en t s  (F ig .  3 a n d  4 ) .  A f t e r  2 sec, t h e  CuC18- g r a d i e n t  
has  g r e a t e r  s p a t i a l  e x t e n t  b u t  is s m a l l e r  in  m a g n i -  
tude ,  w h i l e  t he  HC1 g r a d i e n t  has  b e c o m e  l a rge r .  
This  t r e n d  is c o n t i n u e d  t h r o u g h o u t  t h e  d u r a t i o n  of 
the  f irst  p l a t e a u  ( <  3 sec) ,  t he  HC1 g r a d i e n t  b e c o m -  
ing  so l a r g e  c o m p a r e d  to t he  o t h e r  t h a t  t h e  ne t  r e -  
f r a c t i v e  i n d e x  g r a d i e n t  is n e g a t i v e  e v e r y w h e r e  
( a t  t = 3 sec ) .  Th is  b e h a v i o r  is to  b e  expec t ed ,  b e -  
cause  t he  t o t a l  CuCI~- c o n c e n t r a t i o n  d i f f e rence  c a n -  
no t  be  g r e a t e r  t h a n  the  c o n c e n t r a t i o n  of t h e  s a t u -  
r a t e d  solut ion ,  w h i l e  t h e  HC1 c o n c e n t r a t i o n  d e -  

c reases  as ~ / t  u n t i l  i ts  c o n c e n t r a t i o n  has  been  r e -  
d u c e d  to zero  a t  t he  a n o d e  face.  This  t y p e  of b e -  
h a v i o r  is o b s e r v e d  for  a l l  t r a n s i e n t s  for  w h i c h  the  
c u r r e n t  d rop  occurs  b e f o r e  convec t ion  begins .  The  
h i g h e r  ii is, t he  m o r e  p r o n o u n c e d  is t h e  n e g a t i v e  
g r a d i e n t  as  is to be  e x p e c t e d  f r o m  Eq. [5] .  This  
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r eg ion  is seen  (1)  to convec t  u p w a r d ,  w h i c h  d e m o n -  
s t r a t e s  t h a t  i t  c o r r e s p o n d s  to a so lu t ion  of concen -  
t r a t i o n  l o w e r  t h a n  the  bu lk .  The  HC1 g r a d i e n t  does 
no t  con t inue  to g r o w  inde f in i t e ly  b u t  is r e d u c e d  b y  
the  effect of n a t u r a l  convec t ion .  

A f t e r  the  c u r r e n t  drop ,  t he  e l e c t r o d e  v o l t a g e  (V)  
r ises  in to  t he  r a n g e  for  Cu § ion  fo rma t ion ,  V >= 
--0.05 v (7) .  The  e n t r a n c e  of a n e w  sa l t  in to  so lu t ion  
can  be  seen  a t  t = 4  sec (Fig .  5) as a n e w  pos i t i ve  
g r a d i e n t  n e x t  to t he  e lec t rode .  This  inc reases  r a p -  
id ly  even  w h i l e  t he  c u r r e n t  is pa s s ing  t h r o u g h  i ts  
m i n i m u m ,  a n d  has  s u b m e r g e d  mos t  of t h e  HC1 
g rad ien t .  As  the  c u r r e n t  r i ses  to t he  s t e a d y  s ta te ,  
the  pos i t i ve  g r a d i e n t s  inc rease ,  b u t  convec t ion  l im i t s  
t he  r eg ion  in  w h i c h  t h e y  occur  to a b o u t  0.17 mm.  
The  n e g a t i v e  g r a d i e n t  is also r e d u c e d  because  of t he  
b u l k  t r a n s p o r t  of ions b y  convec t ion .  I n  the  s t e a d y  
s ta te ,  t he  HC1 g r a d i e n t  m u s t  be  s m a l l  as can  be  seen  
b y  cons ide r ing  the  C F  c o n c e n t r a t i o n  g r a d i e n t  neces -  
s a r y  to c a r r y  t he  s t e a d y - s t a t e  c u r r e n t  ac ross  a s t a g -  
n a n t  l a y e r  of w i d t h  Ax. By  F i c k ' s  l a w  

i Ac 
- - D - -  [6]  

SF ~x 

There fore ,  ~c = 0.3M. Convec t ion  effects w i l l  r e d u c e  
this  cons ide r ab ly ,  and  the  fact  t h a t  Cu §247 ions  a r e  
c a r r y i n g  some of t he  c u r r e n t  also wi l l  d e c r e a s e  Ac. 
Thus  t h e  HC1 c o n c e n t r a t i o n  d i f fe rence  can  b e  e x -  
pec t ed  to be  s m a l l  c o m p a r e d  to i ts  b u l k  c o n c e n t r a -  
t ion  (2N) .  

The  pos i t i ve  g r a d i e n t  is c o m p o s e d  of  c o n t r i b u t i o n s  
f r o m  b o t h  CuCI~- and  CuCI.~. W e  k n o w  the  a p p r o x i -  
m a t e  c o n c e n t r a t i o n  of the  CuCI~- a t  t he  s u r f a c e  to 
be  a b o u t  0.24N ( s a t u r a t e d  so lu t ion)  and  can  s u b t r a c t  
i ts  effect on t h e  i n d e x  of r e f r a c t i o n  to d e t e r m i n e  the  
CuCI~ concen t ra t ion .  F r o m  Fig.  4, for  the  s t e a d y  
s ta te ,  th is  r e su l t s  in a v a l u e  of 0.22M for  t he  CuCI~. 
a t  the  anode,  w h i c h  v a l u e  is v e r y  close to t h e  CuC1 
concen t ra t ion .  The  v a l u e  of t he  CuC~  c o n c e n t r a t i o n  
c o m p u t e d  th is  w a y  is a l o w e r  l imi t ,  as some  Cu §247 
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Fig. 6. Refractive index gradients near o CulHO anode 
where convection occurs before the current drop (~ ~ 12 
sec). A stable conf igurat ion is developed which lasts unti l 
the end of the current plateau. Af terward,  a larger gradient  
is established and persists in the steady store. 

m a y  h a v e  r e p l a c e d  H ~ f rom the  HC1, an  effect w h i c h  
w o u l d  p r o d u c e  a s m a l l e r  effect on the  r e f r a c t i v e  
i n d e x  t h a n  the  a d d i t i o n  of CuCI~ to the  solut ion.  
H o w e v e r ,  as CuC1 a n d  CuCI~ a r e  f o u n d  to be  p r o -  
d u c e d  in r o u g h l y  equa l  a m o u n t s  (7)  and  u n d e r g o  
s i m i l a r  mass  t r a n s f e r  processes ,  one w o u l d  expec t  
t h a t  t he i r  c o n c e n t r a t i o n  prof i les  w o u l d  be  s i m i l a r  
a n d  thus  t h e i r  c o n c e n t r a t i o n s  a t  t h e  a n o d e  r o u g h l y  
equal .  A l l  t r a n s i e n t s  w i t h  sho r t  p l a t e a u s  ( <  4 sec)  
e x h i b i t  s ch l i e r en  s i m i l a r  to the  one j u s t  d iscussed,  
d i f fe r ing  on ly  in  i n t e n s i t y  and  t i m e  scale.  

F o r  t r a n s i e n t s  w i t h  a long  f irst  p l a t e a u ,  i.e., w h e n  
i, is smal l ,  t he  C1- is no t  d e p l e t e d  at  a r a p i d  ra te ,  
and  thus  l a r g e  n e g a t i v e  g r a d i e n t s  n e v e r  ar ise .  The  
sch l i e r en  of such a t r a n s i e n t  (Fig .  6) shows  a pos i -  
t i ve  g r a d i e n t  w h i c h  inc reases  for  t he  f i rs t  f e w  sec-  
onds  and  t h e n  becomes  s t ab i l i z ed  b y  convec t ion .  The  
c onc e n t r a t i on  g r a d i e n t s  a r e  t h e n  c o n s t a n t  u n t i l  t he  
c u r r e n t  drop .  I f  V r e m a i n s  less  t h a n  --0.05 v, t hen  
no c o n c e n t r a t i o n  c ha nge s  occur  d u r i n g  or  a f t e r  t h e  
c u r r e n t  drop,  as i t  is o b s e r v e d  t ha t  t he  convec t ion  
l a y e r  has  a l r e a d y  become  s tab i l i zed ,  and  no n e w  
e l ec t rode  process  is found  to occur  (7 ) .  F o r  those  
cases  w h e r e  V inc reases  b e y o n d  --0.05 v, an  i n -  
c rease  in the  pos i t i ve  g r a d i e n t  in  t he  convec t ion  
l a y e r  is o b s e r v e d  b e t w e e n  the  end  of t he  first  
p l a t e a u  and  the  c u r r e n t  m i n i m u m .  This  i nc rea se  
r e m a i n s  u n t i l  t he  s t e a d y  s t a t e  is r e a c h e d  (Fig .  6) .  I t  
is a t t r i b u t e d  to the  e n t r a n c e  of Cu +§ in to  so lu t ion  as 
th is  is the  on ly  m e c h a n i s m  w h i c h  could  i nc rea se  t he  
ionic c o n c e n t r a t i o n  b e y o n d  t h a t  of s a t u r a t e d  CuC1 
and  because  Cu t§ is o b s e r v e d  as a r e a c t i o n  p r o d u c t  
for  V => --0.05 v. In  2N HC1, t h e  second  c u r r e n t - t i m e  
p l a t e a u  is too shor t  to d i s t i n g u i s h  w h e t h e r  t h e  i n -  
c rease  in  n' occurs  d u r i n g  or  a f t e r  t he  p l a t eau ,  b u t  
th is  is pos s ib l e  at  l o w e r  concen t ra t ions .  I n  0.5N 
HC1, t he  m a x i m u m  CuC1 c o n c e n t r a t i o n  is on ly  
0.015N, and  thus  on ly  a v e r y  s m a l l  pos i t i ve  g r a d i e n t  
cou ld  be  due  to s a t u r a t i o n  of t h e  HC1 at  t h e  a n o d e  
face.  The  second  p l a t e a u  is l onge r  t h a n  the  f irst  in  
0.5N HCI,  g iv ing  a m p l e  t i m e  to d e t e r m i n e  the  con-  
d i t ions  ex i s t i ng  d u r i n g  t h e  second  p l a t e a u .  V i s u a l  
s ch l i e r en  o b s e r v a t i o n s  w e r e  m a d e  us ing  m o v e m e n t  
of the  k n i f e  edge  for  q u a n t i t a t i v e  e s t i m a t e s  of t h e  
g rad ien t s .  A l a r g e  pos i t i ve  g r a d i e n t  ( w i t h  a m a x i -  
m u m  of the  o r d e r  of 40 x 10 -~ r i u / m m )  a p p e a r e d  
n e x t  to the  a n o d e  as soon as t h e  second  p l a t e a u  was  
in i t i a t ed .  This  cou ld  be  due  on ly  to Cu §247 e n t e r i n g  
the  so lu t ion  for  t h e  r e a sons  c i t ed  above .  

Steady State and Oscillations 

S t e a d y - s t a t e  cond i t ions  a r e  i n d e p e n d e n t  of e a r l y  
s tages  of  t h e  t r ans i en t s ,  a n d  d e p e n d  on ly  on t h e  
f inal  e l ec t rode  v o l t a g e  (V~) and  c u r r e n t  (i| The  
two  t y p e s  of s t e a d y - s t a t e  cond i t ions  h a v e  a l r e a d y  
b e e n  d iscussed ,  t he  r eg ion  w h e r e  a CuC1 l a y e r  ex is t s  
and  on ly  c up rous  ion is f o r m e d  (--0.27 < V ~  
--0.05)  and  the  r eg ion  w h e r e  cupr ic  ion fo rms  p a r t  
of t he  r e a c t i o n  p r o d u c t s  (V| ~ --0.05 v ) .  

The  f inal  s ch l i e r en  s t u d y  in  t he  CuIHC1 s y s t e m  
was  of  t he  d i f fus ion l a y e r  d u r i n ~  c u r r e n t  o sc i l l a -  
t ions.  W i t h  E = --0.2 v a n d  R = 100a, t he  t r a n s i e n t  
d i s p l a y e d  c u r r e n t  osc i l l a t ions  as o b s e r v e d  b y  B o n -  
hoeffer  (8) ,  w i t h  a p e r i o d  of 26 sec (Fig .  7) .  This  
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Fig. 7. The conf igurat ion of the dif fusion-convection 

layer during current oscil lations in the Cu I HCI system. The 
reference point has been changed for greater clarity, the 
curves overlapping considerably. The concentrations in the 
layer thus appear independent of the current f luctuations. 

t y p e  of osc i l l a t ion  was  s t ud i ed  w i t h  m o r e  s t a n d a r d  
e l e c t r o c h e m i c a l  t echn iques  b y  B a r t l e t t  and  Coope r  
(7)  and  a p p e a r s  to be  due  to f luc tua t ions  b e t w e e n  
two  q u a s i - s t e a d y  s ta tes ,  one w i t h  a sol id  a n o d e  f i lm 
and  the  o t h e r  w i t h o u t  it, as p o s t u l a t e d  in t he  a b o v e  
pape r .  The  first  p l a t e a u  l a s t ed  90 sec w i t h  il = 0.68 
ma,  and  the  m i n i m u m  c u r r e n t  was  0.27 ma.  Upon  
a p p r o a c h i n g  the  s t e a d y  s t a t e  (20 sec a f t e r  t h e  c u r -  
r en t  m i n i m u m ) ,  the  c u r r e n t  rose  s u d d e n l y  to 0.65 m a  
and  osc i l l a t ions  began .  T h e y  l a s t ed  on ly  e igh t  p e r i -  
ods and  t h e n  ceased  a b r u p t l y ,  the  c u r r e n t  i m m e d i -  
a t e l y  b e c o m i n g  cons t an t  a t  the  s t e a d y - s t a t e  va lue .  
S c h l i e r e n  m o t i o n  p i c tu re s  w e r e  t a k e n  d u r i n g  the  
f irst  10 sec of the  t r an s i en t ,  ove r  one c o m p l e t e  cyc le  
of an  osc i l l a t ion  ( the  s i x th )  and  d u r i n g  the  s t e a d y  
s ta te .  The  s ch l i e r en  for  fou r  s igni f icant  po in t s  d u r -  
ing  the  osc i l l a t ion  w e r e  a n a l y z e d  (Fig .  7) .  The  m a i n  
fac t  to be  n o t e d  is t he  s i m i l a r i t y  of t h e  fou r  resu l t s ,  
t he  c o n c e n t r a t i o n  g r a d i e n t s  a p p e a r i n g  to be  r e l a -  
t i v e l y  i n d e p e n d e n t  of  t he  cu r ren t .  F u r t h e r m o r e ,  the  
r e su l t  for  the  s t e a d y  s t a t e  is t he  s a m e  as t h a t  d u r -  
ing  osc i l la t ions .  This  r e s u l t  is to be  e x p e c t e d  if  t he  
r e m o v a l  r a t e  is c o n t r o l l e d  b y  a mass  t r a n s f e r  p r o c -  
ess ( so lu t ion  of the  l a y e r  as CuC1,-, and  s u b s e q u e n t  
convec t ion  a w a y )  w h i c h  is e s s e n t i a l l y  p h y s i c o c h e m -  
ical  r a t h e r  t h a n  e l ec t rochemica l ,  i.e., t ha t  t h e  r e -  
m o v a l  r a t e  is d e t e r m i n e d  b y  p h y s i c a l  qua n t i t i e s  
such as t he  r a t e s  of so lu t ion  a n d  d i f fus ion  of t he  
sal t ,  a n d  specific g r a v i t y  di f ferences ,  r a t h e r  t h a n  b y  
t h e  r a t e  of some  s tep  i n v o l v e d  in t he  e l ec t rode  r e -  
act ion.  As  long as t he  e l e c t r o d e  has  sufficient  sol id  
CuC1 on i t  to k e e p  t h e  so lu t ion  a t  t h e  anode  face  
s a tu r a t ed ,  t he  so lu t ion  and  convec t ion  wi l l  p roceed  
a t  the  s a m e  ra tes ,  and  the  g r a d i e n t s  w i l l  be  u n -  
a l t e r ed .  This  can  be  c l e a r l y  seen  e x p e r i m e n t a l l y  in  
s ch l i e r en  m o t i o n  p i c t u r e s  t a k e n  w h e n  the  c i r cu i t  
is b r o k e n  w i t h  t he  e l e c t r o d e  in t he  s t e a d y  s ta te .  The  
c o n c e n t r a t i o n  g r a d i e n t s  a r e  u n a l t e r e d  w h e n  the  c u r -  
r e n t  d rops  a b r u p t l y  to zero,  and  t h e y  r e m a i n  u n -  
c h a n g e d  for  a b o u t  10 sec, f ina l ly  d i m i n i s h i n g  to zero  
in 30 sec. The  10-sec p e r i o d  co r r e sponds  to t he  t i m e  

w h e n  the  l a s t  sol id  CuC1 is d i s so lved  as d e t e r m i n e d  
b y  d i r ec t  obse rva t ion .  The  g r a d i e n t s  a r e  a p p r o x i -  
m a t e l y  l i n e a r  as is to be e x p e c t e d  on the  bas is  of t he  
t h e o r y  of mass  t r a n s f e r  (9)  b y  n a t u r a l  convect ion ,  
w h i c h  is shown  in the  n e x t  sec t ion  to be  t r u e  for  a 
s y s t e m  c on t a in ing  a s ingle  sal t .  

N a t u r a l  C o n v e c t i o n  a t  a CulCuSO,  A n o d e  

The  sch l i e r en  t e c h n i q u e  was  a p p l i e d  to anodic  
d i s so lu t ion  of copper  in  2N CuSO,  as a check  on the  
t h e o r y  of n a t u r a l  convec t ion .  W i t h  on ly  one  sa l t  
p resen t ,  the  i n d e x  of r e f r a c t i o n  could  be  u n a m b i g u -  
ous ly  r e l a t e d  to t he  concen t r a t ion .  C u r r e n t s  in  the  
r a n g e  of 25-250 ~ a / c m  ~ w e r e  p a s s e d  a n d  sch l i e r en  
p h o t o g r a p h s  t a k e n  a f t e r  30 sec, w h i c h  a l l o w e d  
enough  t i m e  for  a s t e a d y  s t a t e  to be  e s t ab l i shed .  The  
s t e a d y - s t a t e  t h i ckness  of t he  convec t ion  l a y e r  was  
f o u n d  to be  i n d e p e n d e n t  of the  c u r r e n t  d e n s i t y  in 
the  r a n g e  inves t iga t ed ,  in a g r e e m e n t  w i t h  t he  i n t e r -  
f e r o m e t r i c  s tud ies  of Ibl ,  B a r r a d a ,  and  T r f i m p l e r  
(10) on the  s ame  sys tem.  

The  t h e o r y  of Tob ias  and  c o - w o r k e r s  (9)  is b a s e d  
on the  a n a l o g y  b e t w e e n  mass  t r a n s f e r  and  hea t  
t r a n s f e r  and  invo lves  t he  a s s u m p t i o n  t h a t  t he  con-  
c e n t r a t i o n  d i s t r i b u t i o n  in the  f o r m e r  p rocess  is t he  
s ame  as the  t e m p e r a t u r e  d i s t r i b u t i o n  in t he  l a t t e r .  
This  d i s t r i b u t i o n  is a p a r a b o l i c  one a n d  thus  t he  
g r a d i e n t  w o u l d  be  l inea r .  F o r  CuSO,, t he  concen -  
t r a t i o n  is c lose ly  p r o p o r t i o n a l  to  t he  i n c r e a s e  in t he  
i n d e x  of r e f r ac t ion ,  and  so t he  two  g r a d i e n t s  shou ld  
also be  p r o p o r t i o n a l .  F i g u r e  8 shows  t h a t  t he  g r a d i -  
en t  is found  to be  l i n e a r  b y  d i r ec t  s ch l i e r en  m e a s -  
u r e m e n t ,  g iv ing  d i r ec t  e x p e r i m e n t a l  p r o o f  of th i s  
a s sumpt ion .  

Summary and Conclusions 
The sch l i e r en  t e c h n i q u e  has  been  s h o w n  to be  

use fu l  as a q u a n t i t a t i v e  as w e l l  as q u a l i t a t i v e  tool  
in the  s t u d y  of e l ec t rode  p rocesses  and  has  been  
a p p l i e d  to the  CulHC1 anode.  In  th is  a p p l i c a t i o n  i t  
has  g iven  a q u a n t i t a t i v e  d e v e l o p m e n t  in  t ime  and  
space  of the  c o n c e n t r a t i o n  g r a d i e n t s  in  t he  n e a r  
n e i g h b o r h o o d  of the  e lec t rode .  The  d e p l e t i o n  of  t he  
C1- ion, o w i n g  to t he  f o r m a t i o n  of so l id  CuC1, and  
the  e n t r a n c e  into  so lu t ion  of Cu § ion h a v e  b e e n  seen 
and  m e a s u r e d .  By  the  use  of c i n e m a t o g r a p h y ,  the  

2C " ' , ,  

,~I~ ~ . 5  m o  

L I I I I 
0 0.05 0.1 0.15 " 0.2 

X (mm) 
Fig. 8. Refractive index gradients near a convection con- 
trolled CulCuS04 anode in the steady state. For this salt, 
the concentration is proport ional to the refractive index, and 
the l inear relation between concentrat ion gradient and dis- 
tance from the anode is verif ied. 
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details of the convection process, including the 
shape and time dependence of the convection layer 
thickness and its relative importance under various 
conditions have been investigated. Finally, using 
the simpler system (a Cu[CuSO, anode), linear con- 
centration distribution which is one of the under ly-  
ing assumptions of present theories of convection 
has been experimentally verified. 

We would like to point out the utility of the 
schlieren microscope as a research tool in the study 
of electrode phenomena. It  is simple and relatively 
inexpensive to construct. Its adjustment for opera-  
tion is not critical as are many  interferometers, and 
thus qualitative observations are very  easily ob- 
tained. Quantitative data can be obtained as close 
as 10 -8 cm from an electrode without disturbing the 
solution in any way. Both space and time depend- 
ence of processes may be observed. By selection of 
the optical parameters,  the sensitivity, resolving 
power, and field of view may be varied over wide 
ranges to suit various applications. 
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The Electrodeposition of Iron-Molybdenum Alloys 
L. O. Case and Albertine Krohn I 

Chemistry Department, University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

A plating cell was designed to provide a method for the variable rotation 
of a cylindrical cathode between rubber wiper blades, since wiping the cathode 
greatly increased the efficiency of the process for plating iron-molybdenum 
alloys from a solution containing sodium molybdate, ferric chloride, and 
sodium pyrophosphate buffered to a pH of 8 with excess sodium bicarbonate. 
A complete study of the variables showed it possible to electrodeposit alloys 
which are bright and adherent in thicknesses of a few hundredths of a milli- 
meter. No theoretical treatment is yet available to explain completely this 
type of deposition. 

With increased interest in metals which have 
utilitarian properties at very high temperatures,  
molybdenum has received considerable attention 
because of its ready availability in this country and 
its valuable refractory properties (1, 2). Many at-  
tempts have been made to develop a satisfactory 
process for the electrodeposition of this element so 
that, when only surface properties were important, 
a coating of molybdenum could be applied. This 
would conserve the metal and permit  one to take 
advantage of the s tructural  properties of the basis 
metal. However, all available evidence indicates 
that  pure molybdenum cannot be electroplated from 
a solvent containing oxygen in any form. 

Attempts have been made by a number  of inves- 
tigators to plate molybdenum from aqueous solu- 
tions (3-11). None of the methods suggested pro-  

1 Present  address: Chemis t ry  Depa r tmen t ,  Univers i ty  of  Toledo,  
Toledo, Ohio. 

duces more than a flash deposit a few microns in 
thickness, and there is no proof that  such deposits 
are pure molybdenum. Organic solvents and non-  
aqueous systems such as liquid ammonia have failed 
to give molybdenum deposits (12,13). Several 
moderately successful at tempts to electrodeposit 
molybdenum from fused salt baths have been re-  
ported (14-19). The most recent of these is reported 
to be the first instance of the production of coherent 
massive electrodeposits of molydenum (20). This 
process uses a melt of K~MoCI~ dissolved in a mix-  
ture of alkali halides, the electrolysis being carried 
out in an inert atmosphere. 

As in the case of other metals which cannot be 
deposited by themselves, a number  of alloys and 
oxides of molybdenum have been eleetrodeposited 
from aqueous solutions (21). For many  years, per-  
manent  black protective and decorative coatings 
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have been appl ied to copper, iron, and thei r  al loys 
by  electrodeposi t ing hydra t ed  molybdenum sesqui-  
oxide, Mo,~O~.xH.~O, on the object  and then ignit ing 
it [ (22)  p. 192]. Sometimes the molybdenum oxide 
is deposi ted with  an a l loying meta l  (23, 24), and 
colored coatings have been repor ted  (25). 

Some patents  have been gran ted  covering the 
electrodeposi t ion of cer ta in  molybdenum alloys. The 
deposit ion of coba l t -molybdenum alloys (26,27) ,  
ch romium-molybdenum alloys (28), and alloys of 
molybdenum with  cobalt,  nickel,  and iron (29, 30) 
have been patented.  

A number  of studies on the electrolyt ic  product ion 
of various alloys deposi ted f rom a lka l ine  c i t ra te  and 
t a r t r a t e  baths  have been repor ted  (31-36).  Al loys  
of mo lybdenum with  iron, cobalt,  nickel,  copper, or 
zinc were  obtained using a pyrophospha te  bath  
buffered with  sodium bicarbonate  (37). 

Al l  of the reports  ment ioning i r on -mo lybdenum 
alloys indicated that  it is possible to electrodeposi t  
al loys containing up to about 60% molybdenum.  
This is a higher  mo lybdenum content  than appears  
possible wi th  other codeposit ing metals.  However,  
the p la t ing  processes were  inefficient and the al loys 
were  descr ibed as being of poor quali ty.  Because of 
thei r  compara t ive ly  high molybdenum content,  these 
al loys were  selected for more intensive study. This 
research was unde r t aken  in an a t t empt  to develop 
an aqueous p la t ing  ba th  sui table  for the product ion 
of these alloys, and to invest igate  the possibi l i t ies  of 
increasing the efficiency of the process. 

Preliminary Studies 

Approx ima te ly  300 p la t ing  runs  were  made dur -  
ing the p re l imina ry  work.  About  170 of the de-  
posits were  analyzed for thei r  iron and molybdenum 
contents. The first exper iments  were  carr ied  out 
wi th  a c i t ra te  solution (34), but  the deposits ob- 
ta ined were  dull, dark,  and nonadherent .  A t t empts  
to modify the ba th  by  replacing the citric acid with 
NaKC,H,O~ or KHC,H,O~ were  unsat isfactory.  

More promising resul ts  were  obta ined using a 
modification of the pyrophospha te  bath  suggested by 
Myers (37). The function of the sodium pyrophos-  
phate  is to form a complex with  the Fe §247247 and thus 
p reven t  the prec ip i ta t ion  of ferr ic  hydrox ide  in the 
a lkal ine  solution. It has advantages  over  the ci trates  
and t a r t r a tes  used in other  baths  in tha t  the solu- 
tions are very  stable and that  the pyrophospha te  
does not produce undes i rab le  products  dur ing elec- 
trolysis.  A commercia l  chelat ing agent, Versene 
Fe-3  Specific, was t r ied as a rep lacement  for the 
pyrophosphate .  The deposits obta ined were  about  
the same, but  the solutions were  less s table  pa r t i c -  
u la r ly  at higher  tempera tures .  

Using the pyrophospha te  solution, several  series 
of p la t ing runs were  made to de te rmine  the effects 
of the var iab les  on the composition of the deposits 
and on the cathode current  efficiency. A few runs 
were  made using the appara tus  for periodic current  
reversa l  which had been designed for another  s tudy 
(38). The deposits produced were  of infer ior  qua l -  
ity, .so the exper iments  were  discontinued. A crude 
setup was used to test  the effect of ro ta t ing the  
electrode be tween a pa i r  of rubbe r  wiper  blades.  

This process improved  the efficiency so much tha t  
new appara tus  was designed in order  to pe rmi t  a 
more thorough s tudy with  the incorporat ion of the 
wiping procedure.  

Experimental 
Apparatus.--The pla t ing cell consisted of a cyl in-  

dr ical  Lucite  container  wi th  an e lect rolyte  capaci ty  
of about 800 ml. The cell was fitted wi th  a plast ic  
cover to which was a t tached the anode holder.  The 
cover had an opening in the center  to pe rmi t  inser-  
t ion of the cathode and another  near  one side for 
a calomel electrode. The detai ls  of the p la t ing  cell 
assembly are shown in Fig. 1. For  the anode, a piece 
of sheet p la t inum was rol led and sl ipped inside the 
anode holder.  Severa l  smal l  holes were  dr i l led  near  
the top of the holder  to pe rmi t  free circulat ion of 
the p la t ing  solution. 

The cathodes were  cyl inders  of p la t inum or brass 
13/4 in. long, % in. OD, 9/16 in. ID. The p la t ing  area  
of such a cathode is 3.43 in." (0.217 dm~). P la t ing  
wi th  cyl indr ica l  anodes and cathodes resul ts  in a 
more symmetr ica l  current  d is t r ibut ion  than p la t ing  
on flat cathodes. 

The top of the cathode holder  was machined from 
stainless steel to give a fr ict ion fit wi th  the cathode 
cylinders.  The exposed port ion of the holder  was 
protec ted  with  stop-off lacquer.  The lower  end of 
the upper  holder  was th readed  to fit the bot tom 
holder  which was made  of plastic.  The bot tom holder  
was tu rned  to precision fit the cathodes, so that,  
when the cyl inder  was s l ipped over the holder  and  
the two par ts  t ightened,  the system was leak proof. 
An L- shaped  s t i r re r  was th readed  into the bot tom 
cathode holder.  

DROPPING 
FUNNEL 

DRILL PRESS 

i , /'/COVER 

PINHOLE ~'~I~ h = ANODE HOLDER 

CATHODE 

c 

PLASTIC 
STIRRER 

Fig. 1. Side view of plating cell assembly 
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A bench  size d r i l l  p ress  o p e r a t e d  b y  a h a l f - h o r s e -  
p o w e r  m o t o r  s e r v e d  as a conven i en t  dev ice  for  r o t a -  
t ion  of the  ca thode .  S ince  the  ca thode  and  sp ind le  
w e r e  r o t a t i n g  d u r i n g  the  p l a t i n g  process ,  a d i r ec t  
connec t ion  was  imposs ib le .  Con tac t  was  e s t a b l i s h e d  
b y  m e a n s  of  a pool  of m e r c u r y  in  a s m a l l  ho le  d r i l l e d  
in a s tee l  c y l i n d e r  a t t a c h e d  to t h e  top  of the  sp indle .  
A s tee l  b a r  s u p p o r t e d  a p iece  of p l a t i n u m  w i r e  w h i c h  
d i p p e d  in to  the  m e r c u r y .  

P rov i s ion  was  m a d e  for  w i p i n g  the  ca thode  d u r i n g  
the  p l a t i n g  r u n  b y  the  use  of two  a d j u s t a b l e  w i p e r  
b l ades  a t t a c h e d  to t he  p l a t i n g  cel l  cover  (see Fig.  2) .  
The  w i p e r  b l ades  w e r e  2- in.  l eng th s  of 5 p l y  r u b b e r  
w i n d s h i e l d  w i p e r  w h i c h  s l i pped  into  s lo t t ed  p la s t i c  
ho lders .  The  top  of  each  h o l d e r  was  t a p p e d  to t a k e  
a b ra s s  m a c h i n e  sc rew w h i c h  pa s sed  t h r o u g h  an  
open ing  in t he  cel l  cover .  A f t e r  a d j u s t i n g  the  pos i -  
t ion  of t he  w i p e r  b lades ,  t he  sc rews  w e r e  t i gh t ened .  
The  en t i r e  p l a t i n g  a s s e m b l y  was  i m m e r s e d  in a con-  
s t an t  t e m p e r a t u r e  ba th .  

Analysis of the deposits.--Alloy depos i t s  w e r e  
washed ,  d r i ed ,  we ighed ,  and  d i s so lved  f r o m  the  
ca thode  in 5N n i t r i c  acid.  T h e y  w e r e  a n a l y z e d  b y  a 
c o lo r ime t r i c  m e t h o d  based  on the  fac t  t ha t  bo th  
m o l y b d e n u m  and  i ron  fo rm co lored  c o m p o u n d s  w i t h  
m e r c a p t o a c e t i c  ac id  (39-42) .  

E x p e r i m e n t a l  Resu l ts  

Unless  o t h e r w i s e  specified,  p l a t i n g  runs  w e r e  
m a d e  at  50~ w i t h  a c u r r e n t  dens i t y  of 15.6 
a m p / d i n  2 (140 a m p / i t 2 ) .  Mos t  p l a t i n g  t imes  w e r e  10 
rain.  T h e  usua l  compos i t ion  of the  b a t h  was :  

S o d i u m  m o l y b d a t e  
(Na~MoO, �9 2H~O) 1.0N (40 g / l )  

F e r r i c  ch lo r ide  (FeCI~ �9 6H=O) 0.1N (9 g / l )  
S o d i u m  p y r o p h o s p h a t e  

(Na,P~O: �9 10H~O) 0.4N (45 g / l )  
S o d i u m  b i c a r b o n a t e  (NaHCO,)  0.9N (75 g / l )  

The  effects of changes  in the  so lu t ion  compos i t ion  
and  p l a t i n g  cond i t ions  on  the  compos i t ion  of t he  

ECAELOTM#LD E 

ANODE / 

Fig. 2. Top view of plat ing cell 
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depos i t s  and  on the  ca thode  c u r r e n t  eff iciency a re  
s u m m a r i z e d  b y  the  fo l lowing  g r a p h s  and  discuss ion.  
Ca thode  c u r r e n t  efficiencies w e r e  c a l c u l a t e d  on the  
bas is  of t he  depos i t i on  of  i ron  f rom i r o n ( I I I )  a n d  
m o l y b d e n u m  f rom M o ( V I ) .  

Ef]ect of cathode rotation, stirring, and wip ing . -  
Runs  w e r e  m a d e  in a s t i l l  b a t h ;  w i t h  r o t a t i o n  of the  
c a thode  at  1750 r p m ;  w i t h  r o t a t i o n  at  t he  s ame  speed  
w i t h  the  L - s h a p e d  s t i r r e r  a t t a c h e d  to the  ca thode  
f ix ture ;  w i th  r o t a t i o n  b e t w e e n  f ixed w i p e r  b l ades  
w i t h o u t  the  s t i r r e r ;  and  f ina l ly  w i t h  ro t a t ion ,  s t i r -  
r ing,  and  wip ing .  The  efficiency of the  ca thode  p l a t -  
ing  p rocess  is n e a r l y  t r i p l e d  w h e n  ro t a t i on ,  s t i r r ing ,  
and  w i p i n g  a re  used  (see Fig.  3) .  The  w i p i n g  process  
a ids  in the  r e m o v a l  of h y d r o g e n  b u b b l e s  and  also 
dec reases  the  ox ide  con ten t  of the  deposi ts .  

Depos i t s  f r o m  a s t i l l  b a t h  w e r e  du l l  d a r k  g ray .  
Those  m a d e  w i t h  the  use  of r o t a t i o n  w i t h o u t  w i p i n g  
h a d  a f ro s ty  g r a y  a p p e a r a n c e ,  w h i l e  those  w h i c h  
w e r e  w i p e d  had  a b r i g h t  m e t a l l i c  l u s t e r  and  d id  
not  t a rn i sh .  

Ef]ect of the rate of cathode rotation.--Rur~s w e r e  
m a d e  w i th  the  ca thode  r o t a t i n g  a t  875, 1750, 2675, 
and  3500 rpm.  These  c o r r e s p o n d  to 143, 286, 429, 
and  572 f t / m i n .  As  shown  in Fig.  4, the  r a t e  of 
ca thode  ro t a t i on  does  not  affect  a p p r e c i a b l y  the  
compos i t ion  of the  a l loy  depos i t s  excep t  a t  v e r y  
h igh  speeds  w h e n  the  m o l y b d e n u m  con ten t  in -  
c r ea sed  and  the  ox ide  con ten t  dec reased .  A t  3500 
r p m  the  v igorous  r o t a t i o n  t h r e w  the  so lu t ion  a w a y  
f r o m  the  top  of t he  ca thode .  The  depos i t  o b t a i n e d  a t  
th is  r a t e  of r o t a t i o n  was  i r i de sc e n t  d a r k  b lue  n e a r  
the  top  and  t e n d e d  to f lake off t he  base  m e t a l  w h e n  
dr ied .  The  eff iciency d e c r e a s e d  a t  the  h i g h e r  speeds  
also be c a use  of t he  t e n d e n c y  for  the  so lu t ion  to be  
t h r o w n  a w a y  f r o m  the  r o t a t i n g  ca thode ,  even  t h o u g h  
the  w i p e r  b l ades  s e r v e d  as baffles to some ex ten t .  
The  g r e a t e s t  eff iciency was  o b t a i n e d  at  1750 rpm,  so 
th is  speed  was  used  in a l l  s u b s e q u e n t  e x p e r i m e n t s .  

Effect of current density.--Nine r u n s  w e r e  m a d e  
at  c u r r e n t  dens i t i es  v a r i e d  f rom 2.2 to 20.0 a m p / d i n  '~ 
(20 to 180 a m p / f t  2 in i n c r e m e n t s  of 20 a m p / f t " ) .  
The  t ime  of each  p l a t i n g  r u n  was  a d j u s t e d  so t h a t  
2100 cou lombs  pas sed  d u r i n g  each  run .  A t  c u r r e n t  
dens i t i e s  b e l o w  8.9 amp/dm-" (80 a m p / f t  ~) the  d e -  
pos i t s  w e r e  coa r se ly  c rys t a l l i ne ,  the  r a t e  of g r o w t h  
of the  nuc le i  e x c e e d i n g  the  r a t e  of nuc leus  f o r m a -  
t ion.  The  m o l y b d e n u m  con ten t  was  low and  the  
ox ide  con ten t  h igh  as shown  in Fig.  5. As  the  c u r -  
r en t  d e n s i t y  was  inc reased ,  t he  r a t e  of f o r m a t i o n  of 
t he  nuc l e i  was  g r e a t e r  and  the  depos i t s  b e c a m e  
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Fig, 8. E f fec t  o f  M o ( V I )  c o n c e n t r o t i o n  

m o r e  fine g ra ined .  T h e r e  was  a dec rea se  in the  
r e l a t i v e  a m o u n t  of the  m o r e  nob le  m e t a l  ( i r on )  
s ince  i t  was  m o r e  r a p i d l y  d e p l e t e d  in the  depos i t ion  
zone. C u r r e n t  d e n s i t y  was  not  c r i t i ca l  in  t he  r a n g e  
11-20 a m p / d m  ~ (100-140 amp/ft '~) .  The  depos i t s  
w e r e  good and  the  process  was  efficient. Depos i t s  
w e r e  less b r i g h t  a t  h i g h e r  c u r r e n t  dens i t i es  and  the  
efficiency dec reased .  S ince  the  m e t a l  ions  cou ld  no t  
be  d i s c h a r g e d  r a p i d l y  enough,  m o r e  h y d r o g e n  was  
evo lved  ins tead .  

EfJect of temperature.--Runs w e r e  m a d e  at  30 ~ 
40 ~ 50 ~ 60 ~ and  70~ The  depos i t s  i m p r o v e d  in 
a p p e a r a n c e ,  b e c o m i n g  m o r e  .smooth and  b r i g h t  as 
the  depos i t i on  was  c a r r i e d  out  a t  h i g h e r  t e m p e r a -  
tures .  The  efficiency of the  ca thode  process  l i k e w i s e  
was  inc reased .  H o w e v e r ,  the  p e r c e n t a g e  of i ron  in 
the  a l loy  depos i t s  i n c r e a s e d  a t  t e m p e r a t u r e s  above  
50~ w h i l e  the  p e r c e n t a g e  of m o l y b d e n u m  d e -  
c r ea sed  as shown  in Fig .  6. In  se lec t ing  an  o p e r a t i n g  
t e m p e r a t u r e ,  a choice m u s t  be m a d e  b e t w e e n  an  
inc rease  in  efficiency and  a dec rea se  in  t he  m o l y b d e -  
n u m  con ten t  of the  a l loy.  A r e a s o n a b l e  c o m p r o m i s e  
is a c h i e v e d  at  50~ 

E~ect of the length of plating time.---Runs w e r e  
m a d e  of  2-  to 60 -min  du ra t i on .  E x c e p t  for  v e r y  shor t  
or  v e r y  long  p l a t i n g  per iods ,  the  compos i t ion  of the  
depos i t s  a n d  the  c u r r e n t  eff iciency d id  no t  change  
s ign i f i can t ly  (Fig.  7).  The  depos i t  o b t a i n e d  a f t e r  
p l a t i n g  for  2 m i n  w a s  th in ,  b r igh t ,  and  r e l a t i v e l y  
h igh  in m o l y b d e n u m  conten t .  Those  o b t a i n e d  w i t h  
4-  to 10 -min  p l a t i n g  pe r i ods  w e r e  n e a r l y  i d e n t i c a l  
in a p p e a r a n c e  and  compos i t ion  and  w e r e  p l a t e d  
w i th  a b o u t  t he  same  efficiency. As  the  l e n g t h  of t he  
p l a t i n g  t i m e  was  inc reased ,  the  depos i t s  b e c a m e  du l l  
and  r o u g h  and  w e r e  less a d h e r e n t .  These  e x p e r i -  
m e n t s  show tha t ,  b y  the  p r e s e n t  me thod ,  i t  is pos -  
s ib le  to e l ec t rodepos i t  s a t i s f a c t o r y  coa t ings  of i r o n -  
m o l y b d e n u m  a l loy  up  to abou t  0.01 m m  in th i ckness .  

EfJect of M o ( V I )  concentration.--The c o n c e n t r a -  
t ion  of M o ( V I )  was  v a r i e d  f rom 0.0 to 2.0N (0 to 
80 g/1 Na.~MoO,. 2H20),  k e e p i n g  the  o t h e r  b a t h  com-  
pone n t s  cons tan t .  W i t h  no  Na~MoO, in  t he  p l a t i n g  
ba th ,  a v e r y  poor  depos i t  was  ob ta ined .  The  i ron  
p l a t e  was  c o n t a m i n a t e d  w i t h  c o n s i d e r a b l e  ox ide  
w h i c h  gave  i t  a rough,  d a r k  a p p e a r a n c e .  F i g u r e  8 
shows  tha t ,  as t he  c o n c e n t r a t i o n  of M o ( V I )  was  i n -  
c reased ,  the  m o l y b d e n u m  con ten t  of the  depos i t s  
i nc r ea sed  and  the  i ron  con ten t  dec reased .  H o w e v e r ,  
t he  changes  w e r e  no t  v e r y  g r e a t  a t  concen t r a t i ons  
a b o v e  1.0N, i n d i c a t i n g  the  p r e s e n c e  of some  t y p e  of 
r e g u l a t i n g  m e c h a n i s m  w h i c h  p r e v e n t s  the  depos i t i on  
of m o l y b d e n u m  in p r o p o r t i o n  to i ts  c o n c e n t r a t i o n  in  
the  p l a t i n g  ba th .  The  c a thode  c u r r e n t  eff iciency was  
g r e a t e s t  a t  1.0N M o ( V I )  and  d e c r e a s e d  a t  h i g h e r  
concen t ra t ions .  A l l  depos i t s  w e r e  good excep t  t he  
one w h i c h  c o n t a i n e d  no m o l y b d e n u m .  

Ef]ect of F e ( I I I )  concentration.--The c o n c e n t r a -  
t ion  of F e ( I I I )  was  v a r i e d  f rom 0.0 to 0.4N (0 to 36 
g/1 FeCl~-6 H.:O). To k e e p  the  i ron  c o m p l e x e d  to 
the  s ame  e x t e n t  in each  solut ion,  t he  a m o u n t  of 
Na,P~OT-10 H~O was  c o r r e s p o n d i n g l y  va r i ed .  The  
n o r m a l i t y  of Na,P.~OT. 10 H~O used  was  e q u a l  to fou r  
t i m e s  the  n o r m a l i t y  of FeCI.~-6 H.~O in each  case e x -  
cep t  t ha t  w i t h o u t  FeCI~.6 H~O w h i c h  c o n t a i n e d  the  
u s u a l  0.4N p y r o p h o s p h a t e .  A l t h o u g h  no depos i t  w a s  
e x p e c t e d  in the  absence  of F e ( I I I ) ,  a r u n  was  m a d e  
in  o r d e r  to o b t a i n  p o t e n t i a l  m e a s u r e m e n t s .  M u c h  
m o r e  n e g a t i v e  va lue s  t h a n  u s u a l  w e r e  f o u n d  for  the  
s ta t ic  m o l y b d e n u m  p o t e n t i a l s  in the  so lu t ion  w i t h -  
out  i ron,  w h i c h  w o u l d  s e e m  to i nd i ca t e  t h a t  t he  
Na,P~O7 fo rms  a c o m p l e x  w i t h  the  Na=MoO,. This  is 
qu i t e  l i k e l y  in v i e w  of t he  w e l l - k n o w n  complexes  
of m o l y b d a t e  w i t h  phospha te s .  The  c o m p o u n d  
Na(MoP~OT) �9 12 H~O has  been  r e p o r t e d  (43) .  As  the  
c o n c e n t r a t i o n  of F e ( I I I )  was  i n c r e a s e d  f rom 0.05 to 
0.4N, t he  i ron  con ten t  of t he  depos i t s  i n c r e a s e d  and  
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the  m o l y b d e n u m  con ten t  d e c r e a s e d  (see Fig.  9) .  
The  ca thode  c u r r e n t  eff iciency d e c r e a s e d  w i t h  i n -  
c r ea sed  F e ( I I I )  concen t r a t ion .  

Effect of sodium pyrophosphate concentration.- 
The  c o n c e n t r a t i o n  of Na4P~O:.10 H.O was  v a r i e d  
f rom 12 g/1 to 90 g/1 ( a p p r o x i m a t e l y  0.1 to 0.8N).  
A c c o r d i n g  to the  l i t e r a t u r e ,  F e ( I I I )  fo rms  t h r e e  
complexes  w i t h  p y r o p h o s p h a t e  d e p e n d i n g  on t h e i r  
r e l a t i v e  concen t r a t i ons  (44) .  W i t h  4 e q u i v a l e n t s  of 
F e ( I I I )  to 3 e q u i v a l e n t s  of p y r o p h o s p h a t e ,  a p r e c i p -  
i t a t e  of Fe,(P~OT)3 is ob ta ined .  This  p r e c i p i t a t e  is 
so lub le  in t h e  p r e s e n c e  of excess  p y r o p h o s p h a t e  to 
fo rm Fe(P=OT)- and  Fe(P.~O0.~ ~. One r u n  was  m a d e  
w i t h  ju s t  e n o u g h  p y r o p h o s p h a t e  to d i s so lve  the  
p r e c i p i t a t e  Fe,(P~O0~. The  so lu t ion  was  d a r k  red,  
i n d i c a t i n g  the  p r o b a b l e  p r e s e n c e  of some d i s p e r s e d  
F e  (OH)~ since the  a m o u n t  of p y r o p h o s p h a t e  p r e s e n t  
was  insuff ic ient  to k e e p  a l l  the  i r o n ( I I I )  in solut ion.  
The  depos i t  o b t a i n e d  f r o m  this  so lu t ion  was  low in 
m o l y b d e n u m  con ten t  a n d  h igh  in  i ron  and  oxygen .  
As  the  p y r o p h o s p h a t e  con ten t  of the  so lu t ions  was  
inc reased ,  t he  color  c h a n g e d  to o r a n g e - y e l l o w ,  
y e l l o w - g r e e n ,  and  f ina l ly  to b l u e - g r e e n .  The  p e r -  
cen tage  of i ron  in the  depos i t s  d e c r e a s e d  as t he  i ron  
w a s  m o r e  t i g h t l y  b o u n d  b y  the  excess  p y r o p h o s -  
pha te .  The  efficiency of the  p l a t i n g  p rocess  d e c r e a s e d  
m a r k e d l y ,  as seen in Fig.  10. The  s ta t ic  p o t e n t i a l s  
of bo th  m o l y b d e n u m  and  i ron  b e c a m e  m o r e  n e g a -  
t i ve  as  the  c o n c e n t r a t i o n  of p y r o p h o s p h a t e  w a s  i n -  
c reased .  This  supp l i e s  a d d i t i o n a l  ev idence  to i n d i -  
ca te  t h a t  the  p y r o p h o s p h a t e  fo rms  a c o m p l e x  w i t h  
m o l y b d e n u m  as we l l  as w i t h  iron.  The  a l l oy  d e -  
pos i t s  w e r e  poor  at  the  l o w e r  p y r o p h o s p h a t e  con-  
cen t ra t ions .  

Effect of p H . - - F i v e  runs  w e r e  m a d e  ove r  the  p H  
r a n g e  7-10. Depos i t s  w e r e  no t  o b t a i n e d  in  ac id  
solut ions .  F o r  the  first  run ,  the  NaHCO~ was  r e -  
p l aced  b y  an  e q u i v a l e n t  a m o u n t  of NaC1 to m a i n -  
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ra in  cons t an t  sa l t  concen t ra t ion .  A f ew drops  of 
d i l u t e  HC1 w e r e  a d d e d  to b r i n g  the  p H  to 7. The  
u s u a l  p l a t i n g  b a t h  m a i n t a i n e d  a p H  of 8. H i g h e r  
pH va lues  w e r e  a c h i e v e d  b y  the  r e p l a c e m e n t  of p a r t  
or  a l l  of the  NaHCO3 b y  Na~CO~. A v e r y  poor  d e -  
pos i t  was  f o r m e d  f rom the  n e u t r a l  p l a t i n g  solut ion.  
As  Fig.  11 shows,  the  a l l oy  was  low in m o l y b d e n u m  
and  h igh  in i ron  and  oxygen .  The  c u r r e n t  eff iciency 
i n c r e a s e d  up  to p H  9.3. A t  p H  9.9 some F e ( O H ) ~  
was  s u s p e n d e d  co l l o ida l l y  in the  ba th ,  s ince  t he  
p y r o p h o s p h a t e  was  u n a b l e  to keep  the  i ron  c o m -  
p l e t e l y  c o m p l e x e d  at  th is  h igh  pH. The  depos i t  was  
e x c e p t i o n a l l y  s m o o t h  a n d  b r i g h t  b e c a u s e  of t h e  col -  
lo id  in  the  ba th .  

Reproducibility.---Four i den t i ca l  runs  w e r e  made ,  
k e e p i n g  a l l  f ac to rs  as n e a r l y  cons t an t  as poss ib le ,  
in o r d e r  to d e t e r m i n e  the  e x t e n t  to w h i c h  the  p o -  
t e n t i a l  m e a s u r e m e n t s  and  the  compos i t ion  of the  
depos i t s  w e r e  r e p r o d u c i b l e .  The  compos i t ion  of the  
depos i t s  was  f o u n d  to be  r e p r o d u c i b l e  w i t h i n  0.4%, 
w h i c h  was  abou t  the  d e g r e e  of a c c u r a c y  a t t a i n a b l e  
w i t h  the  a n a l y t i c a l  m e t h o d  used.  The  fou r  depos i t s  
o b t a i n e d  w e r e  n e a r l y  i den t i ca l  in  a p p e a r a n c e .  The  
s t a t i c  m o l y b d e n u m  po t e n t i a l s  w e r e  r e p r o d u c i b l e  
w i t h i n  3 mv.  The  s ta t ic  i ron  po t e n t i a l s  a n d  the  
d y n a m i c  a l loy  po t e n t i a l s  w e r e  no t  s igni f icant  e i t h e r  
t h r o u g h  l ack  of r e v e r s i b i l i t y  or  d u p l i c a b i l i t y .  

Stability.--A s t a n d a r d  800-ml  b a t c h  of p l a t i n g  
so lu t ion  was  p r e p a r e d  and  a ser ies  of 30 consecu t ive  
10 -min  runs  was  m a d e  f rom the  o r ig ina l  so lu t ion .  
T h e r e  was  no ev idence  of so lu t ion  b r e a k d o w n  d u r -  
ing this  ser ies  of e x p e r i m e n t s ,  showing  t ha t  t he  sys -  
t em is v e r y  s tab le .  

A 3200-ml  b a t c h  of  s t a n d a r d  so lu t ion  was  p r e -  
pa r ed .  One r u n  was  m a d e  us ing  800 ml  of the  f r e s h -  
ly  p r e p a r e d  solut ion ,  and  a d d i t i o n a l  r uns  w e r e  
m a d e  on 800 m l  po r t i ons  of the  r e m a i n d e r  1 day ,  
26 days ,  and  80 d a y s  l a t e r .  T h e r e  was  no  ag ing  effect 
in  th is  p l a t i n g  so lu t ion  d u r i n g  the  8 0 - d a y  in t e rva l .  
The  b a t h  gave  depos i t s  of e s s e n t i a l l y  cons t an t  com-  
pos i t i on  w i t h  t he  s ame  efficiency w h e t h e r  f rom f r e sh  
or  aged  solut ion.  

Examination of the deposits.--The usua l  i r o n -  
m o l y b d e n u m  a l loy  depos i t s  w e r e  b r igh t ,  s i l ve ry  
g r a y  a n d  d id  not  t a r n i s h  v i s i b l y  in l a b o r a t o r y  a i r  
d u r i n g  pe r i ods  of four  months .  A t y p i c a l  depos i t  is 
shown  in Fig.  12. 

The  a l loys  w e r e  r e a d i l y  so lub le  in  5N HNO~, b u t  
d id  no t  d i s so lve  in d i l u t e  H=SO4, H=SO, p lus  H~PO, 
hot  6N HC1, hot  or  cold d i l u t e  HC10,, or  cold  con-  
c e n t r a t e d  HC10,. T h e y  w e r e  s l i gh t ly  so lub le  in hot  
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Fig. 12. A typical iron-molybdenum deposit 

concentra ted H~SO4. The plates  appear  iner t  toward  
a lkal ine  solutions. 

The deposits adhere  well  to the cyl indr ica l  p la t i -  
num cathodes as long as the thickness is not greater  
than a few hundred ths  of a mi l l imeter .  They were  
found to be hard  and bri t t le .  

Microscopic examinat ion  of the deposits showed 
that  they  contain numerous  cracks, as shown in 
Fig. 13. This is a photomicrograph of a typica l  i ron-  
molybdenum alloy as p la ted  on a brass tube  and 
then covered with  copper e lectrodeposi ted from a 
cyanide bath.  There is no evidence of a banded  
structure,  nor are there  any large  occlusions in the 
deposits. Nei ther  h igher  magnifications up to 1200 X 
nor the action of etching agents gave evidence of 
more than  a single phase. 

This suggests the probable  format ion of an in te r -  
metal l ic  compound or a solid solution. The epsilon 
phase in the i r on -mo lybdenum system (FeTMo6) is 
well-defined,  but  the composit ion of the deposits is 
more indicat ive of the sigma phase which has the 
formula  FeMo [(45)  p. 1210]. FeMo is t he rma l ly  
s table above 1180~ and therefore  would be me ta -  
s table under  the p la t ing  conditions used. The de-  
posits were  so highly  s t ra ined tha t  a t tempts  to 
ident i fy  the i r  s t ructures  by x - r a y  analysis  resul ted  
in bands which were  too diffuse to give any definite 
information.  The s t ra ined  condit ion may  be due to 
a metas tab le  solid solution, a l though hydrogen  ab-  
sorption may  wel l  be another  factor. While  not a 
par t  of the present  study, an invest igat ion of the 

Fig. 13. Photomicrograph of a typical iron-molybdenum 
deposit. Magnification 500X before reduction for publication. 
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possible effects of heat  t r ea tmen t  in re l iev ing  these 
s trains  would be desirable.  The place of oxygen in 
this system is not  known. 

Discussion 
It  is now real ized that  even single meta l  deposi-  

t ion is a complicated process for which no complete 
kinet ic  theory is ye t  ava i lab le  (46-48).  However,  
mo lybdenum al loy deposi t ion presents  addi t ional  
problems in any a t t empt  to expla in  the mechanism 
of the cathodic process. The format ion of these 
al loys is one example  of a more genera l  phenomenon 
whereby  cer ta in  e lements  which cannot be deposi ted 
by themselves  f rom aqueous solutions can be co- 
deposi ted wi th  any one of a number  of other  metals.  
Iron, cobalt,  and nickel  are most effective in this 
respect,  a l though copper, zinc, and sometimes man-  
ganese, tin, or chromium can be the codeposit ing 
metal .  

In general ,  meta ls  cannot be deposi ted from aque-  
ous solutions if the equ i l ib r ium of the deDosition 
react ion lies so far  on the ionic side tha t  the elec-  
t rode potent ia l  is more negat ive  than the hydrogen  
discharge potential .  According to Lyons (49) this 
occurs in the case of molybdenum because the mo-  
lybda te  ion is s tabi l ized by inner  orb i ta l  hybr id i za -  
tion; tha t  is, the 4d orbi ta ls  are hybr id ized  with  5s 
and p orbitals.  A ppa r e n t l y  the energy requi red  to 
b reak  such hybr id iza t ion  exceeds that  requi red  for 
the cathodic discharge of hydrogen.  

There is then, super imposed on the complex 
mechanism of direct  meta l  deposit ion by  cathodic 
reduction,  a different  p roblem in molybdenum alloy 
deposition, namely,  that  of induced codeposition. 
These questions then arise:  (a)  if mo lybdenum 
cannot be e lectrodeposi ted by itself  f rom aqueous 
solutions, why  does it deposit  wi th  cer ta in  al loying 
metals ;  (b) why  is the molybdenum content  of the 
al loys l imited;  and (c) why  do the deposits a lways  
contain oxygen? Fol lowing are some of the theories 
proposed to answer  these questions. 

Proposed Mechanisms for Molybdenum 
Alloy Plating 

Alternate layer theory.--A mechanism proposed 
for the e lectrolyt ic  reduct ion of aqueous tungs ta te  
solutions (50) might  app ly  to the case of aqueous 
molybda te  solutions also. According to this theory,  
the deposit ion of the al loying meta l  ( i ron)  proceeds 
unt i l  the cathode is covered wi th  a thin l ayer  of iron 
which then reduces the act ivat ion energy  for the 
deposit ion of molybdenum to occur. This react ion 
proceeds unt i l  the cathode surface is covered wi th  
a l aye r  of molybdenum.  Then the deposi t ion of 
mo lybdenum ceases and the cycle is repeated.  

This hypothesis  fails to expla in  why the molyb-  
denum alloy deposits contain oxygen, nor does it 
necessar i ly  account for the l amina r  s t ruc tu re  f re-  
quent ly  encountered.  Laminat ions  also occur in 
single meta l  deposi t ion and are not necessar i ly  in-  
dicat ive of the deposit ion of a l t e rna te  layers  of two 
metals.  Also, there  is no apparen t  reason why  only 
molybdenum should deposit  on the ini t ia l  i ron layer .  

Oxide l~Im theory.--The oxide film theory  (51) 
has been pos tu la ted  as a mechanism for tungsten 
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al loy plat ing,  but  could include the s imilar  phenom-  
enon involving molybdenum.  This theory  proposes 
the deposit ion of a film of pa r t l y  reduced tungsta te  
(or molybda te )  on the cathode and subsequent  
cata lyt ic  reduct ion of this film by hydrogen in the 
presence of f reshly  deposited iron, cobalt, or nickel.  

This hypothesis  expla ins  the presence of oxides in 
the deposits on the basis of incomplete  reduct ion 
and points out that  the reason the i ron-group  metals  
are so effective in this type  of deposit ion is because 
they are good hydrogena t ion  catalysts.  It does not 
expla in  why  the molybdenum content  of the al loys 
is l imited.  

Hydroxide film theory.--Myers (37) proposes tha t  
a mixed film of the hydra t ed  oxides of molybde-  
num (III)  and the car r ie r  meta l  forms at the cathode 
dur ing  electrolysis.  The presence of the car r ie r  
metal  hydrox ide  is necessary to a l ter  the pe r m e a -  
b i l i ty  of the  film so that  the molybda te  ions are able 
to pene t ra te  it and to be discharged on the cathode 
surface. At  the same time, the film insulates  the 
nascent  molybdenum atoms from reoxida t ion  by the 
chemical  action of the bath.  A s imi lar  film is p ro -  
posed for the reduct ion of sexivalent  chromium at 
a ro ta ted  p la t inum cathode (52). 

There is considerable  exper imen ta l  evidence to 
suppor t  this theory.  First ,  it is impor tan t  to note 
that  no molybdenum alloy pla te  forms unless hydro -  
gen is evolved. This is the same as saying that  no 
pla te  forms unt i l  hydrox ide  ions are genera ted  in 
the cathode film. (This also could be used as evi-  
dence for cata lyt ic  reduct ion by  previous ly  depos-  
i ted hydrogen  atoms.) If the solution is made  acid, 
or if sufficient sodium cyanide is added to the ba th  
so that  the prec ip i ta t ion  of the car r ie r  meta l  hy-  
droxide  is prevented,  then no alloy is deposited. By 
using ex t reme  opera t ing  conditions of high tem-  
pe ra tu re  and very  high current  density,  it  is pos- 
sible to form visible coatings of Fe(OH)~ and Mo 
(OH)3 around the cathode [ (37) ,  (53), pp. 160-165]. 
The presence of oxides of molybdenum and the car-  
r ier  meta l  in the deposits is said to resul t  f rom the 
occlusion of dehydra t ed  port ions of the  d iaphragm.  

If such a film is present ,  it ev ident ly  is ve ry  thin 
and adheren t  since it is not des t royed by cathode 
wiping. The wiping process appears  to be s imply 
a means for the remova l  of accumula ted  hydrogen  
bubbles  from the cathode surface, thus faci l i ta t ing 
contact  of the solution wi th  the film. 

This theory  is capable  of supplying explanat ions  
for many  of the exper imenta l  results  previous ly  
described.  F igure  5 shows that  the molybdenum 
content  of the deposits increased in i t ia l ly  wi th  in-  
creased current  density. The pH of the cathode film 
would be increased wi th  an increase in current  
density,  pe rmi t t ing  the format ion of a more effective 
hydrox ide  film, and an increase in efficiency and the 
re la t ive  amount  of mo lybdenum deposited. 

The solubi l i ty  of such a film would increase at 
higher  tempera tures ,  which would resul t  in a de-  
crease in the molybdenum content  of the deposits. 
This is borne out by  the results  given in Fig. 6. 

The film appa ren t ly  operates best  when it is 
f reshly  formed (see Fig. 7). When the p la t ing 
process is car r ied  on for long periods of time, some 

film breakdown is suggested by  the decreased mo- 
lybdenum content  and increased oxide content of 
the deposits. 

As was pointed out in the discussion of Fig. 9, 
the molybdenum content  of the deposits did not 
increase in propor t ion  to the increase in concentra-  
t ion of molybdenum salts in the bath. This can be 
expla ined  by assuming that  too great  an amount  of 
Mo(OH)~ in the film makes  it less pe rmeab le  to 
molybda te  ions. Thus, the deposi t ing rat io  of mo-  
lybdenum to car r ie r  meta l  reaches a l imi t ing value. 

Changes in the sodium pyrophospha te  concentra-  
t ion would be expected to affect the ease of film 
format ion because of changes in the degree of com- 
plex format ion with  F e ( I I I ) .  F igure  10 shows that  
the efficiency of the deposi t ion process decreased 
with  increased pyrophospha te  concentrat ion,  which 
could be a t t r ibu ted  to the increased difficulty of film 
formation.  As the Fe(OH)~ concentrat ion in the 
film decreased,  the iron content  of the deposits de-  
creased and the molybdenum content  increased.  
However,  the propor t ion  of molybdenum in the de-  
posits again seems to approach a l imit ing value.  

The pH of the p la t ing solution is also an impor tan t  
factor  in film formation,  but  it should be pointed 
out that,  because of the hydrogen  discharge,  the pH 
in the vic ini ty  of the cathode wil l  be higher  than 
tha t  in the  body of the  solution. When deposi t ion 
was carr ied  out from a neu t ra l  solution, the hydrox -  
ide film was less read i ly  formed, because the only 
source of OH- was that  resul t ing f rom hydrogen 
evolution. As the pH of the solution was increased, 
the film was formed more read i ly  and the efficiency 
of the p la t ing process was increased (Fig. 11). 
However ,  the molybdenum content  of the deposits 
decreased and the iron content  increased as the pH 
was increased above 8. This may  be a t t r ibu ted  to 
changes in the s tab i l i ty  of the pyrophospha te  com- 
plexes wi th  increased pH. As was previous ly  men-  
tioned, Fe(P~OT)~ -5 is not sufficiently s tab le  to p re -  
vent  the prec ip i ta t ion  of F e ( O H ) ,  at a pH of 9.9 

Although,  as has been shown in the preceding 
paragraphs ,  the hydrox ide  film theory  can be used 
to expla in  many  of the exper imenta l  data,  it  does 
not expla in  why  the i ron-group  metals  a re  the most 
effective in giving the film the necessary pe rme-  
abil i ty.  

One object ion to the theory  is that,  if molybdenum 
deposit ion is p reven ted  by  the format ion of a film 
containing only hyd ra t ed  molybdenum oxide, then 
deposit ion at  a dropping mercury  electrode would 
be expected because such a film could not form. 
However,  it has been repor ted  that,  whi le  it  is pos- 
sible to form small  amounts  of molybdenum amal -  
gam by electrolysis  of an acidic molybda te  solution, 
a lka l ine  solutions of molybda te  are not reduced at  
a dropping mercu ry  electrode (54-56).  

Induced codeposition theory.--A new theory  has 
been proposed by Brenner  (57) in which he refers  
to the phenomenon of molybdenum al loy deposit ion 
as an example  of " induced codeposition." He refers  
to metals  which cannot  be deposi ted by  themselves  
as " re luc tan t"  metals,  and the meta ls  which aid in 
br inging  about  codeposition as " inducing" metals.  



Vol. 105, No. 9 E L E C T R O D E P O S I T I O N  

This theory  proposes that  the re luc tant  meta ls  are 
ac tual ly  more noble than the inducing metals  and 
that  thei r  inabi l i ty  to deposit  ind iv idua l ly  is due not 
to a highly negat ive  electrode potential ,  but  to a 
lack of e lectrochemical  reac t iv i ty  of their  ions wi th  
electrons at the cathode. This is somewhat  difficult 
to prove since the revers ib le  potent ia ls  of the re luc-  
tan t  meta ls  cannot be measured  because these metals  
do not establ ish e lectrochemical  equi l ib r ium wi th  
solutions of thei r  salts. If it  is t rue  tha t  molybdenum 
is inheren t ly  more noble than  iron, then the poten-  
t ia l  of the e lectrodeposi ted al loy would be expected 
to be more  noble than that  of iron. This was not  the 
case, since the static potent ia l  of iron in the ba th  
was about --0.2 v, while  tha t  of the  al loys was 
--0.5 v. 

To expla in  induced codeposition, Brenner  postu-  
lates tha t  the deposit ion of the inducing meta l  br ings 
about  an act ivat ion of the poten t ia l ly  deposi table  
re luc tan t  ion. He suggests tha t  this is the resul t  of 
an interact ion whereby  the energy of polar izat ion 
of the inducing meta l  a t  the moment  of deposi t ion 
is t r ans fe r red  to the ions of the re luc tan t  meta l  in-  
stead of being l ibera ted  as heat. If the re luc tan t  ion 
is thus activated,  it  takes on its "normal"  electrode 
potent ia l  and becomes capable  of tak ing  on elec- 
trons f rom the cathode, and the t r ans fe r red  energy 
then appears  as heat. 

I t  is fu r ther  pos tu la ted  tha t  the energy of po la r i -  
zation is t r ans fe r red  as a uni t  and can aid in the 
acceptance of only one electron by the re luc tant  ion. 
This postula te  explains  the l imi ta t ion  of the re luc-  
tan t  meta l  content of the deposits  by  reasoning tha t  
the max imum content  of re luc tan t  meta l  in the 
deposit  should approach a l imit  of one equivalent  to 
each equiva lent  of inducing metal .  If such calcula-  
tions are made  on the basis of Mo(VI)  and F e ( I I I ) ,  
then the theoret ica l  l imi t  of molybdenum in the 
electrodeposi ted al loys should be 46% by weight.  
This is considerably  less than the percentage  of 
molybdenum actual ly  found in most of the deposits.  
The theoret ica l  l imit  calculated on the basis of 
Mo( I I I )  and F e ( I I l )  gives a more  reasonable  l imi t  
of 63% molybdenum.  Therefore,  one might  assume 
hydrogen reduct ion of Mo(VI)  to Mo( I I I )  fol lowed 
by electrochemical  reduct ion to the metal .  An a l t e r -  
nate assumption would be tha t  hydrogen  also acts 
as an inducing element.  St i l l  another  point  to con- 
sider is tha t  if oxygen is essent ia l ly  t ied up wi th  
the molybdenum,  then all  of the mo lybdenum is not 
in the meta l l ic  s tate and thus has not  been deposited.  
Calculat ions show tha t  each per  cent of oxygen ties 
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up approx ima te ly  4% of molybdenum.  Thus a de-  
posit containing 60% Mo, 34% Fe, and 6% O, would 
contain  only 36% metal l ic  molybdenum assuming 
that  all the oxygen is combined with  molybdenum.  

This theory fails to expla in  why the i ron-group  
meta ls  are most effective in br inging  about induced 
codeposition and why  deposi t ion occurs more effi- 
c ient ly  at e levated t empera tu res  under  which con- 
dit ion polar izat ion is lowest. I t  does not account for 
the oxide content  of the deposits. 

Summary and Conclusions 
This summary  of the exper imenta l  resul ts  is based 

on the fact that  the p r i m a r y  object ive of this 
research was to p la te  good qual i ty  i ron -molybdenum 
alloys containing the highest  possible percentage  of 
molybdenum with  the greates t  possible cur rent  
efficiency. Unfor tunate ly ,  the conditions for a t t a in -  
ing these object ives are not a lways  the same, as 
shown by Table I. The first set of values for the 
var iables  lists those which favor  the deposit ion of 
al loys which are  high in molybdenum content,  and 
the second set gives those which favor  high effi- 
ciency. The th i rd  set of values lists those selected 
for prac t ica l  opera t ion  of the p la t ing  system. 

Deposits on a 21.7 cm ~ electrode using the solution 
composition and conditions indicated in the last  
column of Table I weigh about  0.17 g, contain about 
61% Mo, 33% Fe, and 6% O~, and are p la ted  with  
an efficiency of about  44 %. They are  smooth, bright ,  
and adhere  well  to the basis metal .  

Of the several  mechanisms proposed for the elec- 
t rodeposi t ion of i r on -mo lybdenum alloys, the h y -  
droxide  film theory  provides reasonable  explanat ions  
for most of the exper imenta l  data. None of the 
pos tu la ted  mechanisms is capable  of a complete  ex-  
p lanat ion  of all  the phenomena connected with  this 
and other examples  of induced codeposition. The 
final explanat ion  must  account for the presence in 
the deposits  of subs tant ia l  amounts  of nonmeta l l ic  
mater ia l ,  p resumably  oxygen. 

The br idge complex mechanism for e lect rodeposi-  
tion suggested by Lyons (49) might  be extended to 
include this type  of deposition, but  to date  there  is 
insufficient knowledge  of the s t ruc tura l  na ture  of 
molybdenum ions in aqueous media  to permi t  pos tu-  
la t ion of such a mechanism. 
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Table I. Optimum solution composition and plating conditions using cathode stirring and wiping 

V a l u e  f o r  V a l u e  fo r  V a l u e  f o r  
h i g h e s t  g r e a t e s t  p r a c t i c a l  

V a r i a b l e  % Mo % C.C.E. o p e r a t i o n  

Rate of rotation 3500 rpm 1750 rpm 1750 rpm 
Current density 160 amp/f t '  140 amp/f t '  140 amp/f t  ~ 
Temperature 50 ~ C 70 ~ C 50 ~ C 
Length of plating time 2 min 2 min 10 min 
Mo (VI) Conc. 2.0N (80 g/l)  1.0N (40 g/l)  1.0N (40 g/l)  
Fe (III) Conc. 0.05N (4.5 g/l) 0.05N (4.5 g/l)  0.1N (9 g/l)  
Sodium pyrophosphate conc. 0.8N (90 g/l)  0.1N ( 12 g/l)  0.4N (45 g/l)  
pH 8.0 9.3 8.0 
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ABSTRACT 

A method has been developed for  sampl ing  the e lec t ro ly te  (concentra t ion 
CD that  exists dur ing  electrolysis  at  the  interface of e lec t rode  electrolyte .  
Copper  was e lec t rodeposi ted  f rom sulfate  baths  (concentra t ion C~) on to the  
outside surface of a hollow, microporous  meta l  cyl inder ,  and e lec t ro ly te  was 
s lowly d rawn  into the in ter ior  which contained an organic l iquid immiscible  
wi th  water .  The e lec t ro ly te  being less dense rose to the surface of the organic 
l iquid and was collected. 

The difference, Cb --  C~ ~ ACu, was somewhat  grea ter  than  theoret ical .  Also, 
~Cu was la rger  for  baths  of h igher  copper content.  

F rom the values  of C,, the Nerns t  concentra t ion polar izat ion was calcu-  
la ted and shown to be about  10 mv in o rd ina ry  pla t ing operat ions and hence 
is not  significant. 

A k n o w l e d g e  of t he  c o n c e n t r a t i o n s  of ions  in  t he  
v i c i n i t y  of an  e l ec t rode  is n e c e s s a r y  for  a c l ea r  u n -  
d e r s t a n d i n g  of the  m e c h a n i s m  of e l e c t r o c h e m i c a l  
processes .  The  c o n c e n t r a t i o n s  of m e t a l - c o n t a i n i n g  
ions affect  va r i ous  p h e n o m e n a ,  such as po la r i za t ion ,  
t he  s t r u c t u r e  of  e l ec t rodepos i t s ,  and  the  compos i t i on  
of e l e c t r o d e p o s i t e d  a l loys .  T h e  a u t h o r s  w e r e  p a r t i c -  
u l a r l y  i n t e r e s t e d  in t he  r e l a t i o n  b e t w e e n  p o l a r i z a -  
t ion  and  the  c o n c e n t r a t i o n s  ex i s t i ng  at  the  i n t e r f ace  
of c a t h o d e  and  e l ec t ro ly t e .  T h e r e  has  been  a con-  
s i d e r a b l e  a m o u n t  of specu l a t i on  a b o u t  t he  m a g n i -  
t ude  of c o n c e n t r a t i o n  po l a r i za t i on .  I t  has  no t  been  
m e a s u r e d  w i t h  ce r t a in ty ,  because  the  m e t h o d s  t h a t  
have  been  used  w e r e  i n d i r e c t  and  i n v o l v e d  u n -  
p r o v e d  a s sumpt ions .  

The  mos t  d i r ec t  m e t h o d  for  d e t e r m i n i n g  concen -  
t r a t i o n  p o l a r i z a t i o n  w o u l d  be  to m e a s u r e  t he  m e t a l  
ion c o n c e n t r a t i o n  ex i s t i ng  at  the  i n t e r f ace  of t he  
e l ec t rode  and  the  so lu t ion  and  a p p l y  N e r n s t ' s  f o r -  
m u l a  to t he  da ta .  A l t h o u g h  s e v e r a l  m e t h o d s  h a v e  
been  p r o p o s e d  for  m e a s u r i n g  c o n c e n t r a t i o n s  at  t he  
in te r face ,  each  one has  c e r t a i n  d i s a d v a n t a g e s .  A 
n e w  m e t h o d  for  i so l a t ing  the  i n t e r f a c i a l  so lu t ion  has  
been  d e v e l o p e d  and  was  a p p l i e d  to t he  s t u d y  of t he  
c o n c e n t r a t i o n  p o l a r i z a t i o n  t h a t  occurs  d u r i n g  e lec -  
t r o ly s i s  of coppe r  su l f a t e  solut ions .  

Methods of Measuring the Concentrations at the 
Electrode-Solution Interface 

Two g e n e r a l  m e t h o d s  have  been  used  for  d e t e r -  
m i n i n g  the  concen t r a t i ons  t ha t  ex i s t  a t  t he  e l ec -  
t r o d e - s o l u t i o n  i n t e r f ace :  op t i ca l  and  s a m p l i n g  t e c h -  
n iques .  The  op t i ca l  m e t h o d  was  first  a p p l i e d  to t he  
m e a s u r e m e n t  of t h e  compos i t i on  of t he  ca thode  d i f -  
fus ion  l a y e r  b y  S a m a r c e v  (1)  who  used  sch l i e r en  
i n t e r f e r o m e t r y  to d e t e r m i n e  the  c o n c e n t r a t i o n  p r o -  
file of coppe r  ion  in a d i f fus ion l a y e r  f o r m e d  d u r i n g  
e l ec t ro lys i s  of a coppe r  su l f a t e  so lu t ion  s t r e a m i n g  
b e t w e e n  h o r i z o n t a l  e lec t rodes .  The  s ame  g e n e r a l  

1 P r e s e n t  add re s s :  U n i v e r s i t y  of A thens ,  A thens ,  Greece .  

m e t h o d  was  l a t e r  used  b y  Ib l  and  c o - w o r k e r s  (2)  
and  b y  L in  and  c o - w o r k e r s  (3) .  Ib l  d e t e r m i n e d  the  
c o n c e n t r a t i o n  prof i le  and  the  th i ckness  of  t he  d i f -  
fus ion  l a y e r  on v e r t i c a l  ca thodes  u n d e r  cond i t ions  
of n a t u r a l  convec t ion .  

The  op t i ca l  m e t h o d  has  t he  a d v a n t a g e s  ove r  s a m -  
p l i n g  t echn iques  of be ing  v e r y  sens i t ive  and  of no t  
d i s t u r b i n g  the  d i f fus ion l aye r .  I t  has  t he  d i s a d -  
v a n t a g e  of b e i n g  nonspecif ic ,  s ince  i t  d e p e n d s  on a 
sh i f t  in the  i n d e x  of r e f r ac t ion .  Hence,  t h e  op t i ca l  
m e t h o d  canno t  be  used  to d e t e r m i n e  the  c o n c e n t r a -  
t ions  of s e v e r a l  d i f fe ren t  so lu tes  p r e s e n t  in one 
solut ion.  A n o t h e r  d i f f icul ty  w i t h  t he  m e t h o d  is t h a t  
a t  h igh  c u r r e n t  dens i t i e s  l a r g e  d i f fe rences  in  t he  
d e n s i t y  of t he  d i f fus ion  l a y e r  occur  and  cause  t he  
d i f f r ac t ion  b a n d s  to b e c o m e  diffuse.  Also,  the  op t i ca l  
m e t h o d  canno t  be  used  r e a d i l y  w i t h  d e e p l y  co lo red  
so lu t ions  such as a c h r o m i u m  p l a t i n g  ba th .  

S a m p l i n g  t echn iques  i nc lude  the  d r a inage ,  p i n -  
hole,  and  f r e e z i n g  me thods .  The  d r a i n a g e  m e t h o d  
consis ts  of t h e  qu ick  r e m o v a l  of  the  e l ec t rode  f r o m  
the  b a t h  w h i l e  the  c u r r e n t  is s t i l l  f lowing.  The  so lu -  
t i on  is a l l o w e d  to d r a i n  f rom the  v e r t i c a l  e l e c t r o d e  
for  s e v e r a l  seconds,  and  the  r e m a i n i n g  so lu t ion  is 
r e m o v e d  w i t h  a squeegee  and  col lec ted .  I t  is a c r u d e  
me thod ,  b u t  g ives  a f a i r  i nd i c a t i on  of t he  concen -  
t r a t i o n s  ex i s t i ng  a t  t he  e l e c t r o d e  so lu t ion  in t e r face .  
This  m e t h o d  has  been  used  b y  B r e n n e r  (4)  for  d e -  
t e r m i n i n g  the  c o n c e n t r a t i o n s  a t  the  c a thode  in  s ev -  
e r a l  so lu t ions  and  b y  B r e n n e r  and  W r a n g l e n  (5)  for  
m e a s u r i n g  the  p H  a t  the  c a t h o d e - s o l u t i o n  i n t e r f a c e  
of n i cke l  ba th s .  

In  t h e  p inho l e  m e t h o d  d e v e l o p e d  b y  G r a h a m ,  
H e ima n ,  and  R e a d  (6)  t he  d i f fus ion  l a y e r  is s a m p l e d  
b y  w i t h d r a w i n g  i t  t h r o u g h  a c a p i l l a r y  t u b e  ce-  
m e n t e d  on the  b a c k - s i d e  of t he  ca thode  ove r  a hole.  
The  s a m p l i n g  r a t e  was  a b o u t  7 m l / h r  t h r o u g h  a 
c a p i l l a r y  h a v i n g  an  ins ide  d i a m e t e r  of 1 mm.  This  
c o r r e s p o n d s  to a r a t e  of f low of a b o u t  12 c m / m i n  
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n o r m a l  to the  e lec t rode .  S ince  the  d i f fus ion l a y e r  in 
a c o n v e n t i o n a l  p l a t i n g  b a t h  is on ly  a b o u t  0.3 m m  
th i ck  and  r e q u i r e s  a b o u t  1 min  to r e a c h  e q u i l i b r i u m  
wi th  r e spec t  to concen t r a t ion ,  i t  is e v i d e n t  t ha t  th is  
r a t e  of s a m p l i n g  is too grea t .  The  c o n c e n t r a t i o n  
changes  o b s e r v e d  b y  G r a h a m ,  He iman ,  and  Read  
w e r e  on ly  a b o u t  o n e - t e n t h  of  those  o b s e r v e d  b y  
B r e n n e r  (4 ) .  This  ind ica t e s  t h a t  a l a rge  p r o p o r t i o n  
of the  s a m p l e  of G r a h a m ,  He iman ,  and  R e a d  p r o b -  
a b l y  c a m e  f r o m  the  b o d y  of t he  ba th .  

The  f r eez ing  m e t h o d  d e v e l o p e d  b y  B r e n n e r  (4)  
invo lves  depos i t i on  on the  ou te r  su r face  of a ho l low 
c y l i n d r i c a l  e lec t rode .  A t  the  m o m e n t  t ha t  t he  c u r -  
r en t  is cu t  off, a s l u r r y  of p a r t i a l l y  f rozen  i sop e n t a ne  
is p o u r e d  into  the  c y l i n d e r  caus ing  the  d i f fus ion  
l a y e r  to be  f rozen  on the  cy l inde r .  This  l a y e r  is 
t u r n e d  off in  i n c r e m e n t s  on a l a t h e  and  each  one 
ana lyzed .  The  f r eez ing  m e t h o d  p e r m i t s  t he  m e a s -  
u r e m e n t  of bo th  t he  c o n c e n t r a t i o n  prof i le  and  the  
th i ckness  of  the  d i f fus ion l ayer .  Diff icul t ies  w i t h  the  
m e t h o d  a r e  the  col lec t ion  of f ros t  d u r i n g  the  t u r n i n g  
ope ra t ion ,  t he  occas iona l  poo r  adhes ion  of t he  f rozen  
l a y e r  to the  cy l inde r ,  and  the  low eu tec t ic  t e m p e r a -  
t u r e  of  some solut ions .  

Experimental 
A n e w  m e t h o d  of s a m p l i n g  the  d i f fus ion  l a y e r  

has  been  d e v e l o p e d  w h i c h  invo lves  t he  use  of a 
shee t  of m i c r o p o r o u s  m e t a l  to f o r m  p a r t  or  t he  e n -  
t i r e  w a l l  of a ho l low e lec t rode .  The  m e t h o d  wi l l  be 
r e f e r r e d  to as t he  p o r o u s - e l e c t r o d e  me thod .  The  
e l e c t r o c h e m i c a l  r e a c t i o n  t a k e s  p l ace  on the  ou te r  
su r f ace  of t he  m i c r o p o r o u s  me ta l ,  and  the  so lu t ion  
ex i s t i ng  at  the  i n t e r f a c e  of the  e l ec t rode  and  the  
b a t h  is s l owly  w i t h d r a w n  into t he  i n t e r i o r  of the  
h o l l o w  e l e c t r o d e  a n d  col lec ted .  The  pores  of t he  
m i c r o p o r o u s  m e t a l  w e r e  abou t  5~ in d i a m e t e r  and  
the  vo ids  a m o u n t e d  to a b o u t  o n e - h a l f  the  v o l u m e  of 
t he  me ta l .  

The  use  of a hol low,  po rous  e l ec t rode  for  s e p a r a t -  
ing  the  r e a c t i o n  p r o d u c t  of an e l ec t ro lys i s  f r o m  the  
b u l k  of  t he  so lu t ion  is no t  new.  I t  w a s  m e n t i o n e d  
b y  K n o b e l  (7) .  Also  some p a t e n t s  (8, 9) h a v e  been  
i s sued  on the  subjec t .  The  mos t  i m p o r t a n t  w o r k  was  
t ha t  c a r r i e d  out  for  the  N a t i o n a l  C a r b o n  C o m p a n y  
b y  Heise  (10) ,  J a n e s  (11) ,  and  W i n s l o w  (12) .  A l l  
of these  p r i o r  s tud ies  of  porous  e l ec t rodes  h a v e  
dea l t  w i t h  t he  use  of po rous  g raph i t e .  In  the  s tud ies  
of the  N a t i o n a l  C a r b o n  C o m p a n y ,  t he  a im  was  to 
o b t a i n  a h igh  y i e l d  of p roduc t ,  and  t h e r e f o r e  t he  
so lu t ion  a t  t he  i n t e r f ace  was  w i t h d r a w n  in to  t he  
i n t e r i o r  of t h e  cel l  r a p i d l y  enough  to accompl i sh  
th is  pu rpose .  

The  t e c h n i q u e  d e s c r i b e d  in th i s  p a p e r  is an  i m -  
p r o v e m e n t  ove r  the  use  of g r a p h i t e  e l ec t rodes  for  
t h e  s t u d y  of d i f fus ion  l a y e r s  in t ha t  m i c r o p o r o u s  
m e t a l  has  a m u c h  f iner  p o r o s i t y  t h a n  g r a p h i t e  and,  
because  of i ts  g r e a t e r  s t r eng th ,  p e r m i t s  i t  to be  
f a sh ioned  in to  vesse l s  w i t h  m u c h  t h i n n e r  wal l s .  
Some  f u r t h e r  i m p r o v e m e n t s  in the  t e c h n i q u e  a r e  
d e s c r i b e d  in a l a t e r  p a r a g r a p h .  The  r a t e  of s a m p l i n g  
used  in our  e x p e r i m e n t s  was  a b o u t  o n e - t e n t h  of t h a t  
used  in t he  e x p e r i m e n t s  of the  N a t i o n a l  C a r b o n  
C o m p a n y .  A low r a t e  of flow was  n e c e s s a r y  to p r e -  
v e n t  inc lus ion  of  so lu t ion  f rom the  b o d y  of the  ba th .  

L 
I/~laE, 

Fig. 1. Schematic diagram of hollow cylindrical cathode 
of microporous stainless steel and auxiliary equipment used 
for sampling the diffusion layer formed in the electrolysis of 
copper sulfate solution. 

The  ho l low e l ec t rode  vesse l  m a y  t a k e  s e v e r a l  
shapes .  F o r  e x a m p l e ,  i t  m a y  cons is t  of a p l a n e  shee t  
of m i c r o p o r o u s  m e t a l  a t t a c h e d  to t he  m o u t h  of  a 
funne l .  In  the  e x p e r i m e n t s  d e s c r i b e d  here ,  t he  e lec-  
t r o d e  cons i s ted  of a v e r t i c a l  c y l i n d e r  of m i c r o p o r o u s  
s t a in less  s teel ,  w i t h  a sol id  bo t tom,  shown  s c h e m a t -  
i c a l l y  in Fig.  1. The  c y l i n d e r  was  15 cm in l e n g t h  
and  5 cm in d i a m e t e r .  The  w a l l  t h i ckness  was  0.07 
cm. A n  i n v e r t e d  glass  f u n n e l  was  c l a m p e d  to t he  
top  of t h e  c y l i n d e r  b y  two  r ings,  the  l o w e r  one of  
w h i c h  was  r i g i d l y  a t t a c h e d  to the  c y l i n d e r  b y  a 
res in  cement .  The  p u r p o s e  of the  f u n n e l  was  to 
f a c i l i t a t e  the  co l lec t ion  of the  s a m p l e  w h i c h  was  
d r a w n  into the  i n t e r i o r  of the  vesse l  a t  t he  r a t e  of 
a b o u t  0.25 m l / m i n .  

Two p r o b l e m s  w e r e  e n c o u n t e r e d  in t he  use  of the  
v e r t i c a l  c y l i n d e r :  (a )  a t t a i n i n g  a u n i f o r m  h y d r o -  
s ta t ic  p r e s s u r e  a long  the  h e i g h t  of t he  cy l inde r ,  and  
(b )  ho ld ing  the  so lu t ion  ins ide  t he  c y l i n d e r  to a 
s m a l l  v o l u m e  so t h a t  a s a m p l e  w o u l d  no t  be  m i x e d  
w i t h  p a r t  of a p r e c e d i n g  one. 

S ince  the  h y d r o s t a t i c  p r e s s u r e  v a r i e d  a long  the  
l e n g t h  of the  ve r t i ca l ,  c y l i n d r i c a l  e l ec t rode  and  was  
g r e a t e s t  a t  t he  bo t tom,  t he  t e n d e n c y  was  for  so lu -  
t ion f rom the  b a t h  to be  w i t h d r a w n  into  t he  c y l i n d e r  
m o r e  r a p i d l y  t h r o u g h  the  b o t t o m  wal ls .  V a r ious  
m e a n s  w e r e  t r i e d  for  o b t a i n i n g  a u n i f o r m  h y d r o -  
s t a t i c  p r e s s u r e  a long  the  v e r t i c a l  l e n g t h  of  t h e  wal l .  
The  p r o b l e m  was  so lved  b y  f i l l ing t h e  i n t e r i o r  of 
t he  cel l  w i t h  an  o rgan ic  l iquid ,  i m m i s c i b l e  w i t h  
wa te r ,  w h i c h  h a d  the  s a m e  d e n s i t y  as t he  b o d y  of 
the  ba th .  In  th is  m a n n e r  the  h y d r o s t a t i c  p r e s s u r e  
was  m a d e  e q u a l  on the  ins ide  and  ou t s ide  of t he  
c y l i n d e r  a long  i ts  en t i r e  l ength ,  and  a u n i f o r m  flow 
of so lu t ion  t h r o u g h  the  w a l l s  of the  c y l i n d e r  was  
o b t a i n e d  b y  r e d u c i n g  the  p r e s s u r e  on the  in te r io r .  

The  use  of t h e  i m m i s c i b l e  l i qu id  h a d  a f u r t h e r  
a d v a n t a g e  in t h a t  i t  caused  t h e  less  dense  so lu t ion  
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collected at the ca thode- so lu t ion  in te r face  to rise 
r ap id ly  to the  surface  where  it  could be collected. 
Since the in te r io r  of the electrode was comple te ly  
filled wi th  the organic  so lvent  at the s tar t  of the  
electrolysis,  it also solved the  p rob l em of lessening  
the d i lu t ion  of the sample  wi th  ex t r aneous  solut ion.  

Porosity and Wall Thickness of the Electrode 
In  p r e l i m i n a r y  exper iments ,  electrodes of differ-  

en t  poros i ty  were  tr ied.  The  electrode wi th  the  
smal les t  pores was the  easiest  to m a n i p u l a t e  and  
seemed to give a more  accura te  s amp l ing  of the  
diffusion layer .  

The poros i ty  of the  electrode was not  u n i f o r m  
a long its length .  However ,  the u n i f o r m i t y  of flow 
th rough  the wal l  was cons ide rab ly  improved  by  
p u m p i n g  a suspens ion  of a l u m i n a  th rough  the  cy l in -  
der. Res is tance  to flow was increased  about  tenfold.  
This was desirable ,  s ince the  effect of smal l  differ-  
ences in  the  hydros ta t i c  p ressure  b e t w e e n  the ins ide  
and  outs ide of the  electrode was d imin ished .  

A t h i n  electrode wa l l  was desirable .  The i n t e r -  
stices of the  wal l  were  filled wi th  p la t ing  ba th  at 
the b e g i n n i n g  of the exper imen t ,  and  the p la t ing  
so lu t ion  in the  wa l l  m ixed  wi th  the sample  of the  
diffusion l ayer  as it  passed t h rough  the  wall .  Con-  
sequent ly ,  the  s amp l ing  had  to be con t inued  un t i l  
al l  the ba th  in i t i a l ly  in  the  wa l l  had  been  d r a w n  
through.  The  th icker  the  wall ,  the longer  was the 
t ime r equ i r ed  for ob t a in ing  a r e p r e s e n t a t i v e  sample  
of the diffusion layer .  The  t h i n n e s t  wal l  c o m m e r -  
c ial ly  ava i l ab le  was s l ight ly  less t h a n  1 m m  in 
thickness.  Sti l l  t h i n n e r  wal ls  wou ld  be desirable .  

Procedure 

The first step in  an  e x p e r i m e n t  consisted in  fi l l ing 
the  pores of the cy l inder  wi th  a suspens ion  of a lu -  
m i n a  as m e n t i o n e d  previous ly .  The excess was  r e -  
moved  f rom the surface  of the  e lect rode by  wash ing  
wi th  a s t r eam of water .  The e lect rode was t hen  i m-  
mersed  in  a vessel  of the  p l a t i ng  so lu t ion  in  order  to 
fill the pores. The  in te r io r  of the  electrode was  nex t  
filled wi th  a m i x t u r e  of ch loroform and  paraff in 
oil h a v i n g  the same dens i ty  as tha t  of the bath .  
The  organic  l iqu id  was s lowly  poured  into the cyl -  
inder  wh i l e  the l a t t e r  was s lowly lowered  into the  
ba th  at  such a ra te  tha t  the he ight  of the  l iquids  on 
the  ins ide  and  outs ide of the cy l inder  were  about  
the same. The  siphon,  also filled w i th  organic  l iquid,  
was n e x t  a t tached  to the i n v e r t e d  funne l .  

Af te r  the  electrolysis  was star ted,  the  flow th r ough  
the s iphon was  r egu la t ed  wi th  a stopcock to the  de-  
s ired rate,  u sua l l y  abou t  0.25 m i l / m i n .  At  first a few 
mi l l i l i t e r s  of organic  l iquid  was del ivered,  bu t  soon 
the  s iphon which  was  of smal l  d i a m e t e r  became  
filled wi th  the  aqueous  solut ion and  de l ive ry  of the  
la t te r  began.  A sampl ing  ra te  of 0.25 m i l / m i n  was  
e q u i v a l e n t  to a d i sp l acemen t  of the in te r face  l ayer  
of abou t  4 x 10 -5 cm/sec. This ca lcu la t ion  is based on 
an  area  of pores  of abou t  1 dm ". I t  is be l i eved  tha t  
this  ra te  of m o v e m e n t  is too low to affect signifi-  
can t ly  the s t eady- s t a t e  concen t ra t ions  in  the  diffu-  
sion layer .  

The  electrolysis  u sua l l y  las ted about  1.5 to 2 hr, 
d u r i n g  which  t ime 15 to 30 ml  of solut ion was  ob-  
ta ined,  depend ing  on the sampl ing  rate.  The first 
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solu t ion  de l ivered  con ta ined  some of the so lu t ion  
which  was in i t i a l ly  in  the  porous  wal ls  of the  elec-  
trode. Consequen t ly ,  the  concen t r a t i on  of each suc-  
ceeding sample  of solut ion d imin i shed  and  ap-  
proached e i ther  a cons tan t  va lue  or a flat m i n i m u m  
which was t a ke n  as the concen t r a t i on  of the solute 
ex is t ing  at the  ca thode- so lu t ion  interface.  

Copper  sul fa te  solut ions  r a n g i n g  in  concen t r a t i on  
f rom 0.25 to 0.94M were  used. No addi t ions ,  such 
as su l fur ic  acid, were  made  to the solut ion,  as it was 
des i red to keep the  composi t ion  of the  ba th  s imple  
so tha t  the da ta  could be more  easi ly compared  wi th  
diffusion theory.  The p l a t i ng  was done at  about  
25~ wi thou t  s t i r r ing .  The samples  were  ana lyzed  
for copper by  the iodide method.  

Results 
Variation o~ copper content o~ successive samples. 

- - T h e  decrease  in  the copper  con ten t  of successive 
samples  m e n t i o n e d  in  the prev ious  sect ion is i l lus-  
t r a t ed  in  Fig. 2. This  d a t u m  was t a ke n  before the  
t echn ique  of p lugg ing  the pores of the cy l inde r  wal ls  
wi th  a l u m i n a  was developed.  Wi th  the  l a t t e r  tech-  
n i que  the  u p t u r n  of the curve  at the r igh t  was no t  
p ronounced .  The cause of the increase  in  the copper  
con ten t  of successive samples  wi th  per iod of p l a t i ng  
is not  def ini te ly  known,  bu t  it is be l i eved  to be 
caused by  the cover ing  over  of the smal l  pores on 
the ou te r  surface  of the  cy l inder  wi th  the copper 
deposit .  This  caused a la rger  p ropor t ion  of the  s am-  
ple to be  d r a w n  into the cy l inder  t h r o u g h  a r e l a -  
t ive ly  smal l  n u m b e r  of l a rger  pores, wi th  the  resu l t  
tha t  the  veloci ty  of flow of the diffusion l ayer  at 
these points  was g rea t ly  increased.  The u p t u r n  was 
less p r o n o u n c e d  wi th  a p lugged  cy l inder  wa l l  p rob -  
ab ly  because  the  large pores were  e l imina ted .  

We bel ieve  tha t  the copper  con ten t  of the  sample  
app rox ima te s  the composi t ion  of the so lu t ion  at the 
ca thode- so lu t ion  in terface .  The la t te r  ac tua l ly  has 
no th ickness  and, s t r ic t ly  speaking,  canno t  be s am-  
pled. The decrease  in  copper con ten t  be low tha t  of 
the body of the  ba th  is no t  caused, as has been  sug-  
gested, by deposi t ion of copper  in  the in ters t ices  of 
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Fig. 2. Relation between the copper content of a sample 
drawn into the cyl inder and the total volume of solution 
passing through the cylinder. The abscissa is the total volume 
of solution collected up to and including the volume of the 
sample used for analysis. The ordinate is the concentration 
of copper in o 1-ml sample indiv idual ly  collected. Rate of 
f low of l iquid into cylinder, 0 .25 m l / m i n ;  copper concentra- 
t ion in the body of bath, 0 .94M;  current density, 2.86 
amp/din2; room temperature; apparatus as shown in Fig. 1. 
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Fig. 3. Photomicrograph of a cross section of copper de- 
posited on microporous stainless steel. 

t he  cel l  wal l .  Depos i t i on  of copper  w i t h i n  the  i n t e r -  
s t ices is i m p r o b a b l e  because  of t he  m i n u t e  c u r r e n t  
t ha t  f lows into  deep  recesses  h a v i n g  a cross  sec t ion  
of the  o r d e r  of 5~. Def ini te  ev idence  t ha t  depos i t i on  
does  no t  occur  in t he  pores  of t he  c y l i n d e r  is g iven  
in  Fig.  3, w h i c h  shows  tha t  t he  coppe r  coa t ing  l ies  
on ly  on the  ou t s ide  su r face  of t he  m i c r o p o r o u s  
ca thode .  

S ince  the  i n t e r n a l  su r f ace  of the  e l ec t rode  w a l l s  is 
v e r y  la rge ,  the  p o s s i b i l i t y  ex is t s  t h a t  an  a p p r e c i a b l e  
amount of copper would deposit within the walls 
without attaining a thickness sufficient to be ob- 
served microscopically. This possibility was ex- 
plored by determining the amount of copper leached 
out of the cell walls with nitric acid. The walls of 
this cell were twice the thickness of those of the cell 
used for obtaining the values of aCu reported in 
this paper. In a blank experiment, the thick-walled 
cell was immersed in copper sulfate solution for 2 
hr to determine if copper deposited by immersion. 
The copper extracted from the cell walls with nitric 
acid amounted to only a few milligrams and hence 
was negligible. In another experiment, copper was 
deposited at 4 amp/dm 2 from a IM bath over the 
cylinder as in an ordinary experiment. The copper 
coating was then peeled from the exterior of the 
cylinder and any residual copper nodules were re- 

moved with a polishing wheel. The copper obtained 
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Fig. 4. Variot ion of A Cu with rote of sampling. /% Cu = 
C b -  Ci where Cb is the concentration of copper in the body 
of the bath end Ci is the concentration of copper in the 
sample of the diffusion layer. Cb = ]M ;  current density, 1.5 
amp/din2; temperature, 28~ microporous cathode, 0. ] 5 cm 
thick; apparatus as in Fig. 1. 

b y  a n i t r i c  ac id  e x t r a c t i o n  a m o u n t e d  to on ly  12 mg.  
This  coppe r  was  p r o b a b l y  no t  depos i t ed  on the  i n -  
t e r i o r  of the  w a l l  bu t  p r o b a b l y  ex i s t ed  in su r face  
c racks  too deep  to be  r e a c h e d  b y  the  po l i sh ing  
whee l .  This  a m o u n t  of  coppe r  w o u l d  affect  the  
v a l u e  of ACu on ly  a b o u t  1%, w h i c h  is less  t h a n  the  
e x p e r i m e n t a l  r e p r o d u c i b i l i t y .  

Rate of withdrawing samples.--The r a t e  of w i t h -  
d r a w i n g  s a m p l e s  was  an i m p o r t a n t  v a r i a b l e .  A t  a 
h igh  s a m p l i n g  ra te ,  some of the  b u l k  so lu t ion  was  
d r a w n  in to  t he  cel l  a long  w i t h  t h e  d i f fus ion  l ayer .  
F i g u r e  4 shows  the  r e l a t i o n  b e t w e e n  the  dec rease  in  
the  coppe r  con ten t  in the  co l lec ted  s a m p l e  and  the  
r a t e  of co l lec t ion  of the  sample .  A t  a r a t e  of 0.25 
ml/min the decrease in the copper concentration, 
ACu, differed by only 3% from the value of ACu ob- 
tained by extrapolating the straight line of the 
figure to zero rate of sampling. Each point of Fig. 4 
was obtained by the method illustrated in Fig. i. 

Relation between Current Density and ~Cu 

The r e l a t i o n  b e t w e e n  ACu a n d  c u r r e n t  d e n s i t y  is 
shown  in Fig .  5 for  coppe r  su l f a t e  so lu t ions  of t h r e e  
d i f fe ren t  concen t ra t ions .  The  c u r r e n t  dens i t i e s  a r e  
based  on the  a p p a r e n t  a r e a  of t he  cy l inde r ,  con-  
s i d e r e d  as a con t inuous  sur face .  Some  o b s e r v a t i o n s  
w e r e  m a d e  a t  h i g h e r  c u r r e n t  dens i t i e s  t h a n  those  
r e c o r d e d  in Fig .  5. A t  t he  h ighes t  c u r r e n t  dens i ty ,  
w h i c h  was  a b o v e  the  l i m i t i n g  c u r r e n t  d e n s i t y  of  
m e t a l  depos i t ion ,  t he  s a m p l e s  w i t h d r a w n  f rom the  
e l ec t rode  w e r e  v i r t u a l l y  color less  i n d i c a t i n g  a lmos t  
c o m p l e t e  r e m o v a l  of copper .  

One i n t e r e s t i n g  aspec t  of Fig.  5 is t h a t  ACu a t  a 
g iven  c u r r e n t  d e n s i t y  is l a r g e r  the  m o r e  concen -  
t r a t e d  the  p l a t i n g  ba th .  A s i m i l a r  t r e n d  of m e t a l  
d e p l e t i o n  in the  ca thode  di f fus ion l a y e r  was  ob -  
s e r v e d  b y  B r e n n e r  (4)  w i t h  n i c k e l  so lu t ions  and  b y  
S a m a r c e v  (1)  w i t h  coppe r  su l f a t e  so lu t ions .  The  
e x p l a n a t i o n  g iven  b y  S a m a r c e v ,  as w e l l  as b y  B r e n -  
ner ,  was  t h a t  in t he  d i l u t e  so lu t ion ,  and  p a r t i c u l a r l y  
in t he  s t i l l  m o r e  d i l u t e  d i f fus ion  l aye r ,  t he  r a t e  of 
d i f fus ion of t he  m e t a l l i c  ions  was  g r e a t e r  t h a n  in 
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Fig. 5. Relation between /% Cu (and current density in the 
electrolysis of copper sulfate solutions of three different 
concentrations. Rate of collection of sample, 0.25 ml /min.  
Curve 1. 0.94M copper sulfate; Curve 2. 0.49M copper sul- 
fate; Curve 3. 0.24M copper sulfate; Curves ]A,  2A, and 
3A are calculated curves based on diffusion theory (see Table 
I) according to Keulegan (13), for the same bath concentra- 
tions as curves 1, 2, and 3. 
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the  c o n c e n t r a t e d  solut ions .  This  w o u l d  r e s u l t  in a 
s m a l l e r  v a l u e  of ACu for  the  m o r e  d i l u t e  ba ths .  
H o w e v e r ,  the  v a r i a t i o n  of t he  d i f fus ion  cons t an t  of 
copper  su l f a t e  w i t h  c o n c e n t r a t i o n  seems  i n a d e q u a t e  
to e x p l a i n  t he  d i f fe rences  of m o r e  t h a n  twofo ld  in  
t he  va lue s  of ACu o b t a i n e d  a t  a g iven  c u r r e n t  d e n -  
s i ty  for  t h e  d i f fe ren t  ba ths .  

Comparison of Data with Theory 

W i t h i n  r e c e n t  y e a r s  a c o n s i d e r a b l e  a m o u n t  of 
t h e o r e t i c a l  and  e x p e r i m e n t a l  i n v e s t i g a t i o n  has  been  
m a d e  of the  h y d r o d y n a m i c s  of e l e c t r o d e  d i f fus ion  
l a y e r s  b y  Ib l  and  c o - w o r k e r s  (2, 21 ,22) ,  W a g n e r  
(17, 18),  and  Tobias ,  E i senberg ,  and  W i l k e  (19, 20) .  
The  va r i ous  a p p r o a c h e s  l e ad  to s i m i l a r  n u m e r i c a l  
r e su l t s  for  ACu (23) even  t h o u g h  t h e y  invo lve  some 
d i f fe ren t  a s sumpt ions .  

The  va lue s  of ACu o b t a i n e d  w i t h  t he  porous  e lec -  
t rode  w e r e  c o m p a r e d  w i t h  those  t h e o r e t i c a l l y  e x -  
pec ted .  The  t h e o r y  of t he  d i f fus ion  l a y e r  d e v e l o p e d  
b y  K e u l e g a n  (13) was  used  in  m a k i n g  the  c a l c u l a -  
t ions.  This  t h e o r y  was  used  because  the  a u tho r s  
we re  more  f a m i l i a r  w i t h  it, and  i ts  use  does  not  i m -  
p l y  tha t  i t  is m o r e  co r rec t  t h a n  the  o the r  theor ies .  
A c t u a l l y  i t  i nvo lves  two  a s s u m p t i o n s  t ha t  d id  not  
o b t a i n  in  ou r  e x p e r i m e n t s ,  n a m e l y ,  t ha t  the  d e p l e -  
t ion  of m e t a l  ion was  u n i f o r m  ove r  t he  ca thode  and  
t ha t  t he  h y d r o d y n a m i c  b o u n d a r y  l a y e r  co inc ided  
w i t h  t he  d i f fus ion  l aye r .  

T h e o r y  b a s e d  on h y d r o d y n a m i c s  and  dif fus ion does  
not  p r e d i c t  w i d e l y  s e p a r a t e d  curves ,  as s h o w n  in 
Fig.  5, for  so lu t ions  of d i f fe ren t  i n i t i a l  c o n c e n t r a -  
t ions.  K e u l e g a n ' s  t h e o r y  l eads  to t he  fo l lowing  
e q u a t i o n  for  AC. This  AC, l i ke  t he  ACu o b t a i n e d  
w i t h  t he  po rous  e l ec t rode ,  is t h e  v a l u e  of t he  r e -  
duc t ion  in m e t a l  ion  concen t r a t i on  averaged over  
the  ca thode  sur face .  

( It~ )~/~ (p~vxm) ~ 
AC : 0.63F " g~/~ D ~/~ 

w h e r e  I - - - - c u r r e n t  dens i ty ,  amp /dm~;  t , =  t r a n s -  
f e r ence  n u m b e r  of an ion;  F = 96,500 cou lombs ;  pl = 
d e n s i t y  of the  b u l k  of t he  b a t h ;  v ~ k i n e m a t i c  v i s -  
cosi ty,  poises;  x = l e n g t h  of cy l inde r ,  (13.2 c m ) ;  

o~c 
m = -  = 0.0132 g e q u i v / g ,  c is t he  c o n c e n t r a t i o n  

dp 

of t he  c o p p e r  su l f a t e  so lu t ion  in  g r a m  e q u i v / m l ,  and  
p is the  d e n s i t y  of t he  copper  su l f a t e  so lu t ion;  g = 
981 cm/sec~; D = di f fus ion c o n s t a n t  of copper  su l -  
fa te ,  cm~/sec. This  e q u a t i o n  is b a s e d  on equa t ions  
89 and  118 of K e u l e g a n ' s  pape r .  F o r  t he  p r e s e n t  e x -  
p e r i m e n t s ,  the  a b o v e  equa t ion  s impl i f ies  to t he  
fo l lowing :  

AC = 2.5 • 10 -5 ( I ts )  ~/~ �9 - -  
Dz/5 

In  us ing  th is  equa t ion ,  the  va lue s  of t he  v a r i a b l e s  
a r e  those  of the  so lu t ion  at  t he  i n t e r f a c e  of t h e  
ca thode  a n d  t h e  solu t ion ,  excep t  for  pl w h i c h  r e f e r s  
to the  d e n s i t y  of  t he  b u l k  of  t h e  ba th .  

Ca l cu l a t i ons  w e r e  m a d e  us ing  the  a b o v e  equa t ion .  
The  va lue s  of the  d i f fe ren t  v a r i a b l e s  a r e  g iven  in 
T a b l e  I. T h e  r e su l t s  a r e  r e p r e s e n t e d  in Fig .  5 as 

d o t t e d  curves .  The  t h r e e  curves  b a s e d  on K e u l e g a n ' s  
e q u a t i o n  l ie  close toge the r ,  i n d i c a t i n g  t h a t  the  e f -  
fects  of the  v a r i a t i o n s  of t r a n s f e r e n c e  n u m b e r ,  
v iscos i ty ,  and  di f fus ion cons t an t  w i t h  c onc e n t r a t i on  
w e r e  not  sufficient  to e x p l a i n  the  l a r g e  d i f fe rence  in 
~Cu e x p e r i m e n t a l l y  o b t a i n e d  w i t h  t he  t h r e e  d i f fe r -  
en t  so lu t ions  a t  a g iven  c u r r e n t  dens i ty .  The  a g r e e -  
m e n t  of  e x p e r i m e n t  w i t h  d i f fus ion t h e o r y  was  bes t  
for  t he  0.24M copper  su l f a t e  solut ion.  

We do not  h a v e  a s a t i s f a c t o r y  e x p l a n a t i o n  for  the  
l a r g e  d i f fe rence  b e t w e e n  the  t h r e e  cu rves  of Fig .  5 
and  the  d i f fe rence  b e t w e e n  cu rve  1 and  the  t h e o -  
r e t i c a l  curve .  I t  is poss ib l e  t ha t  t he  roughnes s  of the  
c a thode  su r face  or  some o t h e r  e x p e r i m e n t a l  de t a i l  
m a y  be r e spons ib le .  Also,  e l ec t r i ca l  m i g r a t i o n  m a y  
d i r e c t l y  affect  the  t h i ckness  of t he  d i f fus ion l aye r .  

This  l a t t e r  sugges t ion  is based  on the  b e h a v i o r  of 
l i qu id  j unc t ions  in  t he  m o v i n g  b o u n d a r y  m e t h o d  of 
d e t e r m i n i n g  t r a n s f e r e n c e  n u m b e r s .  W i t h  s u i t a b l y  
chosen  solut ions ,  the  j u n c t i o n s  r e m a i n  s h a r p  w h i l e  
c u r r e n t  is pass ing .  H o w e v e r ,  i t  is a lso  pos s ib l e  for  
the  c u r r e n t  to d i s s ipa t e  a junc t ion ,  d e p e n d i n g  on the  
r e l a t i v e  mob i l i t i e s  of the  ions invo lved .  A s i m i l a r  
p h e n o m e n o n  occurs  at  t he  j u n c t i o n  of two  so lu t ions  
of d i f fe ren t  concen t r a t ion .  Thus,  the  e l e c t r i c a l  m i -  
g r a t i o n  m a y  h a v e  an  effect on the  e s t a b l i s h m e n t ,  the  
th ickness ,  and  the  sha rpnes s  of t he  d i f fus ion l a y e r  
in a d d i t i o n  to t he  fac to rs  of h y d r o d y n a m i c s .  

Concentration Polarization 

The p o l a r i z a t i o n  t ha t  occurs  d u r i n g  an  e l ec t ro -  
c h e m i c a l  r e a c t i o n  has  been  cons ide red  b y  e l ec t ro -  
chemis t s  to be  of two  types :  a c t i va t i on  p o l a r i z a t i o n  
and  c o n c e n t r a t i o n  po l a r i za t i on .  The  d iv i s ion  is 
s o m e w h a t  a r b i t r a r y  s ince  t h e r e  a r e  no d i r ec t  e x -  
p e r i m e n t a l  m e a s u r e m e n t s  for  d i s t i n g u i s h i n g  b e -  
t w e e n  them.  V e r y  rough ly ,  c o n c e n t r a t i o n  p o l a r i z a -  
t ion  is c ons ide r e d  to be  caused  b y  the  change  in 
c o n c e n t r a t i o n  of t h e  r e a c t i v e  ions at  the  e l ec t rode  
su r f ace  (24) .  The  r e m a i n d e r  of the  p o l a r i z a t i o n  is 
c ons ide r e d  to be of the  o the r  type .  V a r ious  m e a n s  
for  d i s c r i m i n a t i n g  b e t w e e n  t h e m  h a v e  i n v o l v e d  d i f -  
f e r en t  a s sumpt ions .  I t  is a s s u m e d  t h a t  s t i r r i n g  e l i m -  
ina tes  c o n c e n t r a t i o n  p o l a r i z a t i o n  b u t  does  not  affect  
a c t i va t i on  po la r i za t ion .  Also,  i t  is a s s u m e d  t h a t  t he  
l a t t e r  t y p e  d i s a p p e a r s  m o r e  r a p i d l y  t h a n  t h e  f o r m e r  
w h e n  the  c i rcu i t  is b roken .  H o w e v e r ,  s ince  no th ing  
is k n o w n  de f in i t e ly  a b o u t  the  a c t i va t i on  t y p e  of 
po la r i za t ion ,  one cannot ,  a p r io r i ,  a s s u m e  tha t  con-  
c e n t r a t i o n  p o l a r i z a t i o n  is a f fec ted  b y  a c e r t a i n  v a r i -  
able ,  such as s t i r r i n g  and  the  o the r  one is not .  

C o n c e n t r a t i o n  po la r i za t ion ,  Pc, a t  a ca thode  is 
u s u a l l y  def ined b y  the  N e r n s t  exp re s s ion :  

RT Ab 
P~ - -  log - -  

nF A, 

w h e r e  Ab is t he  a c t i v i t y  of the  m e t a l  ion in t he  b o d y  
of t he  b a t h  and  A~ is the  a c t i v i t y  of t he  m e t a l  ion at  
t he  c a t h o d e - s o l u t i o n  in te r face .  Tha t  is, t he  concen -  
t r a t i o n  p o l a r i z a t i o n  is e q u i v a l e n t  to t he  p o t e n t i a l  of 
a c o n c e n t r a t i o n  ce l l  w i th  n e g l i g i b l e  l i qu id  junc t ion .  
In  a c t u a l  m e a s u r e m e n t s  of  p o l a r i z a t i o n  w i t h  a 
c a p i l l a ry ,  a v a r i a b l e  l i qu id  j u n c t i o n  p o t e n t i a l  ex is t s  
b e t w e e n  the  so lu t ion  of t he  r e f e r e n c e  e l e c t r o d e  and  
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Table I 

Calculations of ACu from the formula, 
( pl~ ) ~/~ 

• = 2.5 X 10 -5 �9 ( I t s )  'j~ �9 - -  
D a / 5  

g-equiv 
ACu is given by the formula  in uni ts  of - -  

e m  ~ 

I, cur rent  density, amp/cm~; t~, t ransference number  of cation; t,, t ransference number  of anion; pl density of 
body of bath; ~, kinematic  viscosity, poises; D, diffusion constant, cmVsec; Cb, concentrat ion of copper in the body 
of the bath, g-equiv/cm:';  C~, concentrat ion of copper at the cathode-solution interface, g -equ iv /cm ~. 

ACu 
g - e q u i v / c m a  

C/ Ca lc .  E x p .  
g -equ iv /cm.~  I ( Ira)  4/5 ~ D Ds/5  - -  

X I0 ~ tc ta a m p / c m  2 • 104 X i0~ (p1~)~/5 X i0~ • 104 • 104 • 104 

Cb = 0 .94M Pl = 1.130 

15.4 0.275 0.725 0.005 111 1.27 0.428 5.05 6.6 1.8 3.4 
12.8 0.285 0.715 0.01 192 1.22 0.425 5.1 6.68 3.0 6.0 
8.6 0.300 0.700 0.02 329 1.10 0.416 5.2 6.76 5.1 10.2 
3.8 0.34 0.66 0.04 546 0.98 0.406 5.4 6.9 8.0 15.0 

Cb : 0.490 m o l e s  Pl : 1.075 

6.4 0.307 0.693 0.005 108 1.05 0.408 5.25 6.80 1.6 3.4 
4.6 0.325 0.675 0.01 183 1.00 0.404 5.30 6.84 2.7 5.2 
2.6 0.370 0.630 0.02 302 0.96 0.400 5.56 6.98 4.3 7.2 
1.2 0.390 0.610 0.04 512 0.93 0.398 5.6 7.06 7.2 8.6 

Ca = 0 .240M Pl = 1,035 

2.7 0.370 0.630 0.005 99.7 0.96 0.397 5.5 6.98 1.4 2.1 
1.8 0.390 0.610 0.01 169 0.94 0.396 5.65 7.10 2.4 3.0 
0.6 0.395 0.605 0.02 293 0.91 0.393 6.2 7.51 3.8 4.2 
0.2 0.395 0.605 0.03 405 0.90 0.392 6.9 8.00 5.0 4.6 

D a t a  f o r  D t a k e n  f r o m  E v e r s o l e ,  K i n d s v a t e r ,  a n d  P e t e r s o n  (15} f o r  c o n c e n t r a t i o n  of  c o p p e r  s u l f a t e  u p  to 0.35M, O t h e r  v a l u e s  o f  D w e r e  
o b t a i n e d  by  e x t r a p o l a t i o n .  

D a t a  for  tc is t h a t  f o r  Zn++ in  z inc  s u l f a t e ,  as g i v e n  by C o n w a y  (14 B ) ,  as t h e  t r a n s f e r e n c e  n u m b e r  of Cu*+ s h o u l d  be  a b o u t  t h e  same .  

tha t  of the bath,  because  wi th  no c u r r e n t  f lowing 
the  cap i l l a ry  is i m m e r s e d  in  a solut ion hav ing  an 
ion ac t iv i ty  A~, and  wi th  the  c u r r e n t  f lowing the 
ac t iv i ty  of the  ion is A ,  However ,  this j u n c t i o n  po-  
t en t i a l  is too smal l  to be of consequence.  

Concen t r a t i on  po la r iza t ion  as defined by  the  
Nerns t  equa t ion  wi l l  be re fe r red  to in  the  fo l lowing 
discussion as Nerns t  concen t r a t i on  polar iza t ion.  It  
has a defini te  mean ing ,  because  it depends  on ly  on 
the ac t iv i t ies  of a pa r t i cu l a r  species of ion. F r o m  a 
knowledge  of the  concen t ra t ions  of solute,  C,, at  the 
in te r face  of the  electrode and  solution,  and  C~, the  
concen t r a t i on  in  the body  of the  ba th  the Nerns t  
concen t r a t i on  po la r iza t ion  can be ca lcula ted;  or it 
can be m e a s u r e d  by  se t t ing  up a concen t r a t i on  cell, 
w i th  me t a l  concen t ra t ions  C, and  C~, p rov ided  the  
me ta l  has a revers ib le  stat ic potent ia l .  

At  a g iven  c u r r e n t  densi ty ,  Nerns t  concen t r a t i on  
polar iza t ion  is a more  defini te  and  rep roduc ib le  
q u a n t i t y  t h a n  ac t iva t ion  polar iza t ion.  For  example ,  
the l a t t e r  m a y  increase  g rea t ly  in  the  p resence  of a 
smal l  a m o u n t  of an add i t ion  agent  in  a so lu t ion  a l -  
though the basic e lectrode reac t ion  has not  changed.  
In  contrast ,  the  concen t r a t i on  of me t a l  ions which  
d e t e r m i n e  concen t r a t i on  po la r i za t ion  is l a rge ly  a 
func t ion  of cu r r en t  dens i ty  and  is fa i r ly  r ep roduc i -  
ble f rom one e x p e r i m e n t  to another .  

On ly  one pr ior  s tudy  has been  made  to ca lcula te  
Nerns t  concen t r a t i on  po la r iza t ion  f rom m e a s u r e -  
me n t s  of concent ra t ion .  This work  was done by  
Samarcev  (1) w i th  a copper  sul fa te  solut ion.  He 
showed tha t  the po la r iza t ion  was g rea te r  t h a n  tha t  
which  could be accounted  for on the basis  of Nerns t  
concen t r a t i on  polar iza t ion.  P r io r  to his w o r k  m a n y  
e lec t rochemis ts  had  considered  the po la r iza t ion  i n -  
volved in the  deposi t ion  of copper f rom a su l fa te  
ba th  to be  en t i r e ly  concen t r a t i on  polar izat ion.  This  
w o r k  of S a m a r c e v  s tands  out  as be ing  the  first de -  
t e r m i n a t i o n  of concen t r a t i on  po la r iza t ion  based on 
m e a s u r e m e n t s  of concen t ra t ion .  

Concen t r a t i on  po la r iza t ion  cor responding  to 
curves  1, 2, and  3 of Fig. 5 were  ca lcula ted  by  means  
of the  Nerns t  equa t i on  us ing  the  act ivi t ies  for copper 
ion g iven  by  C o n w a y  (14A).  The resul t s  of these 
ca lcula t ions  a re  shown in  Fig. 6. To compare  the 
m a g n i t u d e  of concen t r a t i on  pola r iza t ion  wi th  the 
tota l  po la r iza t ion  of copper deposi t ion,  cu rve  4 is 
inc luded.  This is for the deposi t ion  of copper  f rom a 
1M solu t ion  con t a in ing  0.05M sul fur ic  acid. A com-  
par i son  of curve  1 wi th  4 shows tha t  the  c o n t r i b u -  
t ion of concen t r a t i on  po la r iza t ion  to the  to ta l  po l a r -  
izat ion is r a the r  small .  

Shre i r  and  S mi t h  (16) a t t emp ted  to m e a s u r e  the 
concen t r a t i on  pola r iza t ion  of copper su l fa te  solu-  



Vol. 105, No. 9 

~ L _  I ] I I , ! r_ 
20 4O 60 6O ~0 f20 

PO~AIRIZATION. MV 

Fig. 6. Nernst concentration polarization calculated from 
the copper concentration, Ci, at the electrode interface. 
Curves ], 2, and 3 refer to the like-numbered curves of Fig. 5. 
Curve 4 is the total polarization for a solution } .0M in cop- 
per sulfate and 0.05M in sulfuric acid measured with a 
Luggin capillary. Curve 5 is the concentration polarization 
of o solution 0.hM in copper and 0.hM in sulfuric acid 
obtained by the stirring method. Data of Shreir and Smith 
(16). [Calculations for curves 1, 2, and 3 ore based on the 
octivities of copper ions given by Conway ( |4 ) ] .  

t ions by  m e a s u r i n g  t h e  d i f fe rence  in p o t e n t i a l  of  the  
e l ec t rode  in a s t i l l  and  in a s t i r r ed  ba th .  The i r  d a t a  
for  a b a t h  0.5M in coppe r  su l f a t e  and  0.5M in su l -  
fu r ic  ac id  is r e p r o d u c e d  in Fig.  6 as  a b r o k e n  l ine.  
The i r  d a t a  ind ica tes  a c o n s i d e r a b l y  l a r g e r  concen -  
t r a t i on  p o l a r i z a t i o n  t h a n  was  o b t a i n e d  b y  the  p r e s -  
en t  me thod .  A c o m p a r i s o n  b e t w e e n  our  d a t a  and  
the i r s  is v a l i d  even  t h o u g h  t h e i r  b a t h  con t a ined  
su l fu r i c  acid.  The  m a x i m u m  effect of the  ac id  w o u l d  
be to d e c r e a s e  t he  t r a n s p o r t  n u m b e r  of copper  ions. 
I f  the  t r a n s p o r t  n u m b e r  w e r e  r e d u c e d  to zero, th is  
w o u l d  r e s u l t  in on ly  a b o u t  a 30% inc rease  ove r  our  
va lue s  of c o n c e n t r a t i o n  p o l a r i z a t i o n  g iven  in Fig.  6. 

The  p r o b a b l e  r eason  t ha t  our  v a l u e s  a re  s m a l l e r  
t h a n  those  of  S h r e i r  and  S m i t h  is t h a t  t he  l a t t e r ' s  
va lues  i nc lude  some c o n t r i b u t i o n s  due  to a c t i v a t i o n  
po la r i za t ion .  A c t i v a t i o n  p o l a r i z a t i o n  is a func t ion  of 
concen t r a t ion ,  as w e l l  as of c u r r e n t  dens i ty ,  as is 
shown  b y  the  d a t a  of S h r e i r  and  S m i t h  (16) .  Since  
the  c o n c e n t r a t i o n  of m e t a l  ion at  t he  e l e c t r o d e  s u r -  
face  in the  s t i l l  so lu t ion  m u s t  h a v e  d i f fe red  f rom 
tha t  in a s t i r r e d  solut ion,  the  ac t i va t i on  p o l a r i z a t i o n  
mus t  also have  v a r i e d  u n d e r  t h e s e  two  condi t ions .  
Thus  the  p r o c e d u r e  of m e a s u r i n g  the  N e r n s t  con-  
c e n t r a t i o n  p o l a r i z a t i o n  b y  the  d i f fe rence  in p o t e n t i a l  
b e t w e e n  a s t i r r e d  and  u n s t i r r e d  b a t h  is no t  ac -  
c u r a t e  because  i t  also inc ludes  the  effect of con-  
c e n t r a t i o n  on ac t i va t i on  po la r i za t ion .  

The  r e l a t i o n  b e t w e e n  ac t i va t i on  p o l a r i z a t i o n  and  
concen t r a t i on  of t he  so lu t ion  could  be  d e t e r m i n e d  in 
the  fo l lowing  way.  A ser ies  of so lu t ions  of d i f fe ren t  
concen t r a t i ons  could  be  e l e c t r o l y z e d  at  t he  s ame  
c u r r e n t  d e n s i t y  and  the  c o n c e n t r a t i o n  of m e t a l  a t  
t he  e l e c t r o d e - s o l u t i o n  i n t e r f ace  and  the  t o t a l  e lec -  
t r o d e  p o l a r i z a t i o n  d e t e r m i n e d .  The  N e r n s t  concen -  
t r a t i o n  p o l a r i z a t i o n  can be  c a l c u l a t e d  and  s u b -  
t r a c t e d  f rom the  t o t a l  p o l a r i z a t i o n  to y i e ld  the  ac -  
t i v a t i o n  po la r i za t ion .  T h e  l a t t e r  cou ld  be  r e l a t e d  to 
e i t h e r  t he  m e t a l  concen t r a t i on  of the  b o d y  of the  
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b a t h  or  to t he  c o n c e n t r a t i o n  at  the  i n t e r f a c e  of t he  
e l ec t rode  and  the  solut ion.  

Discussion 
The  porous  e l e c t r o d e  m e t h o d  of s a m p l i n g  the  d i f -  

fus ion  l a y e r  has  the  a d v a n t a g e  ove r  the  f r eez ing  
m e t h o d  of be ing  s i m p l e r  to set  up  and  ope ra t e .  Also  
the  d i f fus ion l a y e r  can  be  c o n t i n u o u s l y  s a m p l e d .  
H o w e v e r ,  i t  does not  y i e l d  t he  c onc e n t r a t i on  prof i le  
of the  d i f fus ion l a y e r  as does  t he  f r eez ing  m e t h o d  and  
canno t  be  used  to s t u d y  the  r a t e  of a t t a i n m e n t  of the  
s t e a d y  s t a t e  in the  d i f fus ion  l aye r .  The  d r a i n a g e  
m e t h o d  is s i m p l e r  t h a n  the  po rous  e l ec t rode  m e t h o d  
bu t  is a less p rec i se  w a y  of i so l a t ing  the  so lu t ion  at  
the  e l ec t rode  in t e r face .  In  c a r r y i n g  out  t he  d r a i n a g e  
me thod ,  some m i x i n g  of the  b u l k  of the  b a t h  w i th  
the  d i f fus ion  l a y e r  p r o b a b l y  occurs .  

The  porous  e l ec t rode  m e t h o d  y i e l d e d  l a r g e r  v a l -  
ues  for  ACu t h a n  e i t h e r  t he  f r eez ing  m e t h o d  or  t he  
op t ica l  me thod .  The  v a l u e  of ACu g iven  in Fig.  5 
for  t he  0.94M so lu t ion  at  4 a m p / d m  2 was  tw ice  as 
l a r g e  as t ha t  o b t a i n e d  b y  B r e n n e r  (4)  w i t h  the  
f r eez ing  me thod .  The  v a l u e  of ~Cu for  the  0.49M 
so lu t ion  at  0.5 a m p / d i n  ~ was  a b o u t  t h r e e  t imes  
l a r g e r  t h a n  t ha t  o b t a i n e d  b y  Ib l  and  c o - w o r k e r s  (2)  
w i t h  t he  i n t e r f e r o m e t r i c  me thod .  The  c o m p a r i s o n  
of  our  r e su l t s  w i t h  those  of  t he  l a t t e r  w o r k e r s  m a y  
not  be  s t r i c t l y  va l id ,  be c a use  t h e y  m e a s u r e d  a loca l  
ACu, not  an a v e r a g e  va lue ,  and  the  l e n g t h  of t h e i r  
e l e c t r o d e  was  on ly  a b o u t  o n e - f o u r t h  t he  l e n g t h  of 
o u r s .  

The  fact  t ha t  the  porous  e l ec t rode  m e t h o d  y i e l d e d  
l a r g e r  va lue s  of z~Cu t h a n  o t h e r  m e t h o d s  m a y  be  
ev idence  t h a t  i t  comes  c loser  t h a n  the  o t h e r  m e t h -  
ods to g iv ing  t h e  t r ue  c o n c e n t r a t i o n  of m e t a l  ion at  
the  e l ec t rode  in te r face .  E x p e r i m e n t a l  diff icult ies,  
such as m i x i n g  of t h e  ca thode  di f fus ion l a y e r  w i t h  
t he  b u l k  of the  ba th ,  w o u l d  h a v e  l ed  to s m a l l e r  
va lues  of z~Cu. The  fact  t h a t  the  va lue s  of ACu in 
Fig.  5 we re  l a r g e r  for  t he  m o r e  c o n c e n t r a t e d  so lu-  
t ions  is f u r t h e r  ev idence  t h a t  no l a r g e  a m o u n t  of 
m i x i n g  took p l ace  b e t w e e n  the  d i f fus ion l a y e r  and  
the  b u l k  of the  ba th .  

The  c o n c e n t r a t i o n  po l a r i z a t i ons  shown  in Fig.  6 
a r e  r a t h e r  s m a l l  c o m p a r e d  w i t h  the  t o t a l  p o l a r i z a -  
t ion.  These  r e su l t s  can be  a p p l i e d  to e l e c t r o d e p o s i -  
t ion  in genera l ,  s ince t he  e x p e r i m e n t s  w i t h  t he  cop-  
p e r  su l f a t e  so lu t ions  c ove re d  the  u s u a l  r a n g e  of 
c onc e n t r a t i on  of m e t a l l i c  sa l ts  and  of c u r r e n t  d e n -  
s i ty  e m p l o y e d  in c o n v e n t i o n a l  e l ec t rop l a t i ng .  The  
c u r r e n t  dens i t i e s  used  in e l e c t r o p l a t i n g  a r e  u s u a l l y  
no t  ove r  ha l f  of t he  l i m i t i n g  c u r r e n t  d e n s i t y  for  
m e t a l  depos i t ion ,  t h a t  is, t h e  c onc e n t r a t i on  of m e t a l  
ions at  the  ca thode  i n t e r f a c e  u s u a l l y  w o u l d  no t  be  
r e d u c e d  b e l o w  abou t  ha l f  t ha t  in the  b o d y  of t he  
ba th .  Consequen t ly ,  on the  bas is  of t he  r e su l t s  g iven  
in Fig.  6, i t  m a y  be conc luded  t ha t  in  o r d i n a r y  e lec -  
t r o d e p o s i t i o n  t h e  N e r n s t  c o n c e n t r a t i o n  p o l a r i z a t i o n  
is smal l .  In  p a r t i c u l a r ,  Fig.  6 shows t h a t  t he  concen -  
t r a t i o n  p o l a r i z a t i o n  in the  0.49M and  0.94M so lu-  
t ions  was  less t h a n  10 m v  at  a c u r r e n t  d e n s i t y  of 
2 a m p / d m  -~, w h i c h  is a c u r r e n t  d e n s i t y  c o m m o n l y  
e m p l o y e d  in p l a t ing .  S ince  the  p rec i s ion  of  m e a s -  
u r i n g  e l ec t rode  p o l a r i z a t i o n  is u s u a l l y  of the  o r d e r  
of 5 m v  to 10 mv,  t he  c o n c e n t r a t i o n  p o l a r i z a t i o n  
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should  be ba re ly  de tec tab le  at  the  c u r r e n t  densi t ies  
used in  conven t iona l  e lec t ropla t ing .  The d i rec t ly  
observed  polar izat ions ,  such as curve  4 in  Fig. 6, 
mus t  be a t t r i b u t e d  to other  causes t h a n  the  Nerns t  
exp lana t ion .  

Summary 
1. A me thod  for i so la t ing  the  so lu t ion  a t  the  i n -  

ter face  of an  electrode and  the b a t h  has been  de-  
veloped.  

2. The  Nerns t  concen t r a t i on  po la r iza t ion  has 
been  ca lcula ted  for copper  sul fa te  solutions.  

3. It  is conc luded  tha t  the  Nerns t  concen t r a t i on  
pola r iza t ion  p r o b a b l y  is not  s ignif icant  i n  p l a t i ng  
baths  opera ted  at c o n v e n t i o n a l  c u r r e n t  densit ies.  
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Phase Equilibria and Fluorescence in a Portion of the System 
ZnO-MnO-P O.  

F. A. Hummel and Fred L. Katnack 

Department of Ceramic Technology, College oS Mineral Industries, 

The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

Phase equi l ibr ium data have been obtained for compositions in the te rnary  
system lying near  the Zn~(PO~): compound, par t icular ly  those on the ortho- 
phosphate join. It was found that "gamma zinc orthophosphate" is a te rnary  
solid solution which has a region of stabili ty on the orthophosphate join rang-  
ing from about 5 to about 25 mole % Mm(PO,)~. A definitive x - r ay  pat tern  
characteristic of the te rnary  solid solution series is given. 

fi-Zn3(PO4)2 forms an extended series of solid solutions with Mn~(PO,)~ at 
temperatures  above 940~ The mel t ing behavior  of the fi-Zm(PO4)~ solid 
solution is difficult to determine in air due to the usual  change in oxidation 
state of manganese  at temperatures  above 1000~ 

Emission curves for cathode ray excitation are presented for a and ~ zinc 
orthophosphate, the so-called "~-zinc phosphate," Zn~P207, and the two forms 
of Zn (PO~) 2. 

In  a recent  pape r  by  K a t n a c k  and  H u m m e l  (1) ,  
the e q u i l i b r i u m  re la t ionsh ips  for the  sys tem Z n O -  
P~_O~ were  es tabl ished,  and  it  was  shown  tha t  low-  
and  h i g h - t e m p e r a t u r e  forms of or tho- ,  pyro- ,  and  
me taphospha t e  compounds  existed. 

The p r i m a r y  purpose  of this pape r  was to es tab-  
l ish the  e q u i l i b r i u m  re la t ionsh ips  in  the t e r n a r y  
sys tem ZnO-MnO-P~O~ in  the  ne ighborhood  of 

Zn~(PO4)~ and  to re la te  these da ta  to the  f luores-  
cence of the ~, fl, and  "~," forms of the or thophos-  
phate .  A second purpose  was  to ob ta in  l u m i n e s c e n c e  
data  on Zn.oP~O7 and  the two forms of the m e t a -  
phosphate .  

Compositions and Procedure 
GeneraL--The  r a w  ma te r i a l s  and  e x p e r i m e n t a l  

t echn iques  were  the  same as those descr ibed in  the  
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Table I. ZnO-MnO-P20~ compositions on the Zn3(PO4)~-Mn~(PO~)2 join 
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C o m p o s i t i o n  
(Mole %) 

No. Zr~ (P04) 2 Mns (POD z 

I n i t i a l  
E q u i v a l e n t  t e r n a r y  hea t  

c o m p o s i t i o n  t r e a t m e n t  
Mole  (wt  %) _ _  Time,  Temp,  
ra t io  ZnO MnO P~05 h r  ~  

1 99 1 
2 98 2 
3 96 4 
4 95 5 
5 94 6 
6 91.67 8.33 
7 90 10 
8 88.89 11.11 
9 85 15 

10 83.33 16.67 
11 80 20 
12 70 30 
13 50 50 
14 44.44 55.56 
15 40 6O 
16 33.33 66.67 
17 25 75 

62.64 0.55 36.81 24 826 
62.08 t . l l  36.81 3 700 
60.88 2.22 36.90 3 700 
60.32 2.76 36.92 12 828 
59.72 3.33 36.95 3 700 

11:1:4 58.35 4.62 37.03 3 700 
57.36 5.52 37.12 12 828 

8:1:3 56.71 6.18 37.11 3 700 
54.40 8.36 37.24 12 826 

5:1:2 53.39 9.32 37.29 24 500 
51.42 11.20 37.38 12 826 
45.36 16.95 37.69 12 818 
32.96 28.73 38,31 12 818 

4:5:3 29.42 32.06 38.52 12 800 
6:9:5 26.58 34.75 38.66 12 800 
1:2:1 22.28 38.84 38.89 12 800 
3:9:4 16.83 44.01 39.17 12 800 

prev ious  paper  (1) .  C.P. MnCO~ was the source of 
MnO. Spec t ra l  d i s t r i bu t i on  curves  were  ob ta ined  
wi th  a d e m o u n t a b l e  ca thode ray  tube  opera t ing  at 
16 kv  anode  potent ia l ,  0.5 ~ a / c m  ~ b e a m  cu r r en t  den -  
si ty on a s t anda rd  scan T.V. ras te r  of 65 cm 2 area. 
Br igh tness  u n d e r  the above condi t ions  was meas -  
u red  us ing  an  eye-cor rec ted  Weston  f o o t - l a m b e r t  
meter .  

ZnO-MnO-P,~O~ compos~t{ons lying on the Zn~ 
(PO,)~-Mn~(PO4)~ join.--Since the  fl-Zn~(PO~)~:Mn 
phosphor  was though t  to be of p r i m a r y  interest ,  the  
ZnO-MnO-P~O~ t e r n a r y  sys tem was first s tudied  
a long the zinc o r t h o p h o s p h a t e - m a n g a n e s e  or tho-  
phospha te  join.  The  composi t ions  on this jo in  were  
made  e i ther  d i rec t ly  f rom p rev ious ly  p repa red  end  
members ,  Zn~(PO,),,, and  Mn,(PO4)~, or f rom a m i x -  
tu re  of Mn,(PO,)~, ZnO, and  H~PO~. 

Seven t een  composi t ions  were  made  on this  join 
by s u b s t i t u t i n g  Mn,(PO,).~ for Zn,(PO~),~ on a mola r  
basis. These composi t ions  are g iven  in  Tab le  I. The  
equ iva l en t  t e r n a r y  composi t ions  on a we igh t  per  
cent  basis are  l is ted beside the mola r  composit ions.  
Composi t ions  5-17 are  p resen ted  g raph ica l ly  in Fig. 
1. Composi t ions  1-4 are not  inc luded  because  of 
l imi ted  space. 

ZnO-MnO-P~O~ compositions not on the Zn~ (P~O)~- 
Mn~(PO,) ,  join.--Eight ZnO-MnO-P~O~ composi t ions  
were  m a d e  in  the v ic in i ty  of p u r e  Zn,(PO~)~ bu t  not  
ly ing  on the  Zn,(PO~)~-Mn,(PO,),~ join.  These com- 
posi t ions were  made  at  2 and  5 wt  % levels  of MnO 
with  v a r y i n g  a m o u n t s  of ZnO and  P~O~. 

MN0 

~N~(P04) 2 

21 

ZN PO 

Fig. 1. Compositions studied in the system ZnO-MnO-P20~ 

The r a w  mate r i a l s  used for these composi t ions  
were  ZnO, MnC~O4.2H~O, and  H~PO4. The batches  
were  mixed  at room t e m p e r a t u r e  and  dr ied at 
l l 0 ~  No p r e l i m i n a r y  heat  t r e a t m e n t  was g iven  to 
this group of composit ions.  These eight  composi t ions  
are l is ted in  Table  II  and  shown graph ica l ly  in  
Fig. 1. 

Exper imenta l  Results and  Discussion 

Phase Relationships on the Zn3(PO,)~-Mn~(PO4)~ 
join.--Compositions on the Zn~(PO4)~-Mn~(PO4)~ 
jo in  were  heat  t r ea ted  on ly  in  quench  furnaces .  The 
resul ts  of the que nc h i ng  da ta  are l is ted in  Table  III. 
In  general ,  longer  heat  t r e a t m e n t s  were  used in this 
sys tem than  in  the ZnO-P.,O~ b i n a r y  sys tem as crys-  
t a l l i ne  ba tches  were  used as s t a r t ing  mate r i a l s  
t h roughou t  the  s tudy.  

A no t - imposs ib l e  phase d i a g r a m was d r a w n  f rom 
these quench  da ta  and  is p r e sen t ed  in  Fig. 2. This  
d i a g r a m  reveals  the  ex is tence  of four  di f ferent  
phases. The phase l is ted as a -Zn: , (PO,) ,  gave an 
x - r a y  p a t t e r n  co r respond ing  to the low (a) form 
of pure  zinc or thophosphate .  The  f l -Zn , (PO, ) ,  solid 
solut ions  gave x - r a y  pa t t e rns  co r respond ing  to the 
h igh (fl) form of the zinc o r thophospha te  end  m e m -  
ber. The form l is ted as "~-zinc phosphate"  gave an  
x - r a y  p a t t e r n  which  in no w a y  re sembled  the  low 
or h igh form of Zn~(PO4)~. The  m a j o r  peaks  of this 
x - r a y  p a t t e r n  gene ra l ly  cor responded  to the  x - r a y  
p a t t e r n  p resen ted  by  Smi th  (2) for the  so-cal led 

Table II. ZnO-MnO-P~.O~ compositions not on the 
Zn~(POD~-Mn3(P04)~ join 

C o m p o s i t i o n  
(wt  %) 

S a m p l e  No. ZnO MnO PeO5 

18 65 5 30 
19 62 5 33 
20 60 5 35 
21 56 5 39 
22 68 2 30 
23 65 2 33 
24 62 2 36 
25 59 2 39 
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Table III. Quench data for tee system Zn3(POD~-Mn3(POD2 

C r y s t a l ~  
C o m p o -  C o m p o s i t i o n  H e a t  t r e a t m e n t  l i n e  
s i t i o n  ( M o l e % )  M o l e  T i m e ,  T e m p ,  p h a s e s  

N o .  Z ~  ( P O D  2 M ~  ( P O D  2 r a t i o  h r  ~  present 

1 99 1 - -  24 937 
24 912 ~,~ ~ 9oo 
24 884 ~,~ 
24 843 ~,7 
24 826 ~,7 

8 ~  2 98 2 - -  23 936 
24 918 fl 
24 874 ~,~ 
2 0  8 5 8  ~ , ~  7oo 

3 96 4 - -  23 938 
24 926 ~,7 
23 907 ~,7 
24 874 ~,7 
20 858 ~,~ 

4 95 5 - -  24 938 
8 923 fl,7 

24 892 
22 867 
12 828 

6 91.67 8.33 11:1:4 22 937 
24 920 ~,7 
10 901 7 
12 894 
12 845 

7 90 10 - -  24 925 ~,~ 
9 900 

21 852 
12 828 7 

8 88.89 11.11 8 :1 :3  23 943 
24 935 
22 918 7 
24 884 

9 85 15 - -  24 941 
23 922 fl,7 
11 905 7 
21 866 
12 826 

10 83.33 16.67 5 :1 :2  10 936 
11 80 20 - -  17 950 

20 932 fl 
20 915 ~,7 
24 895 
24 887 
24 883 

9 862 
12 826 

12 70 30 - -  5 953 
22 932 fl,M 
24 911 fl,M 
22 893 %M 
24 859 7,M 
22 832 %M 
22 806 %M 

13 50 50 - -  17 952 M 
12 818 %M 

= c~-Zn~ ( P O D  2 
fl = ~ - Z n 3  ( P O D  2 s o l i d  solution 
~/ = 7 - z i n c  phosphate 

M = Mn.~ ( P O 4 ) e  

" g a m m a  f o r m  of  z i n c  o r t h o p h o s p h a t e . "  T h e  f o u r t h  

p h a s e  f o u n d  in  t h i s  s y s t e m  a p p e a r e d  to  be  t h e  e n d  
m e m b e r  Mn~(PO,)~.  Mn~(PO4)~ g a v e  a v e r y  p o o r l y  

d e f i n e d  x - r a y  d i f f r a c t i o n  p a t t e r n  in  c o m p a r i s o n  to  
t h e  p a t t e r n s  of  t h e  f o r m s  of  Zn~(PO~)~ w h e n  u s i n g  

C u K ~  r a d i a t i o n .  C o n s e q u e n t l y ,  t h e  u s e  of  x - r a y  

a n a l y s i s  as  a m e t h o d  of  i d e n t i f i c a t i o n  w a s  d i f f i cu l t  
a b o v e  30 m o l e  % Mn~(PO~)~. T h e r e f o r e ,  t h i s  p o r t i o n  

of  t h e  d i a g r a m  w a s  n o t  i n v e s t i g a t e d  as  t h o r o u g h l y  
as  t h e  Zn~(PO~)~ end ,  a n d  t h e  b o u n d a r i e s  i n  t h i s  

a r e a  a r e  p r e s e n t e d  as  d a s h e d  l i nes .  

ii00 I~LIO. 

I000 
7f  7~ 

B-ZN3{P04} 2 SOLID SOLUTION 

" Y -ZINC PHOSPHATEss MN3(P04} 2 
+ 

7SS 

MOLE PER CENT MN3(P04) z 

Fig. 2. Probable equilibrium relationships on the join 
Zn3(PO4)2-Mn:~(P04)~. 

A t  t h e  o u t s e t  of  t h e  w o r k  i t  w a s  p o s t u l a t e d  t h a t  
T -z inc  p h o s p h a t e  w a s  a Z n O - M n O - P 2 0 5  t e r n a r y  

c o m p o u n d  w h o s e  c o m p o s i t i o n  w a s  on  t h e  Zn3 (PO4)~- 
Mn.~(PO~)_~ jo in .  In  p a r t i c u l a r ,  a m o l e  r a t i o  of  8 Z n O .  

MnO-3P.~O5 or  88.89 m o l e  % Zn3(PO~)~ a n d  11.11 

m o l e  % Mn3(PO, )~  w a s  t h o u g h t  to  b e  t h e  c o m p o u n d .  
I t  a p p e a r e d  f r o m  p r e l i m i n a r y  w o r k  t h a t  t h i s  c o m -  

p o s i t i o n  c h a n g e d  d i r e c t l y  f r o m  T -z i n c  p h o s p h a t e  to  
a ~-Zn3(PO~)~ so l id  s o l u t i o n  w i t h o u t  g o i n g  t h r o u g h  

a t e m p e r a t u r e  r a n g e  in  w h i c h  b o t h  T-z inc  p h o s p h a t e  
a n d  f i-Zn~(PO~)2 so l id  s o l u t i o n s  w e r e  in  e q u i l i b r i u m .  
H o w e v e r ,  m o r e  p r e c i s e  w o r k  s h o w e d  t h a t  t h e  n a r -  

r o w  b a n d  c o n t a i n i n g  t h e s e  t w o  p h a s e s  i n  e q u i l i b -  

r i u m  p r o b a b l y  e x i s t s  c o n t i n u o u s l y  f r o m  5 to  25 
m o l e  % Mn~(PO~)~ a n d  d o e s  n o t  " c l o s e  u p "  a t  11.11 

m o l e  % Mn~(PO~)~, t h e  8 Z n O . M n O . 3 P ~ O 5  c o m p o s i -  

t ion .  W i t h  no  o t h e r  e v i d e n c e  s u p p o r t i n g  t h e  e x i s t -  
e n c e  of  8 Z n O . M n O .  3P~O~ as  a c o m p o u n d ,  t h e  i d e n -  

t i f i c a t i on  of  T -z inc  p h o s p h a t e  r e m a i n s  i n c o n c l u s i v e  

a n d  t h e  s e r i e s  m u s t  s i m p l y  b e  d e s c r i b e d  as  t e r n a r y  
so l id  s o l u t i o n s .  T h e  x - r a y  d a t a  f o r  T -z i n c  p h o s p h a t e  

p r e s e n t e d  in  T a b l e  IV  w e r e  r e c o r d e d  f r o m  a s a m p l e  

Table IV. X-ray diffraction data for the ternary solid solution phase 
(~-zinc phosphate) 

28 d I/Io 28 d I/Io 

15.9 ~ 5.57 i0 45.3 ~ 2.00 - -  
20.5 ~ 4.33 90 46.6 o 1.95 5 
21.1 ~ 4.21 5 46.9 ~ 1.94 5 
22.3 ~ 3.99 40 47.8 ~ 1.90 5 
23.0 ~ 3.87 25 48.7 ~ 1.87 5 
24.2" 3.68 5 49.3 o 1.85 lO 
26.1 ~ 3.41 lO0 50.5 ~ 1.81 5 
27.6 ~ 3.23 20 51.0 ~ 1.79 5 
29.5 ~ 3.03 20 51.6 o 1.77 lO 
30.8 ~ 2.90 lO 52.1 ~ 1.76 5 
31.9 ~ 2.81 25 53.9 ~ 1.70 5 
32.9 ~ 2.72 15 55.0 ~ 1.67 i0 
34.00 2.64 lO 55.3 ~ 1.66 15 
35.6 ~ 2.52 35 55.7 ~ 1.65 5 
35.8 ~ 2.51 35 56.3 ~ 1.63 5 
36.6 ~ 2.46 55 59.6 ~ 1.55 15 
37.5 ~ 2.40 25 O t h e r  re f lec t ions  
37.8 ~ 2.38 lO 
39.10 2.30 lO 
40.3 o 2.24 I0 
41.9 ~ 2.16 5 
42.8 ~ 2.11 10 
43.2 ~ 2.09 25 
44.6 ~ 2.03 20 



Vol. 105, No. 9 P H A S E  E Q U I L I B R I A  I N  Z n O - M n O - P o O ~  531 

c on t a in ing  94 mo le  % Zns(PO,)~ and  6 mo le  % 
Mrh(PO,)~,  f i red to 840~ for  70 hr .  

The  p h a s e  d i a g r a m  shows  t ha t  ~,-zinc p h o s p h a t e  is 
p r o b a b l y  on ly  so lub le  in a-Zn:,(PO,).~ to a v e r y  
l i m i t e d  ex ten t ,  less t h a n  could  be m e a s u r e d  e x p e r i -  
m e n t a l l y  b y  p e t r o g r a p h i c  or  x - r a y  ana lys i s .  G a m m a -  
zinc p h o s p h a t e  coexis t s  w i th  a-Zn~(PO~)~ a t  v e r y  
s m a l l  c o n c e n t r a t i o n s  of Mns(PO~)~. This  ind ica t e s  
t ha t  a p u r e  a-Zn~(PO,) .o :Mn p h o s p h o r  w o u l d  be 
diff icult  to p r o d u c e  w i t h o u t  some  7mZinc p h o s p h a t e  
c o n t a m i n a t i o n .  This  is e v i d e n t  f rom the  x - r a y  d a t a  
p r e s e n t e d  b y  S m i t h  (2)  for  p u r e  ~-Zn, (PO,)~ .  The  
m a j o r  d i f fe rences  b e t w e e n  his x - r a y  d i f f rac t ion  d a t a  
a n d  those  p r e s e n t e d  in  T a b l e  IV can  be a t t r i b u t e d  
to t he  p r e s e n c e  of  - /-zinc p h o s p h a t e  in  his s a m p l e  of 
" p u r e "  a-Zn~(PO,)~.  I t  w o u l d  a p p e a r  t ha t  S m i t h  ob -  
t a i n e d  his  x - r a y  d a t a  on ~-Zn~(PO~)~:Mn r a t h e r  
t h a n  on p u r e  ~-Zn~(PO,)~. 

This  w o r k  ind ica t e s  t ha t  t he  f l -Zn, (PO,) .~ :Mn 
p h o s p h o r  can  be p r o d u c e d  f ree  f rom a-Zns(PO~)~ or  
:e-zinc p h o s p h a t e  b y  f i r ing the  p h o s p h o r  ba t c he s  to 
a t e m p e r a t u r e  a b o v e  942~ the  a - f l  i nve r s ion  t e m -  
p e r a t u r e  in t he  p u r e  zinc o r t h o p h o s p h a t e  end  m e m -  
ber .  H o w e v e r ,  an  a p p r e c i a b l e  a m o u n t  of s i n t e r i ng  
t a k e s  p l ace  at  th is  h igh  f i r ing t e m p e r a t u r e ,  and  the  
r e s u l t a n t  h a r d e n i n g  and  inc rea se  in  p a r t i c l e  size 
w o u l d  p r o b a b l y  r e q u i r e  a g r i n d i n g  o p e r a t i o n  to p r o -  
duce  a u sab l e  ~-Zn~(PO,)~ phosphor .  A p u r e  
fl-Zn~ (PO,)~: Mn p h o s p h o r  can  b e  m a d e  at  t e m p e r a -  
tu res  as low as 915~ if the  eu t ec to id  compos i t i on  of  
98 mo le  % Zn~(PO~)=, 2 mole  % Mn~(PO~)~ is u t i -  
l ized.  

Phase relationships in ternary compositions sur- 
rounding Zn~(PO,)~. - -To i n v e s t i g a t e  the  p h a s e  r e -  
l a t i onsh ips  in the  s y s t e m  ZnO-MnO-P~O,  a r o u n d  
the  b i n a r y  c o m p o u n d  Zn~(PO,)~, the  e igh t  c o m p o s i -  
t ions l i s t ed  in Tab le  I I  w e r e  hea t  t r e a t e d  in a G l o b a r  
f u r n a c e  in  p l a t i n u m  c ruc ib le s  at  t h r e e  d i f fe ren t  
t e m p e r a t u r e  levels .  S ince  quench  fu rnaces  w e r e  not  
used,  a t e m p e r a t u r e  v a r i a t i o n  of - -10~ is i n t r o -  
duced.  The  f i red ba t ches  w e r e  a i r  q u e n c h e d  and  the  
c r y s t a l l i n e  phases  iden t i f i ed  b y  x - r a y  ana lys i s .  

The  r e su l t s  of these  ana lyse s  a r e  l i s t ed  in  T a b l e  
V a n d  p r e s e n t e d  g r a p h i c a l l y  in Fig .  3, 4, and  5. 

The  r e su l t s  i nd ica t e  t h a t  compos i t ions  to t he  le f t  
of t he  Zn~(PO,)~-Mra(PO4)2 jo in  show ZnO and  
~,-zinc p h o s p h a t e  in e q u i l i b r i u m  at  865~ and  ZnO 
and  fl-Zn~(PO,)~ in e q u i l i b r i u m  at  h i g h e r  t e m p e r a -  
tures .  Compos i t i ons  to t he  r i g h t  of the  Zn~(PO,). .-  
Mn~(PO,)= jo in  g e n e r a l l y  showed  ZnsPsO7 in e q u i l i b -  
r i u m  w i t h  fl-Zn~(PO~)~ and  ~/-zinc phospha te .  W h i l e  

2 0  % M~O 
ZNO : ZNO 

B = 8-ZN~{PO~)t SOLID SOLUTION 

='7- ZINC pHOSPHATE " 

2 1  ~ ZNzP20- f 

TO MNS( PO41 t 

7 5 % Z  45% PzO~ ZN=(P%)= 

Fig. 3. Isothermal plane at  865 ~ ~ 10~ 

~0%~NO 
ZNO ~ Z N O  

= ~ - ZN3( PO4)z S O L I D  S O L U T I O N  

T ="7- Z I N C  P H O S P H A T E  " 

2 l = ZNzP20 ? 

7 5 %  Zt~lO ;z.5 % pZo s 

Fig. 4. Isothermal plane at  892  ~ _ 10~ 

2 0 % M N O  

ZNO = ZNO 

B =/~ - ZN~(eo~),  z S O L I D  S O L U T I O N  

T = " T -  Z INC P H O S P H A T E  " 

2 l -  ZNzPzO , 

7 5 ~  ZNO 45~ P20~ 

Fig. 5. Isothermal plane at  941 ~ -t- 10~ 

f ree  ZnO a p p e a r e d  in compos i t ions  to t he  le f t  of 
the  jo in  and  Zn~P~O7 in compos i t i ons  to t he  r i gh t  of 
the  join,  these  two  phases  w e r e  no t  d e t e c t e d  in 
compos i t ions  on t h e  join.  The  low (~a) fo rm  of 
Zn.~(PO4)~ d id  not  a p p e a r  in a n y  of these  compos i -  
t ions  a f t e r  t he  a b o v e  hea t  t r e a t m e n t s .  

Luminescence of the compounds and intermediate 
compositions in the ZnO-MnO-P~O~ sys tem.- -The  

Table V. Phase analysis of ZnO-MnO-P~O~ compositions 
not on the Zns(PO4):-Mnz(PO4)e join 

Composi t ion Heat  Crystal l ine 
(wt %) t r ea tmen t  phases  

No. ZnO MnO P~O~ (24 hr) present  

18a 65 5 30 865 ZnO, 7 
18b 65 5 30 892 ZnO, ;~ 
18c 65 5 30 941 ZnO, 
19a 62 5 33 865 ZnO, 7 
19b 62 5 33 892 ZnO,/9 
19c 62 5 33 941 ZnO,/9 
20a 60 5 35 865 ZnO-?,/9, 7 
20b 60 5 35 892 ZnO, 
20c 60 5 35 941 ZnO,/9 
21a 56 5 39 865 2: 1, 7 
21b 56 5 39 892 %/9 
22a 68 2 30 865 ZnO, 7 
22b 68 2 30 892 ZnO, 
22c 68 2 30 941 ZnO, 
23a 65 2 33 865 ZnO, 7 
23b 65 2 33 892 ZnO,/9 
23c 65 2 33 941 ZnO,/9 
24a 62 2 36 865 ZnO, 7 
24b 62 2 36 892 ZnO,/9 
24c 62 2 36 941 ZnO, 
25a 59 2 39 865 2: 1-?, ~, 7 
25b 59 2 39 892 2: 1,/9, 7 
25c 59 2 39 941 2: 1,/9 

ZnO = ZnO 

7 = ~-zinc phosphate  
2:1 = Zn2P~O~ 
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Table Yl. Characteristic luminescence of the zinc phosphate 
compounds activated with manganese 

L u m i n e s c e n c e  
H e a t  t r e a t m e n t  P e a k  
T i m e ,  T e m p ,  B r i g h t n e s s  w a v e  l e n g t h  

C o m p o u n d  h r  ~ ( f t -L)  (m/z) 

Low (a) Zn~ (PO~) = 5 805 8.7 551 
High (#) Zn, (PO0 -0 12 960 12.0 638 
Zn~ (POD 
N.B.S. Std. 1025 15.3 638 
Low (a) Zn~P~O~ 5 866 3.4 690 
Low (a) Zn (PO~) 2 72 600 0.8 626 
High (~) Zn(PO~)~ 12 800 4.8 570 

i nves t i ga t i on  of t he  ZnO-P~O~ s y s t e m  i n d i c a t e d  t h a t  
five fo rms  of zinc p h o s p h a t e  cou ld  be  o b t a i n e d  at  
r oom t e m p e r a t u r e .  These  cons i s ted  of the  low t e m -  
p e r a t u r e  s t ab l e  fo rms  of Zn~(PO~)~, Zn2P~O~, and  
Zn(PO~)~, a n d  t h e  h igh  t e m p e r a t u r e  m e t a s t a b l e  (a t  
r oom t e m p e r a t u r e )  fo rms  of Zn: ,(PO,)  ~ a n d  
Zn(PO~)2. One  w e i g h t  p e r  cent  MnO was  a d d e d  to 
these  c o m p o u n d s  a n d  the  ba t ches  w e r e  f i red to the  
p r o p e r  t e m p e r a t u r e  to p r o d u c e  the  five fo rms  as 
shown in T a b l e  VI. The  n o r m a l i z e d  emiss ion  cu rves  
for  ca thode  r a y  exc i t a t i on  a r e  shown  in Fig.  6. 

The  c o m p o u n d s  l i s t ed  in Tab le  VI w e r e  e x a m i n e d  
b y  x - r a y s  to  a s su re  t h a t  on ly  one p h a s e  was  p r e s e n t  
in each  case. As  was  to be  expec ted ,  the  low (a)  
Zn~(PO4)~ con t a ined  some ~,-zinc phospha t e .  Con-  
c e n t r a t i o n s  of MnO l o w e r  t h a n  1.0 wt  % w o u l d  d i -  
m i n i s h  the  a m o u n t  of - /-zinc p h o s p h a t e  f o r m a t i o n  in 
th is  phosphor .  H o w e v e r ,  a 1.0% M n O  leve l  was  used  
to m a i n t a i n  equa l  a m o u n t s  of a c t i v a t o r  in a l l  of the  
phosphor s .  

L u m i n e s c e n c e  in t he  ZnO-MnO-P~O~ s y s t e m  was  
also e x a m i n e d  a long  the  Zn3(PO~)=-Mn~(PO~)2 join.  
I t  is a p p a r e n t  f r o m  the  phase  d i a g r a m  of th is  jo in  
t h a t  two  ser ies  of sol id  so lu t ions  exis t .  The  first  
ser ies ,  l a b e l e d  7 -z inc  phospha t e ,  ex i s t s  f r o m  a b o u t  
5 to 25 m o l e  % Mn~(PO,)~ and  is s t ab le  b e l o w  
900~ The  second  ser ies ,  l a b e l e d  fl-Zm(PO,)_~ sol id  
solut ion,  e x t e n d s  f rom the  p u r e  Z n , ( P O J ~  end  
m e m b e r  to abou t  25 mole  % Mn~(POJ2 and  is s t ab le  
a b o v e  942~ 

S e v e n  Z n , ( P O J , - M n . ~ ( P O J 2  m i x t u r e s  w e r e  m a d e  
to i n v e s t i g a t e  t he  l uminescence  of t he se  sol id  so lu-  
t ions.  F o u r  w e r e  in the  7-z inc  p h o s p h a t e  sol id  so lu-  
t ion  ser ies  w h i l e  the  o the r  t h r e e  w e r e  in  t he  
f l - Z n , ( P O , ) ,  sol id  so lu t ion  ser ies .  These  c o m p o s i -  
t ions  and  t h e i r  hea t  t r e a t m e n t s  a r e  l i s t ed  in  T a b l e  
VII ;  t he  emiss ion  cu rves  a r e  p r e s e n t e d  in  F ig .  7 

and  8. 

Table VII. Luminescence of fl-Zn3(PO4)2 and -/-zinc phosphate 
solid solutions 

L u m i n e s c e n c e  
P e a k  

C o m p o s i t i o n  H e a t  T r e a t m e n t  w a v e  
(Mole  %) T i m e ,  T e m p ,  B r i g h t n e s s  l e n g t h  

Zn3 (POD 2 Mna (POD ~ h r  ~ ( f t -L)  (m~) y- 

96 4 70 840 13.8 630 
94 6 70 840 9.7 630L 0 
91.7 8.3 70 840 5.7 63() / 0.265 
88.9 11.1 70 840 2.7 630J 
99 1 12 960 12.0 638~ 
95 5 12 960 11.5 638~0.1911 
88.9 11.1 12 960 3.2 638J 
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Emission curves for fl-zinc orthophosphate solid 
solutions under cathode ray excitat ion. 

I t  is o b s e r v e d  f r o m  these  emiss ion  cu rves  t h a t  the  
7-z inc  p h o s p h a t e  sol id  so lu t ions  h a v e  a s l i g h t l y  
m o r e  y e l l o w  color  t h a n  the  f l -Zn , (PO, )~  phosphor s .  
H o w e v e r ,  t h e i r  i n t ens i t i e s  a re  less t h a n  those  of  t he  
p h o s p h o r s  in the  fl-Zn~(PO,)~ series.  The  24 -h r  hea t  
t r e a t m e n t s  used  in the  quench  w o r k  w e r e  sufficient  
to p r o d u c e  al l  - / -zinc p h o s p h a t e  w i t h  the  s m a l l  
qua n t i t i e s  of m a t e r i a l  used  in the  quench  packe t .  
H o w e v e r ,  w h e n  l a r g e r  q u a n t i t i e s  of  t he  ~,-zinc p h o s -  
p h a t e  sol id  so lu t ions  w e r e  m a d e  for  t he  l u m i n e s -  
cence s tudies ,  some  a-Zn3(PO,)2  a p p e a r e d  w i t h  the  
~,-zinc p h o s p h a t e  w h e n  ba t c he s  w e r e  f i red for  24 hr.  
Consequen t ly ,  a 70-h r  f i r ing t ime  was  used  to as -  
su re  t he  p r e s e n c e  of a l l  7 -z inc  phospha te .  

I t  is o b s e r v e d  f r o m  t h e  emiss ion  cu rves  of the  
f i-Zn~(PO,)2 p h o s p h o r s  t ha t  t he  b r i g h t n e s s  fa l l s  off 
r a p i d l y  w i t h  g r e a t e r  t h a n  5 mo le  % Mn3(PO,)~ 



Vol. 105, No. 9 P H A S E  E Q U I L I B R I A  I N  Z n O - M n O - P 2 0 5  533 

w h i l e  the  in t ens i t i e s  of t he  p h o s p h o r s  w i t h  1 and  5 
mo le  % Mn~(PO,)~ w e r e  qu i t e  s imi la r .  The  eu t ec to id  
compos i t ion  of 2 mo le  % Mn~(PO4)2 can t h e r e f o r e  
be  used  to p r o d u c e  fl-Zn3(PO4)~ a t  the  l owes t  p o s -  
s ib le  f i r ing  t e m p e r a t u r e  w i t h o u t  suf fe r ing  a s ignif i -  
can t  loss in efficiency due  to t he  p r e s e n c e  of too 
m u c h  ac t iva to r .  

Conclusions 
1. The  ~-z inc  o r t h o p h o s p h a t e  p r e v i o u s l y  r e -  

p o r t e d  is no t  a p o l y m o r p h i c  f o r m  of Zn3(PO~)2. I t  
is a t e r n a r y  sol id  so lu t ion  ser ies  w h i c h  has  no t  as 
y e t  been  iden t i f i ed  w i t h  a t e r n a r y  c o m p o u n d  of 
ZnO, MnO, and  P~_O~. 

2. The  3,-zinc o r t h o p h o s p h a t e  t e r n a r y  sol id  so lu-  
t ion  ser ies  wi l l  y i e l d  r e d  p h o s p h o r s  w h i c h  a r e  not  
g e n e r a l l y  c o m p a r a b l e  in  b r i g h t n e s s  w i t h  the  fl ser ies  
u n d e r  ca thode  r a y  exc i t a t ion .  The  compos i t ions  
m u s t  be  f i red for  r e l a t i v e l y  long t imes  (70 h r )  in 
o r d e r  to a s su re  e q u i l i b r i u m .  

3. The  f l-Zn~(PO~)~:Mn sol id  so lu t ions  y i e l d  
b r i g h t  r ed  p h o s p h o r s  u n d e r  ca thode  r a y  exc i t a t i on  
up to 5 m o l e  % Mn~(PO,)~. 

4. a-Zn~P~OT:Mn is r ed  u n d e r  ca thode  r a y  e x -  
c i ta t ion ,  as is we l l  known .  

5. H igh  (f l )Zn(PO~)~ is g r e e n  u n d e r  ca thode  r a y  
exc i t a t ion ,  w h i l e  l o w  (a )Zn(PO~)~  is o range .  
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Preparation and Properties of Aluminum Antimonide 
A. Herczog, 1 R. R. Haberecht, and A. E. Middleton 2 

P. R. Mallory & Co. Inc., Indianapolis, Indiana 

ABSTRACT 

The high-energy gap intermetallic compound semiconductors, AISb, GaAs, 
and InP, are considered as potential materials for devices operating at tem- 
peratures in excess of the limit for silicon. A comparative evaluation of these 
semiconductors is given which reveals some of the advantages and disad- 
vantages of AISb. 

Aluminum and antimony of high purity were prepared by zone refining, and 
single crystals of AlSb were grown by the Czochralski technique. Effects of 
various impurities in the starting materials and crucibles on the electrical 
properties are discussed, and equipment for crystal growing under equilibrium 
vapor pressure of Sb is described. The resistivity of as-grown-P-type crystals 
can be decreased substantially by doping with carbon and increased by small 
quantities of Se and Te. A larger quantity of Te will change the crystals to 
N-type. P-N junctions were made by controlled doping during crystal grow- 
ing. Effects of various surface treatments on the electrical properties of AlSb 
are discussed, and some data on point contact and P-N junction diodes are 
presented. 

This w o r k  has  been  conduc t ed  in the  i n t e r e s t  of 
d e v e l o p i n g  h i g h - p u r i t y  and  p r e f e r e n t i a l l y  d o p e d  
a l u m i n u m  a n t i m o n i d e  c rys t a l s  f rom h i g h - p u r i t y  
m e t a l s  us ing  the  Czochra l sk i  t echn ique ,  and  e v a l u -  
a t i ng  th is  i n t e r m e t a l l i c  c o m p o u n d  as a s e m i c o n -  
duc to r  to be  used  in  p l ace  of g e r m a n i u m  and  s i l icon 
in dev ices  c apab l e  of o p e r a t i n g  up  to n e a r  500~ 

This  p a p e r  r epo r t s  on pur i f ica t ion ,  c r y s t a l  g rowth ,  
doping ,  P - N  j u n c t i o n  f ab r i ca t ion ,  e l ec t r i ca l  m e a s -  
u r e m e n t s  and  ana lys i s ,  su r f ace  s tudies ,  dev ice  feas i -  
b i l i t y  s tudies ,  and  e v a l u a t i o n  of t h e  p o t e n t i a l  of 
a l u m i n u m  a n t i m o n i d e  for  h i g h - t e m p e r a t u r e  s e m i -  
conduc to r  devices .  In  o r d e r  to c o m p a r e  the  r e l a t i v e  
p o t e n t i a l  of  a l u m i n u m  a n t i m o n i d e  for  h i g h - t e m -  

1 P re sen t  add re s s :  C o r n i n g  Glas s  Works ,  Corn ing ,  N. Y. 

2 P r e s e n t  a d d r e s s :  L a m p  Div i s ion ,  G e n e r a l  E lec t r i c  Company ,  
C l e v e l a n d ,  Ohio.  

p e r a t u r e  dev ices  w i t h  t ha t  of o the r  h i g h - e n e r g y  gap  
semiconduc to r s ,  a c o m p a r a t i v e  e v a l u a t i o n  of i m -  
p o r t a n t  k n o w n  p r o p e r t i e s  of  these  s emiconduc to r s  
is g iven  be low.  

Evaluation of Potential of AISb for Semiconductor 
Devices Operable at 500~ Comparison with Other 

High-Energy Gap Semiconductors 
Tab le  I shows  the  p e r t i n e n t  p r o p e r t i e s  of a l u m i -  

n u m  a n t i m o n i d e ,  as c o m p a r e d  to o t h e r  h i g h - e n e r g y  
gap  semiconduc to r s ,  and  a s s e m b l e d  accord ing  to 
source  (1 -7 ) .  I t  can  be no ted  in the  t a b l e  that ,  for  
a l u m i n u m  a n t i m o n i d e ,  m o b i l i t y  r a t ios  ~n//~p, v a r y -  
ing  f rom 1/5 to 6/1,  a r e  r e p o r t e d .  The  on ly  conc lu -  
s ion t ha t  one can d r a w  is t ha t  these  d a t a  w e r e  ob -  
t a i n e d  on h i g h l y  i m p u r e  or  p o l y c r y s t a l l i n e  m a t e r i a l  
and,  t he re fo re ,  t h e y  a r e  a poor  i nd i c a t i on  of t he  t r ue  
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Table I. Summary of data on properties of high-energy Table II. Maximum temperature limits for p-n junction action 
gap semiconductors for high-energy gap semiconductors 

T h e r m a l  Opt ica l  Temp. 
Corn- e n e r g y  e n e r g y  M.P., Temp.  a t  ob ta ined  by  

p o u n d  Source  of da ta  gap,  ev gap ,  ev ~n /Lp ~ in t er sec t i on  of  subtrac t ion  of 
Ext r ins ic  in t r ins ic  & ex-  H u n t e r ' s  (10) 

Semicon-  resistiv. ,  tr ins ic  res i s t iv ,  cor rec t ion  
AlSb Burs te in  and duc to r  o h m - c m  curves ,  ~ (50~ ~ 

Egli (1) 1.~ 1.5 1200 200 1060 
Dunlap  (2) 1.65 35 150 1060 Ge 2 110 60 0.7 
Willardson, 5 80 30 

Beer, and Si 2 390 340 
Middleton(3) 1.55 100 100 1060 5 350 300 1.1 

Welker (4) 1.65 1.65 200 200 1060 InP 2 340 290 
Jenny  (5) 1.6 400 5 300 250 1.25 

GaAs Burstein and GaAs 2 490 440 
Egli (1) 1.1 4000 200 1240 5 450 400 1.35 

Welker (4) 1.38 1.35 3400 200 1238 A1Sb 2 600 550 
J enny  (5) 1.35 4500 5 540 490 1.6 

InP  Burste in  and 
Egli (1) 1.25 3400 650 1 0 7 0  ga l l i um arsenide,  and  a l u m i n u m  a n t i m o n i d e  are 

Welker  (4) 1.34 1.26 3400 50 1070 
J enny  (5) 1.25 p lo t ted  as a func t ion  of t e m p e r a t u r e  in  Fig. 1 (2, 3, 

SiC Hall (7) 3.1 2200 6, 8, 9). 
(hex.) decomp Table  II  shows the theore t ica l  t e m p e r a t u r e  l imi ts  

Jenny (5) 2.8 100 of device opera t ion  for the  cases of g e r m a n i u m ,  s i l l -  
Dunlap (2) 40-60 5-10 con, and  the h igh ene rgy  gap semiconductors ,  for 

mobi l i t ies  and  of the device po ten t i a l  of a l u m i n u m  
an t imonide .  This conclus ion  is suppor ted  by  the  da ta  
and  ana lyses  repor ted  in  this paper .  

In  e v a l u a t i n g  the device po ten t i a l  of a l u m i n u m  
an t imonide ,  an  appra i sa l  of the  uppe r  t e m p e r a t u r e  
and  f r equency  l imi ts  of opera t ion  is of interest .  The 
uppe r  t e m p e r a t u r e  l imi t  is p rescr ibed  by  the h ighes t  
res i s t iv i ty  region  ad jacen t  to the P - N  junc t ion ,  s ince 
this region  reaches the  in t r ins ic  reg ion  first w i th  an  
increase  in t empe ra tu r e .  A conse rva t ive  t e m p e r a -  
t u r e  l imi t  for a t rans is tor ,  m a d e  f rom g e r m a n i u m ,  is 
50~ or more  below the in te r sec t ion  of the  ex t r ins ic  
res i s t iv i ty  curve,  charac te r iz ing  the highest  res is-  
t iv i ty  region  of the device, wi th  the in t r ins ic  r ange  
curve.  The ava i l ab le  data  for the  in t r ins ic  r ange  re -  
s is t ivi t ies  of g e r m a n i u m ,  silicon, i n d i u m  phosphide,  
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Fig. 1. Comparison of intrinsic range resistivities for Ge, 
InP, Si, GaAs, and AISb vs. 10~/T ( in ~ 
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both  2 and  5 o h m - c m  res i s t iv i ty  mater ia l .  Wi th  due 
cons idera t ion  to the l imi ta t ions  of the app l icab i l i ty  
of these data,  it is a p p a r e n t  tha t  a l u m i n u m  an t i -  
mon ide  is the most  su i t ab le  mater ia l ,  a mong  those 
g iven  in  Table  II, for f u r t he r  d e v e l o p m e n t  in  a t -  
t e m p t i n g  to achieve  devices operab le  a t  500~ 

A ca lcu la t ion  of the reverse  c u r r e n t  f lowing 
th rough  a P - N  junc t ion ,  according to the  equa t ions  
of Shockley,  yields  for a l u m i n u m  a n t i m o n i d e  a 
theore t ica l  leakage  c u r r e n t  of 10 -19 a m p / c m  ~. In  the  
case of silicon, a l eakage  c u r r e n t  of 10 -~ to 10 10 
a m p / c m  ~ is ob ta ined  at  room t empera tu re ,  which  
approaches  the 10 -1~ a m p / c m  ~ theore t ica l  va lue .  The 
theore t ica l  l eakage  cu r r en t s  for ga l l i um arsen ide  
and  i n d i u m  phosphide  are be t w e e n  10 -1~ and  10 -13 
a m p / c m  '~. It can be concluded that ,  if surface  control  
and  s t ruc tu r a l  per fec t ion  are achieved in  the case of 
a l u m i n u m  a n t i m o n i d e  to an  ex ten t  comparab le  to 
the case of silicon, the h i g h - t e m p e r a t u r e  leakage  
c u r r e n t  of a l u m i n u m  a n t i m o n i d e  wi l l  be comparab le  
wi th  the  room t e m p e r a t u r e  leakage  cu r ren t s  in  
si l icon or g e r m a n i u m .  

The f r equency  l imi t  in  t rans i s tors  is cont ro l led  
bas ica l ly  by charge car r ie r  mob i l i t y  and  l i fet ime.  
Since the abso lu te  m i n i m u m  w i d t h  of the base r e -  
g ion is l imi ted  by  vol tage  b r e a k d o w n  a nd  by  the  
accuracy  of ava i l ab le  methods  of d i me ns i ona l  con-  
trol, an  a p p r o x i m a t e  lower  l imi t  is imposed  on the 
mob i l i t y  of charge carr iers  for use in  the t w o - j u n c -  
t ion type  of t rans is tor .  This  lower  l imi t  of mob i l i t y  
is es t imated  to b e  1000 cm-~/v sec for a m a t e r i a l  of 
1 ~sec l i fet ime.  Un ipo la r  t ransis tors ,  such as the field 
effect t rans is tor ,  func t ion  by  m e a n s  of m a j o r i t y  
charge  car r ie rs  and  are no t  d e p e n d e n t  in  the  same 
m a n n e r  on mob i l i t y  and  l i fet ime.  J e n n y  (5) has 
m a d e  a theore t ica l  compar i son  of the re la t ive  f re -  
quency  l imi ts  of h i g h - e n e r g y  gap semiconduc tors  
w i th  those of g e r m a n i u m  and  sil icon for u n i p o l a r  
t r ans i s to r  act ion us ing  mob i l i t y  va lues  ava i l ab le  in  
the  l i t e ra ture .  For  the  case of a l u m i n u m  an t imonide ,  
his ca lcu la t ion  is based on a mob i l i t y  of 400 cm~/v 
sec. This is a m e d i a n  va lue  cons ider ing  tha t  the  data  
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in the  l i t e r a t u r e  r a n g e  f r o m  1200 to 35 cmVv sec. 
F o r  th is  v a l u e  the  f r e q u e n c y  r e sponse  of a l u m i n u m  
a n t i m o n i d e  has  been  ca l cu l a t ed  b y  J e n n y  (5)  to be  
v e r y  s i m i l a r  to t ha t  of s i l icon.  

In  genera l ,  c h a r g e  c a r r i e r  mob i l i t i e s  a re  e x p e c t e d  
to dec rease  w i t h  i nc r ea s ing  e n e r g y  gap  and  m e l t i n g  
po in t  of the  semiconduc to r .  F u r t h e r m o r e ,  i t  has  
been  p r o v e n  b y  W e l k e r  and  b y  o the r  i nves t i ga to r s  
t ha t  t h e  g roup  I I I - V  i n t e r m e t a l l i c  c o m p o u n d s  gen -  
e r a l l y  h a v e  h i g h e r  mob i l i t i e s  t h a n  the  g roup  IV e le -  
m e n t s  for  the  s a m e  e n e r g y  gaps  and  m e l t i n g  points .  
A n o t h e r  c h a r a c t e r i s t i c  of g roup  I I I - V  c o m p o u n d s  is 
t ha t  for  t he  s ame  e n e r g y  gap  the  m e l t i n g  po in t  is 
l o w e r  t h a n  is c o m m o n  in the  g r o u p  IV e lements .  
Based  on these  g e n e r a l  obse rva t ions ,  d a t a  in t he  l i t -  
e r a tu re ,  ca l cu la t ions  and  ana lyses ,  t he  u l t i m a t e  po -  
t en t i a l  of h i g h - e n e r g y  gap  s emiconduc to r s  for  h igh  
t e m p e r a t u r e  rec t i f ie rs  and  t r a n s i s t o r s  is e x p e c t e d  to 
be  as s h o w n  in Tab le  III .  F r o m  T a b l e  III,  i t  a p p e a r s  
t ha t  a l u m i n u m  a n t i m o n i d e  has  p o t e n t i a l  a p p l i c a b i l -  
i ty  in h i g h - t e m p e r a t u r e  rect i f iers  and  a l l  t y p e s  of 
h i g h - t e m p e r a t u r e  t r ans i s to r s ,  w i t h  t he  poss ib le  e x -  
cep t ion  of t he  t w o - j u n c t i o n  t y p e  of t r ans i s to r .  

Cons ide r ing  the  e x p e c t e d  t r e n d  of m o b i l i t y  w i t h  
bo th  m e l t i n g  po in t  and  e n e r g y  gap,  i t  a p p e a r s  t h a t  
the  e l ec t ron  m o b i l i t y  of a l u m i n u m  a n t i m o n i d e  as 
g iven  b y  v a r i o u s  i nves t i ga to r s  (see Tab le  I I I )  is 
a n o m a l o u s l y  low r e l a t i v e  to e x p e c t e d  va lues .  This  
p a r t i a l l y  just i f ies  t he  e x p e c t a t i o n  of r ea l i z ing  con-  
s i d e r a b l y  h i g h e r  m o b i l i t y  w i t h  i m p r o v e d  a l u m i n u m  
a n t i m o n i d e  m a t e r i a l .  

Purification of Aluminum and Antimony 
A n t i m o n y  of 99.99% p u r i t y  was  pur i f i ed  b y  zone 

ref in ing in  a l u m i n u m  ox ide  boats .  The  p o r t i o n  of the  
ingot  used  for  c r y s t a l  g r o w i n g  e x p e r i m e n t s  con-  
t a i n e d  of the  o r d e r  of 1 p p m  spec t ro scop i ca l l y  d e -  
t e c t a b l e  impur i t i e s .  The  m a j o r  i m p u r i t y  c o n t a i n e d  
in the  a n t i m o n y  was  arsenic .  Ar sen i c  was  e l i m i n a t e d  
b y  zone ref in ing  a n t i m o n y  to w h i c h  was  a d d e d  a 
s m a l l  a m o u n t  of a l u m i n u m .  

The  s e g r e g a t i o n  of a r sen ic  in a n t i m o n y  b y  zone 
ref in ing in t he  p r e s e n c e  of a d d e d  or  con t a ined  a lu -  
m i n u m  is qu i t e  r e m a r k a b l e  and  jus t i f ies  c o m m e n t  
here ,  a l t h o u g h  a d e t a i l e d  d i scuss ion  of the  m e c h -  
a n i s m  of s eg rega t i on  i n v o l v e d  wi l l  be  d e f e r r e d  to a 
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l a t e r  p u b l i c a t i o n  on th is  subjec t .  P r e v i o u s  p a p e r s  
b y  T a n e n b a u m ,  Gross ,  and  P f a n n  (11) and  b y  G o e r -  
ing,  et al. (12) i n d i c a t e  t h a t  t he  c o n c e n t r a t i o n  of 
a r sen ic  in a zone ref ined  a n t i m o n y  ingot  is p r a c -  
t i c a l l y  cons t an t  ove r  t he  w h o l e  l e n g t h  of the  ingot .  
This  imp l i e s  t h a t  the  s e g r e g a t i o n  coefficient  of a r -  
senic  in a n t i m o n y  is c lose to un i ty .  The  a n t i m o n y  
m e t a l  u sed  b y  these  i n v e s t i g a t o r s  d id  not  con ta in  
a n y  spe c t ro sc op i c a l l y  d e t e c t a b l e  a m o u n t  of a l u m i -  
num.  In  the  p r e s e n t  e x p e r i m e n t s ,  a s e g r e g a t i o n  of 
a r sen ic  was  o b s e r v e d  in  a l l  cases  w h e n  a l u m i n u m  
was  p re sen t .  In  a t t e m p t i n g  to o b t a i n  m o r e  conc lu -  
s ive  ev idence  a b o u t  the  effect  of a l u m i n u m  on the  
s e g r e g a t i o n  of  arsenic ,  k n o w n  a m o u n t s  of a l u m i n u m  
w e r e  a d d e d  to the  f ron t  end  of t h e  a n t i m o n y  ingot  
be fo re  the  zone ref in ing  was  s t a r t ed .  The  r e su l t s  of 
these  e x p e r i m e n t s  showed  tha t  a s t rong  s e g r e g a t i o n  
of a r sen ic  occurs .  

A l u m i n u m  of 99.99% p u r i t y  was  re f ined  in a lu -  
m i n u m  ox ide  boats .  The  to ta l  i m p u r i t y  con ten t  of  
the  zone re f ined  a l u m i n u m  used  for  c r y s t a l  g r o w i n g  
e x p e r i m e n t s  was  abou t  3 ppm,  w i t h  i r on  as the  
m a j o r  i m p u r i t y .  S ince  the  w e i g h t  of a l u m i n u m  used  
for  g r o w i n g  a l u m i n u m  a n t i m o n i d e  c rys t a l s  was  
a b o u t  one f o u r t h  t ha t  of a n t i m o n y ,  the  t o t a l  a m o u n t  
of i m p u r i t i e s  in bo th  m e t a l s  ( ba sed  on A1Sb) was  
s l i g h t l y  a b o v e  1 ppm.  In  some cases, a l u m i n u m  and  
a n t i m o n y  w e r e  also pur i f i ed  b y  zone re f in ing  in  
g r a p h i t e  boats .  

AISb Crystal Preparation and Doping 
The  m e t a l s  w e r e  r e d u c e d  to a s u i t a b l e  size and  

e t ched  to c l ean  the  f r a g m e n t  surfaces .  The  w e i g h e d  
quan t i t i e s  of the  m e t a l s  w e r e  p l a c e d  in an  a l u m i n u m  
ox ide  c ruc ib l e  for  c r y s t a l  g rowing .  The  c ruc ib le s  
cons is ted  of 99.7% p u r e  a l u m i n u m  ox ide  m a d e  b y  
the  M o r g a n i t e  Co., Long  I s land ,  N e w  York .  The  
c r y s t a l  g r o w i n g  was  done  in an  a t m o s p h e r e  of p u r i -  
fied he l ium.  H e l i u m  pur i f i ca t ion  was  a c c o m p l i s h e d  
b y  pass ing  the  gas  t h r o u g h  m a g n e s i u m  pe rc h lo r a t e ,  
t u r n i n g s  of a t i t a n i u m - z i r c o n i u m  a l loy  h e a t e d  to 
800~ and  f ina l ly  a l i qu id  a i r  t r ap .  

Before  g r o w i n g  c rys ta l s ,  t he  e q u i p m e n t  was  
h e a t e d  up s l o w l y  over  a p e r i o d  of 2-3 hr .  D u r i n g  
this  t ime  a flow of d r y  h e l i u m  gas was  m a i n t a i n e d  
for  the  p u r p o s e  of e l i m i n a t i n g  t r aces  of w a t e r  v a p o r  

Table III. Comparison of high-temperature device potential of high-energy gap semiconductors showing trends of mobilities with 
melting point and energy gap 

SiC GaP AIAs AlSb GaAs InP Si Ge 

Energy  gap in ev ~3  2.4 2.2 1.6 1.35 1.25 1.1 0.7 
Melt ing point,  ~ 2200 1350 >1500 1060 1240 1070 1500 960 

decomp. 
Elect ron mobi l i ty  at  40-60 - -  - -  35-1200 3400-4500 3400 1900 3900 

250~ cmVv sec 
Hole mobi l i ty  at 5-10 17 - -  100-200 >200 50 450 1900 

250~ cm2/v sec 
Est. max.  temp. for 1000 - -  - -  550 440 325 350 100 

p - n  junct ion action, ~ 
Rect i fy ing act ion + 0 0 4- + Jr -5 + 
Trans is tor  (2 junct ion)  action - -  - -  - -  ? + + + -5 
Uni junct ion  t rans is tor  >< X X 0 0 0 + -5 
Unipolar  t rans is tor  X X X 0 -5 -5 + -5 

+ o b s e r v e d ;  0 no t  o b s e r v e d  b u t  expec t ed ;  -- no t  b e l i e v e d  p o s s i b l e ;  ? d o u b t f u l ;  x no t  obse rved ,  poss ib l e  a t  h i g h  t e m p e r a t u r e  b u t  
perhaps no t  a t  l ow  t e m p e r a t u r e .  
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Table IV. Analysis of aluminum antimonide crystals 

Impurit ies ,  p p m  Cu Fe  Mg Si  As  Ca 

A1 + Sb metals 1.2 1.1 0.7 0.4 0.2 
A1Sb crystal 0.1 0.15 2.3 1.4 X 0.5 

X ~ ~raee, 

Table V. Results of crystal growing experiments 

Top p a r t  of crystal  
Addition to Resis -  T y p e  

Crys -  Sb 121.76 g t i v i t y  of con-  
ta l  No. A1 26.98 g o h m - c m  d u c t i v i t y  R e m a r k s  

Fig. 2. AISb crystal 

and  oxygen  f rom the  system. As a resul t  of these 
p r e t r e a t m e n t s  of the  gas and  the  crys ta l  g rowing  
equ ipmen t ,  the fo rma t ion  of oxide par t ic les  on the  
surface of the  a l u m i n u m  a n t i m o n i d e  mel t  was m i n i -  
mized.  A n y  floating par t ic les  which  did appear  on 
the  me l t  surface  were  easi ly e l im ina t ed  wi th  a 
probe.  The mel t  surface,  in  this  mechan i ca l l y  
c leaned state, r e m a i n e d  c lean  th roughou t  c rys ta l  
growing.  In  the most  recent  work,  the crucible  was 
not  ro ta ted  d u r i n g  crys ta l  growing,  bu t  the seed 
crys ta l  was ro ta ted  at  a ra te  of 4 rpm.  

The g rown  crysta ls  have  a c lean meta l l i c  surface 
as shown in  Fig. 2. Some crysta ls  were  ob ta ined  
which  were  80% single.  Other  crysta ls  showed 
v a r y i n g  a m o u n t s  of t w i n  lines.  Spec t rographic  data  
are g iven  in  Tab le  IV for the top por t ion  of a c rys-  
tal. For  comparison,  the same tab le  shows the 
a m o u n t  of impur i t i e s  con ta ined  in  the zone refined 
meta ls  used in g rowing  the crystal .  The amoun t s  of 
copper and  i ron  in  the crys ta l  are reduced  because  
of segregat ion  d u r i n g  crys ta l  growing.  The a m o u n t  
of m a g n e s i u m  and  sil icon is s l ight ly  increased  be-  
cause of c o n t a m i n a t i o n  of the me l t  by the crucible.  

Weigh ing  was done in several  cases to de t e r mi ne  
the loss of a n t i m o n y  by  evapora t ion .  Be tween  0.6 
and  1.1 g was  lost f rom a p p r o x i m a t e l y  122 g of 
a n t i m o n y  con ta ined  in  the  melt .  This  loss of a n t i -  
m o n y  was  reduced  prac t ica l ly  to zero by  i n t r o d u c -  
ing  a hea ted  bel l  j a r  above the me l t  as shown  in 
Fig. 3. The  crys ta ls  g rown  wi th  the  hea ted  bel l  j a r  
in  place were  not  different ,  however ,  f rom the crys-  
tals g rown  in  open crucibles.  As a m a t t e r  of fact, 
they  were  less s ingle  in charac te r  because of diffi- 
cult ies encoun t e r ed  in  s k i m m i n g  the surface  of the 
me l t  u n d e r  the  bel l  jar.  

A series of c rys ta l  g rowing  expe r imen t s  was pe r -  
fo rmed  u n d e r  n e a r l y  iden t ica l  condi t ions  to com- 
pare  the  inf luence  of smal l  excesses of a n t i m o n y  or 
of a l u m i n u m  in  the me l t  on crys ta l  character is t ics .  
The da ta  are repor ted  in  Table  V. All  crystals  were  
P - t y p e  and  had  the same r ange  of res i s t iv i ty  inde -  
p e n d e n t  of the me l t  composit ion.  It  was noted  tha t  
the crysta ls  were  more  f r e q u e n t l y  t w i n n e d  and  also 
con ta ined  g ra in  bounda r i e s  in  the  case of addi t ions  

26 0.5% Sb 0.8 P 
30 2.9% Sb 0.8 P 
29 4.0% A1 0.4 P 
28 0.5% Sb 0.14 P 

46 0.5% Sb 0.23 P 

38 10 mg C 0.013 P 
27 15 mg C 0.01 P 
22 10 mg Te 10.8 P -N 

23 51 mg Te 3.6 N 

24 75 mg Te 1.7 N 

31 6 mg Se 9.7 P-N 

25 61 mg Se 32.6 N 

Mostly single 
Mostly single 
Polycrystal l ine 
Sb refined in 

graphite boat 
A1 refined in 

graphite boat 
Frequent ly  twinned 
Frequent ly  twinned 
Large single 

portions 
Large single 

portions 
Large single 

portions 
Large single 

portions 
Large single 

portions 

of an  excess of a l u m i n u m .  The res i s t iv i ty  of these 
crys ta ls  was also somewha t  lower  t h a n  normal .  It  
is possible tha t  the effects of excesses of a l u m i n u m  
and  a n t i m o n y  on g rown  crysta ls  migh t  be exp la ined  
by  a nons to ich iomet r ic  composi t ion  of the crys ta l  
at the  m a x i m u m  me l t i ng  point ,  as discussed theo-  
re t ica l ly  by  Hodgk inson  (13).  

In  Tab le  V, resul ts  of o ther  c rys ta l  g rowing  ex-  
p e r i m e n t s  are also repor ted  for which  e i ther  the 
a l u m i n u m  or the  a n t i m o n y  was purif ied in  g raph i te  
boats. In  both cases, and  especial ly  in  the case of 
a n t i m o n y  refined in  the g raph i t e  boat, the res i s t iv i ty  
is cons ide rab ly  lower  t h a n  normal .  The  ind ica t ion  
tha t  ca rbon  c o n t a m i n a t i o n  m a y  cause a decrease in  
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Fig. 3. Equipment to prevent evaporation from the melt 
during crystal growing. 
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r e s i s t i v i t y  is f u r t h e r  conf i rmed  in the  case  of c r y s -  
ta l s  No. 38 and  No. 27 w h e r e  k n o w n  a m o u n t s  of 
carbon ,  10 and  15 rag, r e spec t i ve ly ,  w e r e  a d d e d  to 
t he  m e t a l s  be fo re  c r y s t a l  g rowing .  The  a m o u n t  of 
c a rbon  a c t u a l l y  d i s so lved  in t he  m e l t  is not  k n o w n  
because  a l a r g e  p o r t i o n  of i t  was  e l i m i n a t e d  b y  
s k i m m i n g  of t h e  sur face .  H o w e v e r ,  the  r e m a i n i n g  
q u a n t i t y  of  carbon,  w h i c h  m i g h t  be of the  o r d e r  of 
a few m i l l i g r a m s  for  an  a p p r o x i m a t e l y  150-g mel t ,  
caused  a g r e a t  dec rea se  in r e s i s t i v i t y  as shown  in 
Tab le  V. 

The  re su l t s  of v a r i o u s  e x p e r i m e n t s  on the  effect 
of c a rbon  a re  shown  in Fig.  4. R e c e n t l y  an  ana lys i s  
was  m a d e  on the  c a r b o n  con t en t  of a n t i m o n y  and  of 
a l u m i n u m .  The  c a r b o n  con ten t  of a l u m i n u m  was  r e -  
duced  b y  50% b y  ref in ing  in an ox ide  boa t ;  i t  was  
i nc r ea sed  b y  10% b y  ref in ing  in g r a p h i t e  boats .  
H o w e v e r ,  d e t e r m i n a t i o n s  r e v e a l e d  ca rbon  con ten t s  
in the  r a n g e  of t he  s e n s i t i v i t y  of the  a n a l y t i c a l  
me thod ,  w h i c h  was  of the  o r d e r  of 50 p p m  of c a r -  
bon,  and  t h e r e f o r e  canno t  be cons ide red  as q u a n -  
t i t a t ive .  S o m e w h a t  l a r g e r  quan t i t i e s  of c a r b o n  w e r e  
found  in the  a s - r e c e i v e d  a n t i m o n y .  The  ca rbon  con-  
t en t  of a n t i m o n y  was  no t  a p p r e c i a b l y  r e d u c e d  b y  
zone ref ining.  

Dop ing  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  v a r i o u s  
m e t a l s  to g a t h e r  i n f o r m a t i o n  abou t  t y p e  of conduc -  
t i v i t y  and  v a l u e  of r e s i s t i v i t y  of t he  d o p e d  m a t e r i a l  
a n d  to e v a l u a t e  t h e i r  u se fu lnes s  for  a l l o y e d  ohmic  
contacts ,  or  for  r e c t i f y i n g  junc t ions  of any  type .  The  
i m p u r i t y  was  a d d e d  to the  m e l t  e i t he r  be fo re  or  
d u r i n g  c r y s t a l  g r o w i n g  for  m a k i n g  P -  or  N - t y p e  
m a t e r i a l  or  P - N  junc t ions .  F i g u r e  5 s u m m a r i z e s  t he  
effects of va r i ous  dop ing  agen t s  on r e s i s t i v i t y  and  
t y p e  of c o n d u c t i v i t y  for  t h e  a v a i l a b l e  A1Sb. 

Of spec ia l  i n t e r e s t  a r e  the  r e su l t s  of dop ing  w i t h  
t e l l u r i u m  and  se len ium,  bo th  of w h i c h  g ive  N - t y p e  
m a t e r i a l .  A t h r e s h o l d  seems  to ex i s t  in the  q u a n t i t y  
of the  a d d e d  i m p u r i t y  w h i c h  has  to be  e x c e e d e d  in 
o r d e r  to ob t a in  N - t y p e  m a t e r i a l .  The  q u a n t i t y  b e -  
low the  t h r e s h o l d  is u sed  up  in c o m p e n s a t i n g  ex i s t i ng  
P - t y p e  cen t e r s  in t he  c rys t a l .  I t  w i l l  be  n o t e d  t h a t  
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duction type of AISb. 

a l a r g e  a m o u n t  of N - t y p e  a d d i t i o n  is r equ i r ed ,  
n a m e l y  abou t  10 m g  Te or  6 m g  Se, to c o m p e n s a t e  
for  P - t y p e  centers .  The  chief  d e t e c t a b l e  P - t y p e  i m -  
p u r i t y  in the  c r y s t a l  is m a g n e s i u m ,  d i s so lved  b y  the  
m e l t  f r o m  the  c ruc ib le .  The  q u a n t i t y  of m a g n e s i u m  
in t he  c r y s t a l  has  been  d e t e r m i n e d  b y  s p e c t r o -  
g r a p h i c  ana lys i s  to be  abou t  2 ppm.  This  is a lmos t  a 
f ac to r  of 10 l o w e r  t h a n  the  a m o u n t  of Se or  Te used  
for  comPensa t ion .  I t  is conc luded ,  t he re fo re ,  t h a t  t he  
c o m p e n s a t i o n  effect  is due  e i t he r  to a n o t h e r  i m -  
p u r i t y  of u n k n o w n  quan t i t y ,  pos s ib ly  carbon ,  or  to 
a n t i m o n y  vacancies .  F u r t h e r  iden t i f i ca t ion  wi l l  be  
d i scussed  l a t e r  in connec t ion  w i t h  the  i n t e r p r e t a t i o n  
of  Ha l l  effect m e a s u r e m e n t s .  

In  t he  case  of t e l l u r i u m  addi t ions ,  t he  r e s i s t i v i t y  
of the  c ry s t a l  inc reases  a t  f irst  un t i l  the  t h r e s h o l d  
q u a n t i t y  for  c o m p e n s a t i o n  and  conve r s ion  to N - t y p e  
is r e a c h e d  and  t hen  dec reases  w i t h  any  f u r t h e r  
a d d i t i o n  of Te. In  t he  case  of s e l e n i u m  add i t ion ,  
t h e r e  is a d i f f e ren t  b e h a v i o r ;  the  r e s i s t i v i t y  i n -  
c reases  w i th  f u r t h e r  add i t i ons  of the  i m p u r i t y  above  
the  t h r e s h o l d  v a l u e  for  compensa t ion .  

P - N  junc t i ons  w e r e  m a d e  f rom P - t y p e  m a t e r i a l  
b y  dop ing  w i t h  t e l l u r i u m  or  se len ium.  J u n c t i o n s  can  
also be  m a d e  b y  s t a r t i n g  f rom s e l e n i u m  c on t a in ing  
N - t y p e  m a t e r i a l  a n d  dop ing  w i t h  zinc to p r o d u c e  
the  junc t ion .  A l o w e r i n g  of r e s i s t i v i t y  for  P - t y p e  
m a t e r i a l  is o b t a i n e d  b y  dop ing  w i t h  zinc and  w i t h  
ca rbon ;  a s m a l l e r  change  is o b t a i n e d  for  lead,  
copper ,  and  gold.  

Hall Effect, Resistivity, and Tentat ive Identif ication 
of Extrinsic Charge Carrier Sources 

H a l l  effect and  r e s i s t i v i t y  m e a s u r e m e n t s  w e r e  
m a d e  on an u n d o p e d  P - t y p e  s i n g l e - c r y s t a l  sec t ion  
of 0.4 o h m - c m  re s i s t i v i ty .  The  size of t h e  s a m p l e  
was  1 .6x  0 .62x  0.13 cm. The  c u r r e n t  leads ,  H a l l  
p robes ,  and  a t h e r m o c o u p l e  w e r e  so lde red  to t he  
sample .  The  s a m p l e  was  k e p t  u n d e r  a v a c u u m  of 
a b o u t  0.5 t~ d u r i n g  the  m e a s u r e m e n t s .  The  m a g n e t i c  
field was  c a l i b r a t e d  a ga in s t  a 6 o h m - c m  g e r m a n i u m  
s a m p l e  b y  c o m p a r i n g  i ts  i n t r i n s i c  r a n g e  w i t h  p u b -  



538 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Sep tember  1958 

,~, ,o, centers ,  caus ing  s t rong  i m p u r i t y  sca t t e r ing ,  is p r e s -  
o~- _ _  ent  in  the  a l u m i n u m  a n t i m o n i d e  sample .  F u r t h e r ,  i t  

~=~ ~,~,,~'~ I ~ a p p e a r s  r e a s o n a b l e  to conc lude  t h a t  the  m o b i l i t y  of 
the  holes  in t he  a l u m i n u m  a n t i m o n i d e  is s u p p r e s s e d  

z l ~ by  the  l a rge  a m o u n t  of i m p u r i t y  s c a t t e r i ng  p resen t .  
. _ : -  ~ - - ~ - - -  ,0' F r o m  these  d a t a  and w i t h  r e f e r e n c e  to t h e  i n t e r -  

, j r p r e t a t i o n s  b y  B l u n t  and  c o - w o r k e r s  (14) of op t i ca l  
, a b s o r p t i o n  c h a r a c t e r i s t i c s  of a l u m i n u m  an t imon ide ,  ~____~- L ~ ; : , a , o  

: some i n f o r m a t i o n  on w h e t h e r  i m p u r i t i e s  or  l a t t i c e  I 

I i I defec t s  a r e  chief ly  r e s p o n s i b l e  for  the  o b s e r v e d  e lec -  
t, t r i c a l  p r o p e r t i e s  of a l u m i n u m  a n t i m o n i d e  can  be  ob -  

Z ~ 4 5 6 7 8 9 I o  
t a ined .  B l u n t  found  a deep  l y i n g  l e v e l  0.75 ev a b o v e  
the  va l e nc e  b a n d  and  a t t r i b u t e d  th i s  to a n t i m o n y  

Fig. 6. Log resistivity and log Hall constant for AISb vs. 
10~/T (in ~ vacanc ies .  I f  B l u n t  and  c o - w o r k e r s  a re  co r rec t  in 

th is  a s s ignmen t ,  t he  p r e s e n t  H a l l  effect r e su l t s  a re  

l i shed  in t r i n s i c  r a n g e  curves .  A p r i m a r y  c u r r e n t  of not  eas i ly  e x p l a i n e d  on the  bas is  of a n t i m o n y  v a c a n -  
1 m a  was  passed  t h r o u g h  the  s a m p l e  in  a m a g n e t i c  cies, s ince  t h e y  sugges t  a n e a r - z e r o  i m p u r i t y  a c t i v a -  
field of 7000 gauss.  M e a s u r e m e n t s  w e r e  m a d e  b e -  t ion ene rgy .  
t w e e n  l iqu id  a i r  t e m p e r a t u r e  and  200~ for  bo th  W i t h  r e g a r d  to the  i m p u r i t y  w h i c h  con t ro l s  the  
r i s ing  a n d  f a l l i ng  t e m p e r a t u r e s .  Resu l t s  a r e  shown  e l ec t r i ca l  p r o p e r t i e s  of t h e  a v a i l a b l e  a l u m i n u m  a n t i -  
in Fig.  6. A l t h o u g h  final  i n t e r p r e t a t i o n  of these  r e -  monide ,  t he  fo l l owing  e v i d e n c e  sugges t s  c a r b o n  as 
sul ts  m u s t  a w a i t  h i g h - t e m p e r a t u r e  d a t a  and  s i m i l a r  t he  m a j o r  i m p u r i t y :  
runs  on v a r i o u s l y  d o p e d  samples ,  some v a l u a b l e  1. 1.8 x lff~/cc P - t y p e  i m p u r i t y  cen te r s  in  u n -  
conc lus ions  can  be  d r a w n  at  th is  t ime .  d o p e d  m a t e r i a l  a r e  i n d i c a t e d  b y  the  H a l l  cons t an t  

S ince  t h e  conduc t ion  is b y  e x t r i n s i c  holes  and  the  vs. t e m p e r a t u r e  da ta .  
Ha l l  cons t an t  is i n v a r i a n t  w i t h  t e m p e r a t u r e  ove r  a 2. C a r b o n  has  been  shown  b y  dop ing  e x p e r i -  
long t e m p e r a t u r e  r a n g e  d o w n  to t he  lowes t  t e m -  m e n t s  to m a k e  A1Sb P - t y p e .  
p e r a t u r e  i nves t i ga t ed ,  t he  i m p u r i t y  l eve l s  c o n t r o l -  3. C a r b o n  a d d i t i o n s  in  s m a l l  q u a n t i t i e s  p r o d u c e  
l ing  conduc t ion  a r e  a s s u m e d  to be  exhaus t ed .  Us ing  l a r g e  r e duc t i ons  in A1Sb c r y s t a l  r e s i s t iv i ty .  
t he  r e l a t i o n  N = n = 7.37 x 10-1~/R, the  n u m b e r ,  N, 4. T e l l u r i u m  dop ing  e x p e r i m e n t s  i nd ica t e  t ha t  
of e l e c t r o n i c a l l y  ac t ive  i m p u r i t y  cen te r s  and  n, the  l a r g e  a m o u n t s  of N - t y p e  dop ing  m a t e r i a l  m u s t  be  
to ta l  n u m b e r  of  ex t r i n s i c  holes,  is found  to be 1.8 x a d d e d  to c o m p e n s a t e  for  the  P - t y p e  centers .  The  Te 
10"~/cc. The  c o n s t a n c y  of the  H a l l  cons t an t  ove r  the  add i t i ons  cause  an  inc rease  in  r e s i s t i v i t y  up  to the  
en t i r e  l o w - t e m p e r a t u r e  r a n g e  sugges t s  t ha t  accep to r  c o m p e n s a t i o n  c onc e n t r a t i on  and  then  the  r e s i s t i v i t y  
cen te r s  due  to i m p u r i t i e s  or  l a t t i c e  vacanc ie s  a r e  dec reases  as t he  A1Sb becomes  p r e d o m i n a n t l y  
p r e s e n t  in  t h e  s a m p l e  and  t h a t  t h e y  l ie  v e r y  c lose  to N - t y p e .  The  q u a n t i t a t i v e  a m o u n t  of Se  a n d  Te  used  
the  v a l e n c e  band .  for  o b t a i n i n g  c o m p e n s a t i o n  was  a b o u t  30-40 ppm.  

Since  th is  s a m p l e  has  l a rge  pos i t i ve  hole  ex t r i n s i c  S ince  1.8 x lff~/cc c o r r e s p o n d s  a p p r o x i m a t e l y  to 10- 
conduct ion ,  the  r e l a t i o n  /~p = R/p can be  used  to 50 ppm,  t he  dop ing  e x p e r i m e n t  o b s e r v a t i o n s  a re  in  
ca l cu l a t e  the  hole  mob i l i t y .  F i g u r e  7 shows  the  r e -  a g r e e m e n t  w i t h  the  Ha l l  effect d e t e r m i n a t i o n  of the  
su l t ing  t e m p e r a t u r e  d e p e n d e n c e  of mob i l i t y .  I t  w i l l  n u m b e r  of accep to r  i m p u r i t y  centers .  
be no ted  t h a t  t he  p e a k  v a l u e  of hole  m o b i l i t y  is a t  5. Jus t i f i ca t ion  of t he  spec t roscop ic  ana lyses ,  
60~ and  is 105 cm~/v-sec .  These  d a t a  on a l u m i n u m  cons ide r ing  the  l a r g e  q u a n t i t y  of i m p u r i t y  cen te r s  
a n t i m o n i d e  i n d i c a t e  t h a t  a h igh  c o n c e n t r a t i o n  of i n d i c a t e d  b y  the  H a l l  cons tan t ,  is g iven  b y  the  fac t  

t ha t  spec t roscop ic  ana lys i s  is h i g h l y  i n sens i t i ve  to 
carbon .  Recen t ly ,  howeve r ,  c a rbon  has  been  found  
b y  c h e m i c a l  ana lys i s  in t he  a l u m i n u m  and  a n t i m o n y  
used  for  c r y s t a l  g r o w i n g  at  an  i n d i c a t e d  c o n c e n t r a -  
t ion  of the  o r d e r  of 50 ppm.  

Sample Processing and Surface Treatments 
/0 z z - ~ - , ~ , ,  C o n s i d e r i n g  the  w e l l - k n o w n  t e n d e n c y  of a l u m i -  

- -4~ h u m  a n t i m o n i d e  to ox id ize  in the  p r e s e n c e  of w a t e r  
f ie  ~ vapor ,  t he  p r o b l e m  of p r o p e r  su r f ace  t r e a t m e n t s  is 
cm �9 / of u t m o s t  i m p o r t a n c e .  O x i d a t i o n  or  h y d r o l y s i s  l eads  
gs-'~" ~ to the  f o r m a t i o n  of a b l a c k  pow de r ,  and  w i t h  p a s s -  

age  of t ime  a l l  the  m a t e r i a l  can  b e  c o n v e r t e d  to th is  

/ ~ s ta te .  H o w e v e r ,  t he  r a t e  of th is  p rocess  d e p e n d s  to  
a l a r g e  e x t e n t  on the  ex i s t i ng  su r f ace  p r o p e r t i e s  

/ and  the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of the  specific 

L s a m p l e  of m a t e r i a l .  
/O'  The  h ighes t  r a t e  of decompos i t i on  is o b s e r v e d  for  

mo 2oo 300 4oo .,"oo su r faces  o b t a i n e d  b y  c u t t i ng  w i t h  a d i a m o n d  saw 
T ~'~ ~ us ing  w a t e r  cool ing.  In  th is  case t he  su r f ace  is no t  

Fig. 7. Hole mobility of AISb on ly  d a m a g e d  m e c h a n i c a l l y  b u t  i t  is a lso s a t u r a t e d  
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wi th  water .  The in i t i a l  damage  is so deep tha t  i t  
can h a r d l y  be improved  by  fu r t he r  t r e a t m e n t s  u n -  
less a la rge  q u a n t i t y  of m a t e r i a l  is r emoved  f rom 
the surface  in  a u n i f o r m  m a n n e r .  

If A1Sb samples  are cut  wi th  an  oi l -cooled dia-  
m o n d  saw, the surfaces  are s table  enough  to be 
kept  in  a desiccator,  and  the  samples  can be u t i l ized 
wi thou t  excessive r emova l  of the surface layer .  The 
surface  ob ta ined  by  cu t t ing  u n d e r  oil can be s l ight ly  
improved  by  l app ing  or by  sandblas t ing .  The  m a -  
te r ia l  wi th  lapped,  sandblas ted ,  or oil cut  surface  
can be kep t  in  a desiccator  for some t ime w i t hou t  
ser ious oxidat ion.  

The best  mechan ica l  t r e a t m e n t  is pol i sh ing  w i th  a 
fine ab ras ive  to achieve a mi r ro r l i ke  surface.  Pol -  
ished surfaces can be kept  in  open air, the  on ly  
change  be ing  a d e v e l o p m e n t  of a s l ight  b r o w n i s h  
color. Cleaved surfaces and  the  a s - g r o w n  crys ta l  
behave  in  a m a n n e r  s imi la r  to pol ished surfaces.  
This is on ly  t rue  for a c rys ta l  of good qua l i t y  w i t h -  
out  g r a i n - b o u n d a r i e s  and  wi thou t  fore ign par t ic les  
such as oxide on the surface.  

The best  sample  p r e p a r a t i o n  pr ior  to e tching  is 
e i ther  c leav ing  or pol i sh ing  of the surface  cut u n d e r  
oil immers ion .  E tch ing  on lapped,  sandblas ted ,  or 
as -cu t  surfaces  produces  la rge  etch pits and, in  gen-  
eral,  emphasizes  any  surface  imperfec t ions .  

Var ious  e tching  solut ions  were  tr ied.  Because of 
the di f ferent  chemical  reac t iv i t ies  of a l u m i n u m  and  
an t imony ,  it  is possible to ob ta in  surfaces w i th  v e r y  
di f ferent  character is t ics .  Some of these surfaces 
show an  exce l len t  s tabi l i ty ,  not  on ly  w i th  respect  to 
air  and  wa t e r  vapor,  bu t  also in  contact  wi th  boi l ing  
water .  It  is p robab le  tha t  this p ro tec t ion  is due  to 
the  presence  of a s l ight ly  a l u m i n u m  rich surface  
on which  is fo rmed  an  a l u m i n u m  oxide layer .  S u r -  
face p roper t i es  were  inves t iga ted  by  po in t  contac t  
rect i f icat ion expe r imen t s  and  by  four -  and  two-  
point  p robe  res i s t iv i ty  m e a s u r e m e n t s  in  order  to 
eva lua t e  the  usefu lness  of va r ious  t r e a t m e n t s  for 
devices. The e tching  procedures  g iv ing  best  resul ts  
are repor ted  below. 

A solut ion of HF  (48%)  and  H~O~ (30%)  in  a 
rat io of 1:2 produces  a m i r r o r l i k e  surface of ve ry  
high res is t iv i ty .  The  reac t ion  is r a the r  v io len t  and  
is quenched  by  the add i t ion  of d i lu ted  H~O~ ( 3 % )  to 
the etch. Af te r  e tching,  the  surface has a t h i n  w h i t -  
ish l aye r  which  can be e l imina t ed  by  boi l ing  the 
sample  in  dis t i l led water .  This  me thod  has been  
abandoned ,  however ,  because  it  is no t  su i tab le  for 
microe tch  or j u n c t i o n  etch techniques .  A n y  ex-  
posure  of the sample  to air  af ter  the  acid t r e a t m e n t  
and  before  d i lu t ion  of the acid causes the fo rma t ion  
of a b lack  deposit.  The so lu t ion  is uns tab le .  It  mus t  
be f resh ly  made  and  used wi thou t  delay.  

A solu t ion  of hydrof luor ic  and  n i t r ic  acid yields  a 
ve ry  h igh res i s t iv i ty  surface of  meta l l i c  appearance .  

The best  resul ts  were  ob ta ined  wi th  a so lu t ion  
con ta in ing  hydrofluoric ,  ni t r ic ,  and  acetic acids in  
the ra t io  2:3:0.5.  The  surface  is b r igh t  meta l l i c  in  
appea rance  and  s table  in  air. The same etch wi th  a 
h igher  concen t r a t i on  of acetic acid is also qu i te  sa t -  
isfactory if a s lower  etch ra te  is desired. 

Hydrochlor ic  acid and  po tass ium hydroxide ,  both  
in  aqueous  and  alcoholic solutions,  were  also t r ied  
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as etches. Hydroch lor ic  acid, in  the gas phase,  was  
inves t iga ted .  The r e su l t ing  surface res i s t iv i ty  of 
samples  t r ea ted  in  these ways  is somewha t  low and  
the surfaces ob ta ined  have  a r a t h e r  du l l  meta l l i c  
appearance .  

It  is n o t e w o r t h y  tha t  f o u r - p o i n t  p robe  res i s t iv i ty  
m e a s u r e m e n t s  give m u c h  h igher  va lues  on etched 
surfaces t h a n  on lapped or sandb las t ed  surfaces.  The 
large ra t io  of abou t  10 b e t w e e n  surface  and  b u l k  
res i s t iv i ty  is a r e m a r k a b l e  charac ter i s t ic  of a l u m i -  
n u m  an t imonide .  

Device Feasibility Studies 

E x p e r i m e n t s  have  been  pe r fo rmed  on the  rec t i -  
f ication proper t ies  of po in t  contacts  on A1Sb and  
g r ow n  junc t ions  in  AISb. The rec t i fy ing  proper t ies  
were  found  to depend  s t rong ly  on the condi t ion  of 
the semiconduc tor  surface.  Owing  to the n e a r - d e -  
genera te  n a t u r e  of the A1Sb samples,  h igh reverse  
vol tages  were  not  expected  nor  obta ined.  

Rectif icat ion e xpe r i me n t s  were  car r ied  out on 
cleaved, polished, and  va r ious ly  etched surfaces.  In  
all  cases, the sample,  in  the form of a cut  wafe r  
or c leavage f ragment ,  was soldered to a me ta l  sup-  
por t  for ex t e rna l  contact .  T h i n  sheets of lead solder 
were  used. 

For  p roduc ing  fused j unc t ions  or ohmic contacts  
capable  of opera t ing  at high t empera tu re s ,  it  is of 
impor t ance  to k n o w  the t h e r m a l  expans ion  coeffi- 
c ient  of AISb. A d e t e r m i n a t i o n  was made  of the 
t h e r m a l  expans ion  coefficient and  the average  co- 
efficient of l i nea r  t h e r m a l  expans ion  be t w e e n  room 
t e m p e r a t u r e  and  700~ was found  to be 4.9 x 10 -~. 

Po in t  contact  rectif iers were  made  by  us ing  a 
smal l  t u n g s t e n  wire,  0.007 in. in  d iameter .  This  wi re  
was ben t  into an  S shape to provide  mechan ica l  
s tabi l i ty .  The  end  of it was etched e lec t ro ly t ica l ly  
to reduce  the contact  area.  The t u n g s t e n  was welded  
to an  ex t e rna l  electrode.  A typica l  u n i t  a s sembly  
used for both  po in t  and  g rown  j u n c t i o n  rectifiers is 
i l l u s t r a t ed  in  Fig. 8. The ins ide  of the car t r idge  was  
filled wi th  argon.  
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Fig. 8. Construction of point contact rectifier ond junction 
rectifier. 
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Fig. 9. Point contact rectification characteristics of AISb 
as a function of temperature. 
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Fig. I0. Grown junction rectifier characteristics of AISb as 
a func t ion  of temperature. 

In  the  exper iments ,  P - t y p e  m a t e r i a l  was used 
wi th  0.2-1.0 o h m - c m  res is t iv i ty .  Var ious  etches 
were  t r ied  to improve  rect if icat ion propert ies .  Re-  
verse vol tages  up to 85 v were  ob ta ined  in  the case 
of c leaved samples  etched wi th  HF-HNO~ (1:9)  
us ing  a d y n a m i c  reverse  bias tes ter  and  60 cycle 
pulsed D. C. Bet te r  r ep roduc ib i l i t y  and  good fo rward  
charac ter is t ics  were  ob ta ined  us ing  cut wafers  and  
HF-HNO~-CHsCOOH (2 :3 :0 .5 )  etch. 

F igure  9 shows poin t  contact  rect if icat ion curves  
at var ious  sample  t e m p e r a t u r e s  for a P - t y p e  A1Sb, 
e tched wi th  HF-HNO~-CH~COOH. Elect r ical  tests 
were  m a d e  up to 250~ Fa i l u r e  of the  un i t s  oc- 
cur red  at this t empe ra tu r e .  This m a y  have  been  due 
e i ther  to sof ten ing  of the solder, to fo rma t ion  of a 
low me l t i ng  poin t  l e a d - a n t i m o n y  eutectic,  or possi-  
b ly  to the increase  wi th  t e m p e r a t u r e  of the P - N  
j u n c t i o n  leakage  cur ren t ,  character is t ic  of the low 
res i s t iv i ty  mate r ia l .  

G r o w n  j u n c t i o n  rectifiers were  made  by  doping 
the me l t  wi th  se l en ium d u r i n g  crys ta l  growing.  
S e l e n i u m  pel lets  we igh ing  be tween  10 and  60 mg 
were  dropped  into the  me l t  w i thou t  exposure  of the 
mel t  to the air. The sections of the crys ta l  con ta in ing  
the  P - N  j u n c t i o n  were  encapsu la t ed  as shown p re -  
viously.  F igu re  10 shows the rect if icat ion cha rac te r -  
istic of a g rown  P - N  j u n c t i o n  rectif ier  as a func t ion  
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of t empera tu re .  F a i l u r e  above 200~ is be l ieved  to 
be due to an  increase  of the leakage  c u r r e n t  of the  
P - N  j u n c t i o n  in the low res is t iv i ty  A1Sb wi th  in -  
creasfing t empera tu re .  

The A1Sb m a t e r i a l  was also tes ted for t r ans i s to r  
act ion us ing  a soldered base connec t ion  and  poin t  
contact  emi t t e r  and  collector. Wi th  the collector and  
emi t t e r  poin ts  in  an  a lmost  shor ted posi t ion (emi t t e r  
floating po ten t i a l  about  equa l  to the vol tage  appl ied  
be t w e e n  the  collector  and  base ) ,  it was  possible to 
modu la t e  the collector c u r r e n t  wi th  the emi t t e r  
c u r r e n t  bu t  not  to the ex t en t  tha t  a ny  power  gain  
could be developed.  
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Anodic Polarography with a Rotating Platinum Microelectrode 

II. Oxidation of Various Indole Alkaloids 

M. J. Allen and V. J. Powell 
Research Department, CIBA Pharmaceutical Products Inc., Summit,  New Jersey 

ABSTRACT 

The results obtained by anodic oxidation of some indole alkaloids indicate 
that in an acidic medium a one electron change occurs with probable hydroxyl  
introduct ion into the aromatic port ion of the molecule. This reaction appears 
to be specific for those alkaloids containing a 6-methoxyindole nucleus. In  a 
neut ra l  medium a two electron change occurs with resul tant  N-oxide forma-  
t ion in those alkaloids in which the ni trogen has available an unshared pair of 
electrons. 

In  a p rev ious  repor t  (1) ,  a r e p r o d u c i b l e - t y p e  elec- 
t rode sys tem was descr ibed and  appl ied  to an  in -  
ves t iga t ion  of the  ox ida t ion  of the leuco base of 
c rys ta l  violet.  Since the  indole  a lkaloids  are subjec t  
to ox ida t ive  changes  of o n e  fo rm or ano the r  and  
since no prev ious  s tudy  has been  repor ted  on the 
anodic  ox ida t ion  of these alkaloids,  it  was felt  t ha t  
it would  be of in te res t  to d e t e r m i n e  if defini te  ha l f -  
wave  po ten t ia l s  could be ob ta ined  for one or more  
of these reac t ions  and  a t tempt ,  if possible, to cor-  
re la te  the resul t s  wi th  the  site of ox ida t ive  a t tack  
on the molecule.  Due to possible hydro lys i s  of the 
ester  groups  p resen t  in  m a n y  of the  a lkaloids  in -  
ves t iga ted  it  was decided to use on ly  acidic or n e u -  
t r a l  med i a  for the  s tudy  in  order  to avoid in t ro -  
duc t ion  of a compet i t ive  chemica l  react ion.  

Experimental 
Reagents and solut ions . - -Al l  solut ions were  p re -  

pa red  w i th  r eagen t  grade  chemicals.  The a lkaloids  
used were  of m a x i m u m  p u r i t y  as ind ica ted  by  ele-  
m e n t a r y  analys is  and  i n f r a r ed  spectra.  

Appara tus . - -An  H - t y p e  po la rographic  cell con-  
t a i n ing  a cen t r a l l y  fused s in te red  disk was used in  
con junc t ion  wi th  a Leeds and  N o r t h r u p  Type  E 
E lec t ro -Chemograph .  One side of the  cell had  its 
disk face covered wi th  an  agar  p lug  and  served  for 
the s t a n d a r d  calomel  electrode. The other  ha l f  of 
the cell was used for the sample  solut ion.  The 
p l a t i n u m  anode was  iden t ica l  to tha t  descr ibed in 
the p rev ious  c o m m u n i c a t i o n  (1) .  

Procedure . - -The  cell con ta in ing  a 10 ml  sample  
was i m m e r s e d  in  a cons tan t  t e m p e r a t u r e  m a i n t a i n e d  
at 30 ~  -- 0.1~ and  d e - a e r a t e d  for 10 m i n  wi th  
n i t r o g e n  p rev ious ly  sa tu ra t ed  wi th  e i ther  m e t h a n o l  
or a q u e o u s - m e t h a n o l  depend ing  on the m e d i u m  

used. 
Results 

For  compar i son  purposes  the resul t s  ob ta ined  are 
g iven  in  Table  I. 

Coulomet r ic  analys is  ind ica ted  tha t  those a lka -  
loids which  gave a wave  in  the acid m e d i u m  u n d e r -  
w e n t  a one e lec t ron  change,  whereas  those com- 
pounds  which  gave a wave  in  the n e u t r a l  m e d i u m  
u n d e r w e n t  a two e lec t ron  change.  

Since a wave  was ob ta ined  wi th  r e se rp ine  in  an  
acidic med ium,  it was  possible to es t imate  the 

a m o u n t  of this  ma te r i a l  in  the presence  of deserp i -  
d ine  which  did not  give a wave  u n d e r  these condi -  
tions. In  Table  II the id values  are g iven  for var ious  
concen t ra t ions  of rese rp ine  and  r e se rp id ine -dese rp i -  
d ine  mix tu res ,  and  it can be seen tha t  the  va lues  
ob ta ined  for the m i x t u r e s  do not  differ s ignif icant ly  
f rom those ob ta ined  for the var ious  concen t ra t ions  
of pu re  reserpine .  

Discussion 
In  order  to ob ta in  a wave  in  the acidic med ium,  

the presence  of the  6 - m e t h o x y  group in  the indole  
nuc leus  is essent ia l  u n d e r  our  e x p e r i m e n t a l  condi -  
tions, and  the a p p a r e n t  one e lec t ron change  ob ta ined  
wi th  the a lkaloids  con t a in ing  this subs t i t ue n t  can 
p r o b a b l y  be a t t r i b u t e d  to the  i n t roduc t i on  of a hy -  
d roxy l  group into the a romat ic  por t ion  of the mole -  
cule. The a s sumpt ion  tha t  the one e lec t ron  change  
represen ts  the  i n t roduc t i on  of a h y d r o x y l  group is 
based on the exper iences  of var ious  inves t iga tors  
who d e m o n s t r a t e d  tha t  gene ra l ly  the in i t i a l  step in  
the  anodic  ox ida t ion  of an  a romat ic  sys tem is the i n -  
t roduc t ion  of a h y d r o x y l  group (2) .  

Based on the a fo remen t ioned  observa t ions  the 
au thors  would  l ike to propose the fo l lowing mech-  
an i sm for the i n t roduc t ion  of a h y d r o x y l  group in  
the  a lkaloids  con ta in ing  the 6 - m e t h o x y  subs t i tuen t .  

This  m e c h a n i s m  proposes a p - q u i n o i d  i n t e r m e d i -  
ate due to the ac t iva t ing  inf luence of the 6 - m e t h o x y  
subs t i t ue n t  which  is s t rong enough  to overcome the 
possible deac t iva t ing  effect of the  pos i t ive ly  charged 
n i t r ogen  in  the r ing  ad jacen t  to the indole  n u -  
cleus. It  is possible tha t  this  form is s tabi l ized by  
adsorp t ion  on the electrode surface where  an  elec- 
t ron  is r emoved  and  the radica l  combines  w i th  a h y -  

541 
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Table I 

Conc.  i n  0.2M LiC1 Conc .  in  O.1N HC1 
A k l a l o i d  S t r u c t u r e  (Abs.  M e O H )  (50% aq.  M e O H )  

Ajmalicine ~ H  .. ~ 1.08-2.16E,2 = +X0.85210-'M No wave 

Alloyohimbane 1.50-3.00 X 10-4M No wave 
Elj.~ = + 0.805 % 

% 
�9 H3 

- }I 3 

H / � 9  

C H } ~  

L~ "c2H 5 

Corynanthine  1.13-2.26 X 10-'M No wave 
Elj o ---- + 0.874 

Deserpidine 0.692-3.462 X 10-~M No wave 
E,/.~ = + 0.849 

Deserpidine N-Oxide 

Methyl Deserpidate 

No wave No wave 

1.41-1.88 X 10-4M No wave 
Ell 2 ---- + 0.781 

Yohimbine 1.52-5.92 X 10-'M 
E,/~ = -{- 0.838 

3-epi -a-Yohimbine  

Serpent ine Nitrate 

No wave 

1.61-5.92 X 10-'M No wave 
Elj_~ = + 0.859 

No wave No wave 

Ibogaine 1.10-3.30 X 10-4M No wave 
EI/.~ = + 0.547 

Ibogamine 1.11-3.33 X 10-'M 
Elj~ = % 0.577 

No wave 
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Table I (continued) 

Tabernanthine  

Reserpine 

Reserpine N-Oxide  

Methyl  Reserpate  

Rese rp i cAc id  

Iso-Reserpine 

Rescinnamine 

Reserpinine 

cH3)   

" " ~ 5  "--%~% 

CR3~ 

- ~ ~ f,,oell 3 

�9 ' / ~CH3  "~-'~,OC~ 3 

Cff3~," 
CH OOC" OCH=CE- H-O~ 3 

~ 3  ~ c x ~ H 3  

CH3~ / 
cHsOOCJ "~/ 

1.84-6.12 X 10-4M 
E1/2 = + 0.460 

1.84-6.12 X 10-~M 
E1/2 = + 0.720 

1.36-1.78 X 1O-~M 1.46 X 1O-'M 
E1/~ = + 0.618 E~/~ = + 0.738 

No wave  1.20.-1.28 X 10-4M 
E~/~ = + 0.714 

1.21-6.27 X 10-4M 
E,., = + 0.650 

1.20-2.40 X 10-4M 
E,/. = + 0.853 

1.25-6.27 X 10-4M 
E,/.~ = + 0.832 

1.20-5.99 >< 10-'M 
E,~ = + 0.848 

3.29 >< 10-*M 2.95 X 10-'M 
E,/~ ~ + 0.631 E1/~ = + 0.730 

1.23-5.83 >< 1O-'M 
E~/2 = -'I- 0.611 

0.749-3.746 X 10-'M 
E~/~ = -l-- 0.655 

1.23-5.83 X 10-'M 
E1/.~ = + 0.854 

0.644-2.576 X 10-'M 
E1/~ = + 0.848 

d r o x y l  rad ica l  at t he  e l ec t rode  w i t h  s imul t aneous  
expu l s ion  of a p ro ton  to y ie ld  the  5 - h y d r o x y  sub-  
s t i tu ted  indole.  Tha t  we  do not  de tec t  the  one e lec-  
t ron  change  in going f r o m  : OH to .OH tends  to 
ind ica te  t h a t  the  loss of the  one e l ec t ron  f r o m  the  
indole  nuc leus  is the  r a t e - d e t e r m i n i n g  step in the  

Table II. Reserpine and deserpidine in 0.1N HCI (50% aq. MeOH) 

Mixture  of 
Reserpine conc. Deserpidine eonc. deserpidine and 

(moles/l) id (~a) (moles/l) reserpine-id (~a) 

0.644 x 10-' 5.1 2.765 x 10 -5 5.2 
1.288 >< 10 -4 8.4 2.074 x 10-' 8.6 
1.932 >< 10 -4 11.9 1.382 X 10 -4 11.9 
2.576 X 10-' 15.1 0.691 X 10 -' 14.9 

react ion .  The  poss ib i l i ty  of the  f o r m a t i o n  of a less 
s tab le  o - q u i n o i d  s t r u c t u r e  m u s t  not  be  over looked .  
If  this w e r e  to occur  t h e n  subs t i tu t ion  m i g h t  v e r y  
we l l  t ake  p lace  in posi t ion 7. As no w a v e  is ob-  
s e rved  u n d e r  our  e x p e r i m e n t a l  condi t ions  w i t h  the  
m e t h o x y  group  in posi t ion 5, the  ind ica t ions  a re  tha t  
the  p - q u i n o i d  s t r u c t u r e  p redomina te s ,  and h y d r o x -  
y la t ion  in pos i t ion  5 is b locked  by  the  subs t i t uen t  
a l r e a d y  p re sen t  in this  posit ion.  The  fact  t ha t  we  do 
not  obse rve  this to occur  in the  unsubs t i t u t ed  indole  
nuc leus  can poss ibly  be  a t t r i b u t e d  to the  d e a c t i v a t -  
ing  inf luence  of the  pos i t i ve ly  cha rged  n i t r ogen  in 
the  ad j acen t  r ing.  R e m o v a l  of this possible  deac t i -  
v a t i n g  influence,  as in indole  i tself ,  r e su l t ed  in 
a w a v e  at E1/~_ = +0.796 v in an acidic  m ed ium.  
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It migh t  be of in te res t  to po in t  to the ana logous  \ A 
reac t iv i ty  of 6 - m e t h o x y  indole  alkaloids  wi th  n i -  ~ + :oH 
t rous  acid as compared  to the res i s t iv i ty  of the u n -  H 
subs t i t u t ed  and  5 - m e t h o x y  indole  a lkaloids  to re -  
act ion w i th  this  r eagen t  (3).  

The two e lec t ron  change  observed  in  a n e u t r a l  
m e d i u m  can be a t t r i b u t e d  to the fo rma t ion  of N - o x -  
ides which  have also been  p repa red  by chemical  
means  (4) .  Thus,  as expected,  r e se rp ine  N-oxide ,  
deserp id ine  N-oxide ,  and  se rpen t ine  n i t ra te ,  the 
la t te r  be ing  a q u a t e r n a r y  salt, do no t  give a wave  in 
the  n e u t r a l  m e d i u m  because  of the  u n a v a i l a b i l i t y  
of the r equ i r ed  pa i r  of u n s h a r e d  electrons on the  
n i t r ogen  atom. For  the same reason a two e lec t ron 
wave  is no t  observed  in  an acidic m e d i u m  wi th  
those a lkaloids  which  do show this in a n e u t r a l  
med ium.  

The  m e c h a n i s m  proposed as a possible e x p l a n a -  
t ion for the observed 2 e lec t ron  change  is one which  

is ana logous  to tha t  for the fo rma t ion  of hyd rogen  
peroxide,  i.e., 2 : OH--~ 2 �9 OH § 2e-> H,O~, except  

S e p t e m b e r  1958 

~- / ~  + "OH + 2e 

1 
I I .  

in  this ins tance  we would  have  at the e lect rode su r -  
face due to adsorp t ion  of the a lka lo id  molecule :  

Manuscript  received April  8, 1958. 
Any discussion of this paper will  appear in a Discus- 

sion Section to be published in the June  1959 JOURNAL. 
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The Preparation of Cadmium Niobate by an Anodic Spark Reaction 
William McNeill 

Pitman-Dunn Laboratories, Frank]ord Arsenal, Philadelphia, Pennsylvama 

ABSTRACT 

A new method of preparing cadmium niobate was demonstrated. This 
method involved the anodic spark reaction of cadmium in a niobate solution 
and crystall ization of the anode product  by heating at 650~ 

The crystallized anode product  was made into a solid wafer by pressing it 
at 350,000 psi, and electrical measurements  were made. Even though there 
was some evidence of impur i ty  or porosity in the sample, a dielectric constant  
of about 600 was found at room temperature.  

It is believed that anodic spark reactions might be employed to prepare a 
wide variety of complex oxides and possibly other compounds. 

There are a number of metals, such as aluminum, 
magnesium, and tantalum, which exhibit high elec- 
trical resistances when made anodic in suitable 
solutions (i). This is due to the formation of an 
electrical barrier layer on the surface of the anode. 
The thickness of this layer is controlled by the volt- 
age at which it is formed and is characteristic of the 
metal and solution used (2). For each such metal- 
electrolyte system there is a maximum voltage 
above which normal coating growth cannot occur. 
If this voltage is exceeded, electrical breakdown 
follows and, in many cases, sparking is observed on 
the anode surface (I, 3). 

The high-voltage anodic processes for coating 
magnesium are examples of cases where sparking 
on the anode surface has a practical use. These coat- 
ings resemble ceramics and are composed of tiny 
particles of fused material. The fused material is a 
reaction product of the magnesium and the ions in 
the bath, and its properties can be controlled, to 
some extent, by the composition of the bath (4). For 
example, in the HAE process (5), aluminate in the 

ba th  reacts  wi th  the magnes ium,  y i e ld ing  ident i f i -  
able  spinels  in  the coating. Wi th  the  Cr-22 process 
(6),  the use of an  a m m o n i a c a l  ba th  appears  to 
p r e v e n t  the r e t e n t i on  of f ree m a g n e s i u m  oxide in 
the  coating, even  though  this compound  would  be 
expected as a product .  

C a d m i u m  niobate ,  Cd_~Nb,.,OT, has been  shown to be 
a m a t e r i a l  wi th  a h igh dielectr ic  cons tan t  (7) ,  s imi-  
lar  in  m a n y  ways  to b a r i u m  t i tanate .  As would  be 
expected,  cons iderab le  research  has been  done, both  
on methods  of p r e p a r a t i o n  and  d e t e r m i n a t i o n  of 
p roper t ies  of this m a t e r i a l  (8) .  C o n v e n t i o n a l  h igh-  
t e m p e r a t u r e  p r e p a r a t i o n  methods  are compl ica ted  
by  the fact tha t  c a d m i u m  oxide volat i l izes  and  is 
lost f rom the reac t ion  mix tu re ,  m a k i n g  control  of 
composi t ion a p r ob l e m (9).  In  the work  re fe r red  
to, it  was found  tha t  we igh t  losses of 10-20% oc- 
cu r red  on fir ing Cd2Nb_~O7 in  air  in  the t e m p e r a t u r e  
r ange  of 1300~176 Al though  the au thors  were  
able  to p r e v e n t  we igh t  losses by  us ing  a double  
cruc ib le  wi th  a CdO seal, they  sti l l  conc luded  tha t  
phase  s tudies  of the sys tem CdO-Nb~O~ were  r e n -  
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d e r e d  i n a c c u r a t e  due  to t h e r m a l  decompos i t i on  of 
Cd~Nb2OT. 

S ince  i t  had  been  s h o w n  t h a t  c o m p l e x  ox ides  
could  be  f o r m e d  in anod ic  s p a r k  reac t ions ,  i t  was  
t h o u g h t  t h a t  anod iz ing  c a d m i u m  in n ioba t e  so lu-  
t ions m i g h t  r e s u l t  in  t h e  f o r m a t i o n  of c a d m i u m  
n ioba te .  

Experimental 
Niobate SoLution Preparation 

P o t a s s i u m  n ioba t e  was  p r e p a r e d  b y  a m e t h o d  
w h i c h  was  p a t t e r n e d  a f t e r  t h a t  of Re i sman ,  et al. 
(10) .  A m i x t u r e  c o n t a i n i n g  50.1 mo le  % K2CO~ a n d  
49.9 mo le  % Nb20, ( f r o m  A. D. Mackay ,  Inc., 198 
B r o a d w a y ,  N e w  Y o r k  38, N. Y.) was  p l a c e d  in  a 
p l a t i n u m  c ruc ib l e  w i t h  the  Nb~O~ in a l a y e r  on the  
bo t tom.  This  was  p l a c e d  in an  e l ec t r i c  f u r n a c e  at  
800~ and  the  t e m p e r a t u r e  was  t h e n  r a i s e d  to 
1075~ at  5~  This  t e m p e r a t u r e  was  h e l d  for  
abou t  10 m i n  and  t hen  was  d r o p p e d  at  2 ~  to 
840~ The  fus ion  p r o d u c t  was  r e m o v e d  f r o m  the  
f u r n a c e  at  th is  t e m p e r a t u r e  a n d  a i r  quenched .  

A f t e r  quench ing ,  t he  sol id  cake  was  c rushed ,  
w a s h e d  w i th  2% K2CO~ so lu t ion ,  and  g r o u n d  w i t h  
sufficient a d d i t i o n a l  K~CO~ ( b a s e d  on the  o r i g i n a l  
Nb~O~ con ten t )  to y i e l d  a m i x t u r e  con ta in ing  57.5 
mo le  % K~CO~ and  42.5 mo le  % Nb~O~. This  m i x t u r e  
was  h e a t e d  at  960~ he ld  a t  t ha t  t e m p e r a t u r e  16 hr ,  
cooled to 425~ at  2 ~  he ld  at  425~ 1 hr ,  
cooled to 215~ at  2 ~  and  t hen  a l l o w e d  to 
cool o v e r n i g h t  to room t e m p e r a t u r e .  

This  sol id  p r o d u c t  was  c ru shed  and  washe d ,  as 
above ,  and  g r o u n d  w i t h  sufficient  a d d i t i o n a l  K~.CO, 
(ba sed  on t h e  o r i g i n a l  Nb~O~ con ten t )  to  y i e l d  a 
m i x t u r e  con ta in ing  90 mo le  % K~CO~ and  10 mo le  
% Nb~O,. The  f i r ing cyc le  for  th is  m i x t u r e  was  the  
s ame  as t h a t  for  t he  57.4 mo le  % m i x t u r e .  

The  p r o d u c t  of th is  fusion,  w h e n  d i s so lved  in 
wa t e r ,  y i e l d e d  a so lu t ion  w h i c h  was  s t r a w - y e l l o w  
and  c lear .  A s a m p l e  of t h e  so lu t ion  w h i c h  w a s  a l -  
l o w e d  to s t a n d  s e v e r a l  m o n t h s  r e m a i n e d  c lea r  and  
a p p e a r e d  to be  qu i t e  s table .  The  so lu t ion  was  a n a -  
l yzed  for  n i o b a t e  (10)  a n d  w a s  f o u n d  to b e  0.118M 
in KNbO~. K O H  and  poss ib ly  K2CO~ w e r e  also p r e s -  
en t  in  t he  solut ion,  bu t  t h e i r  c o n c e n t r a t i o n s  we re  
not  d e t e r m i n e d .  This  so lu t ion ,  d i l u t e d  2 to 1 ( to  
0.04M) was  the  e l e c t r o l y t e  used  for  s u b s e q u e n t  
anodic  o x i d a t i o n  s tudies .  

Apparatus 
The  cel l  used  for  t he  anodic  o x i d a t i o n  s tud ies  was  

of s imp le  des ign.  I t  cons i s ted  of a 400 m l  P y r e x  
b e a k e r  e q u i p p e d  w i t h  a r h o d i u m  p l a t e d  coppe r  
cool ing  coil,  a t h e r m o m e t e r ,  and  a m a g n e t i c  s t i r r e r .  
A n i o b i u m  ca thode  and  a c a d m i u m  anode  w e r e  used.  
N i o b i u m  was  used  for  t h e  c a t h o d e  b e c a u s e  i t  was  
c o n v e n i e n t l y  a v a i l a b l e  in th is  l a b o r a t o r y .  I t  was  
cons ide red  suff ic ient ly  i ne r t  for  th is  purpose .  T h e r e  
was  no v i s ib l e  ev idence  of a t t a c k  on the  ca thode .  
P r o t e c t i n g  the  a n o d e  a t  t he  e l e c t r o l y t e  su r f ace  is 
u s u a l l y  diff icult  w h e n  the  a n o d e  r e a c t i o n  invo lves  
spa rk ing ,  and  th is  case  was  no excep t ion .  M a s k s  of 
p l a s t i c  i n s u l a t i n g  t a p e  b e c a m e  c h a r r e d  and  w e r e  
u n d e r c u t  b y  the  e l ec t ro ly t e .  This  r e s u l t e d  in t h e i r  
r a p i d  f a i lu re .  This  p r o b l e m  was  o v e r c o m e  b y  us ing  

1/4 in. d i a m e t e r  c a d m i u m  a n o d e  rods,  onto  wh ich  
w e r e  fo rced  t i g h t - f i t t i n g  Teflon s leeves,  r e s t r i c t i n g  
t h e  s p a r k  r e a c t i o n  to t he  f lat  end  of t he  a n o d e  su r -  
face.  D i rec t  cu r r en t ,  h a v i n g  less  t h a n  5% r ipp le ,  
was  s u p p l i e d  to the  cel l  b y  a v a r i a b l e  rec t i f ie r .  

Operating Conditions 
The  o p e r a t i n g  cond i t ions  used  d u r i n g  anod iz ing  

w e r e  se lec ted  a r b i t r a r i l y  for  the  mos t  pa r t ,  b u t  w e r e  
b a s e d  on p r e v i o u s  e x p e r i e n c e  and  p u b l i s h e d  d a t a  
on anode  p h e n o m e n a .  A n  e l e c t r o l y t e  t e m p e r a t u r e  of 
15~ was  used  because  i t  was  k n o w n  tha t ,  w h e n  
anodic  e l e c t r i c a l  b a r r i e r  effects a r e  d e p e n d e n t  on 
t e m p e r a t u r e ,  t h e y  a r e  u s u a l l y  m o r e  p r o n o u n c e d  at  
l o w e r  t e m p e r a t u r e s  (1) .  A f a i r l y  d i l u t e  so lu t ion  was  
used  be c a use  i t  h a d  been  o b s e r v e d  w i t h  m a g n e s i u m  
anodes  in c h r o m a t e  so lu t ions  t h a t  i nc r e a s ing  the  
c o n c e n t r a t i o n  not  on ly  l o w e r e d  the  s p a r k  vo l tage ,  
b u t  could  stifle the  s p a r k  r e a c t i o n  c o m p l e t e l y  (11) .  
C u r r e n t  dens i t i e s  b e t w e e n  0.25 and  0.75 a m p / i n .  ~ 
w e r e  used  w i t h  t he  n i o b a t e  solut ions .  A g i t a t i o n  was  
used  to m i n i m i z e  t e m p e r a t u r e  and  c onc e n t r a t i on  
g r a d i e n t s  in t he  cel l .  

Results and Discussion 
Anodic Oxidation 

A n u m b e r  of T e f lon - sh i e lde d  c a d m i u m  rods  w e r e  
anod ized  us ing  the  cond i t ions  g iven  above .  In  a d d i -  
t ion,  one rod  was  anod ized  in 0.1N K.~CO~ at  a b o u t  1 
a m p / i n  ~-. T h e r e  w e r e  v e r y  c l e a r l y  m a r k e d  d i f fe r -  
ences b e t w e e n  the  a n o d e  r eac t i on  of c a d m i u m  in 
n i o b a t e  and  in c a r b o n a t e  solut ions .  

In  t h e  c a r b o n a t e  solu t ion ,  t he  v o l t a g e  rose  to 
75-80 v, bu t  w o u l d  r i se  no h ighe r .  A t  th is  po in t  the  
c u r r e n t  i nc r ea sed  sudden ly ,  and  this  was  a c c o m -  
p a n i e d  by  the  f o r m a t i o n  of a b u l k y  ge l a t i nous  f i lm 
w h i c h  con t a ined  abou t  95% w a t e r .  No f u r t h e r  w o r k  
was  done  w i t h  th is  solut ion.  

In  the  n i o b a t e  solut ion,  t he  a n o d e  v o l t a g e  was  
i n i t i a l l y  zero,  b u t  was  r a i s e d  m a n u a l l y  to m a i n t a i n  
the  anode  c u r r e n t  de ns i t y  in  the  p r e v i o u s l y  s t a t ed  
range .  F r o m  zero  to 75 v, f i lm g r o w t h  s e e m e d  f a i r l y  
s t ab l e  and,  if the  v o l t a g e  was  no t  c o n t i n u a l l y  i n -  
c reased ,  the  c u r r e n t  d r o p p e d  to n e a r l y  zero in  a few 
minu tes .  The  coa t ing  t ha t  f o r m e d  in th is  r a n g e  was  
v e r y  th in  and  y e l l o w  (F ig .  1A) .  This  was  t h o u g h t  
to be  some f o r m  of c a d m i u m  n ioba te ,  b u t  i t  was  no t  
ident i f ied .  

In  the  r a n g e  f rom 75 to 85 v, the  c u r r e n t  b e g a n  to 
inc rease  r a p i d l y  w i t h  each  s m a l l  i n c r e a s e  in vo l tage .  
In  th is  r ange ,  a con t inuous  evo lu t i on  of gas  was  ob -  
s e r v e d  at  the  anode,  and  a f a in t  c r a c k l i n g  no i se  
cou ld  be  h e a r d .  Th is  noise  g r e w  l o u d e r  as t h e  v o l t -  
age  was  ra i sed .  S p a r k s  w e r e  v i s ib le  on the  anode  
su r f a c e  on ly  w h e n  t h e  cel l  was  v i e w e d  in a d a r k -  
e n e d  room.  I f  t h e  coa t ing  was  a l l o w e d  to f o r m  in 
th is  r a n g e  for  a few minu te s ,  the  c u r r e n t  d r o p p e d  
and  the  smoo th  y e l l o w  film, f o r m e d  at  l o w e r  v o l t -  
ages,  g r e w  t h i c k e r  and  b e c a m e  d a r k e r ,  a p p r o a c h i n g  
t a n  (Fig .  1B) .  

As  the  v o l t a g e  was  r a i s ed  f u r t h e r ,  t h e  d a r k e n i n g  
and  t h i c k e n i n g  of t he  coa t ing  c o n t i n u e d  u n t i l  a t  
180-200 v, a t h i r d  t y p e  of a n o d e  p r o d u c t  a p p e a r e d .  
This  was  a b u l k y ,  loose ly  he ld  c lu s t e r  of fused  
pa r t i c l e s .  F i g u r e  1B shows  th is  coa t ing  b e g i n n i n g  
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Fig. 1. Cadmium anode coatings in various stages of 
formation. A, 75 v; B, 75-200 v; C, 200-240 v; D, 200-240 
v; prolonged anodic treatment. Magnification 4.5X before 
reduction for publication. 

to form in  one area, and  in  Fig. 1C the coat ing cov-  
ers the  anode  surface.  W h e n  the anodiz ing  was  con-  
t i nued  and  the  c u r r e n t  dens i ty  was  kept  in  the  
s ta ted range,  the  vol tage  rose no h igher  t h a n  240 v 
and  f luc tuated  con t inua l ly .  F luc tua t i ons  of the  cu r -  
rent ,  co r respond ing  inve r se ly  to those of the  vo l t -  
age, were  also observed.  W h e n  anodiz ing  in  this  
c u r r e n t  and  vol tage  r ange  was  prolonged,  a stage 
was  f inal ly  reached  in  wh ich  the  fused reac t ion  
p roduc t  b roke  away  piecemeal ,  whi le  the spa rk  re -  
act ion con t i nued  at the anode  surface.  F igure  1D 
shows an  anode f rom which  m a t e r i a l  had  been  
fo rming  and  b r e a k i n g  away  for severa l  hours.  

Microscopic e x a m i n a t i o n  of all  the  coat ings  
fo rmed  above 80 v in  the  n ioba te  so lu t ion  revea led  
a rough  surface  composed of fused part icles .  A sam-  
ple of this  is shown in  Fig. 2. In  this photograph,  the 
b l u r r e d  areas are due to the l imi ted  depth  of focus 
ob t a inab l e  wi th  the m a g n i f y i n g  camera .  

A n  in t e r e s t i ng  p h e n o m e n o n  was  no ted  in  each 
anodiz ing  r u n  in  n ioba te  solut ion.  As the anodiz ing  
cont inued ,  the  so lu t ion  became da rke r  and  darker .  
A g r a y - b r o w n  f ro th  c lung  a r o u n d  the  anode,  and  
gray and  y e l l o w - b r o w n  fused solids were  d i scharged  

Fig. 2. Cadmium anode coating. Magnification 100X 
before reduction for publication. 

in to  the  solut ion f rom the  anode.  On s t a n d i n g  over -  
n ight ,  the  da rk  color of the so lu t ion  d i sappeared  
and  a smal l  q u a n t i t y  of a whi te  ge la t inous  p roduc t  
formed.  This was  m i x e d  wi th  a fused mate r ia l ,  b u t  
was eas i ly  separa ted  by  f lushing wi th  water .  The 
y e l l o w - b r o w n  fused, or ceramic,  m a t e r i a l  was  ex -  
a m i n e d  as descr ibed in  the fo l lowing section. 

Anode Product Study 
A sample  of the ceramic  anode p roduc t  was 

washed  wi th  dis t i l led  w a t e r  a nd  analyzed,  us ing  
x - r a y  diffraction.  No p a t t e r n  was obta ined.  The 
same sample  was hea ted  for 2 hr  at  650~ in  an  
a t t e mp t  to induce  crys ta l  growth.  This  is about  
500 ~ be low the  t e m p e r a t u r e  at which  c a d m i u m  
oxide vo la t i l i ty  becomes a p r o b l e m  in  the  u sua l  
t h e r m a l  me thod  of m a k i n g  c a d m i u m  niobate .  

C a d m i u m  oxide, n i o b i u m  pentoxide ,  and  a phys -  
ical m i x t u r e  of these  two compounds  were  all  hea t  
t r ea ted  in  the same w a y  as the  anode  p roduc t  s a m -  
ple. X - r a y  di f f ract ion p a t t e r n s  were  ob ta ined  for all  
four  mater ia l s ,  and  also for a k n o w n  sample  of cad-  
m i u m  n ioba te  which  was ob ta ined  f rom the  S igna l  
Corps Labora to r i e s  at For t  Monmouth .  The  only  
p a t t e r n  m a t c h i n g  the s t anda rd  was tha t  of the  crys-  
ta l l ized anode  mate r i a l .  

The  o r ig ina l  anode  product  migh t  have  been  a 
phys ica l  m i x t u r e  of c a d m i u m  oxide and  n i o b i u m  
oxide which  reac ted  d u r i n g  hea t  t r e a t m e n t  to fo rm 
c a d m i u m  niobate .  This was d i scounted  by  the fact 
t ha t  the p a t t e r n  for the h e a t - t r e a t e d  phys ica l  m i x -  
t u r e  of the two oxides fai led to ma t c h  tha t  of the  
s tandard .  

S ince  c a d m i u m  n ioba te  is k n o w n  to have  v e r y  u n -  
u sua l  e lectr ical  propert ies ,  a t t empts  were  made  to 
conver t  the c rys ta l l ized  anode  p roduc t  to a solid 
wafe r  which  could be used for e lectr ical  tests. It  
was  desired to avoid  h i g h - t e m p e r a t u r e  t r e a t men t s ;  
therefore ,  two samples  of the  crys ta l l ized anode  
p roduc t  were  pressed at room t empera tu re ,  us ing  
pressures  of 350,000 and  1,000,000 psi, respect ively .  
Both samples  were  conver ted  to solid b r o w n  wafers  
which  appeared  vi t reous.  Both wafers  had  smal l  
edge cracks which  po in t  in  t o w a r d  the  center .  

The cen t ra l  areas  on both  sides of each disk were  
pa in t ed  wi th  s i lver  paint ,  and  this  was a l lowed to 
air  dry.  The wafers  were  dr ied  in  an  oven for 24 hr  
at l l 0 ~  and  e lect r ical  m e a s u r e m e n t s  were  made  
on t h e m  as soon as they  ha d  cooled to room t e m -  
pe ra tu re .  The wafe r  pressed at 1,000,000 psi had  
a lmost  zero resis tance,  and  this  appeared  to be due 
to the s i lver  pa in t  h a v i n g  p e n e t r a t e d  t h r ough  a 
crack to cause a shor t  circuit .  The wafe r  pressed 
at  350,000 psi had  a res is tance  of over  1 megohm,  
which  was the l imi t  of the  i mpe da nc e  bridge.  The 
resul ts  of the other  e lectr ical  m e a s u r e m e n t s  on 
this spec imen are shown  in  Tab le  I. 

Table I. Electrical characteristics of pressed, 
anodically formed cadmium niobate 

Frequency (cps) 5000 10,000 20,000 
Capacitance ( ~ f )  850 610 590 
Dissipation factor 0.08 0.022 0.009 
Dielectric constant  (calculated) 890 639 618 

d - c  r e s i s t a n c e  = 1 m e g o h m ;  t h i c k n e s s  = 0 . 0 3 8  c m ;  s i l v e r e d  a r e a  = 
0 . 5 0  c m  2. 
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W a i n e r  and  W e n t w o r t h  (7)  m e a s u r e d  the  d i e l ec t r i c  
cons t an t  and  d i s s ipa t ion  fac to r  of c a d m i u m  n i o b a t e  
a t  1000 cycles,  o b t a i n i n g  v a l u e s  of 502 a n d  0.009. 
S h i r a n e  and  P e p i n s k y  (8)  r e p o r t e d  a d i e l ec t r i c  con-  
s t an t  of  310, m e a s u r e d  a t  10,000 cycles  and  room 
t e m p e r a t u r e .  H u l m  (12) o b t a i n e d  s o m e w h a t  h i g h e r  
va lue s  for  t he  d i e l ec t r i c  cons t an t  a t  r oom t e m p e r a -  
t u r e  and  no ted  c o n s i d e r a b l e  v a r i a t i o n  b e t w e e n  s a m -  
ples.  

The  sol id  w a f e r  a p p e a r e d  to h a v e  a s t r o n g  t e n d -  
ency  to a b s o r b  moi s tu re .  A f t e r  s t a n d i n g  for  a b o u t  
3 hr ,  e x p o s e d  to a l a b o r a t o r y  a t m o s p h e r e  of a b o u t  
60% r e l a t i v e  h u m i d i t y ,  the  d - c  r e s i s t ance  was  f o u n d  
to dec rease  f rom 1 m e g o h m  to 36,000 ohms.  This  and  
the  p r o n o u n c e d  f r e q u e n c y  d e p e n d e n c e  of t he  d i s -  
s ipa t ion  f ac to r  w e r e  b e l i e v e d  to ind ica t e  p o r o s i t y  or  
e l e c t ro ly t i c  i m p u r i t y ,  or  both .  

Conclusions 
C r y s t a l l i n e  c a d m i u m  n i o b a t e  can be  p r e p a r e d  b y  

a t w o - s t e p  p rocess  w h i c h  inc ludes :  ( a )  t he  anod ic  
o x i d a t i o n  of c a d m i u m  in a d i lu t e  p o t a s s i u m  n ioba t e  
solut ion,  and  (b)  the  h e a t  t r e a t m e n t  of the  anode  
r e a c t i o n  p r o d u c t  a t  650~ for  2 hr .  
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TechnicM Notes @ 
The Nature of Anode Slime 

D. A. Vermilyea 

Research Laboratory, General Electric Company, Schenectady, New York 

W h e n  a m e t a l  is d i s so lved  e l e e t r o l y t i c a l l y  t he  s u r -  
face u s u a l l y  becomes  cove red  w i t h  a d a r k - c o l o r e d  
m a t e r i a l  k n o w n  as " a n o d e  s l ime . "  This  subs t ance  
e i t he r  c o n t i n u o u s l y  or  p e r i o d i c a l l y  p a r t s  f rom the  
su r face  and  fa l ls  d o w n w a r d  t h r o u g h  the  solu t ion .  
I t  has  been  t h o u g h t  t h a t  th is  anode  s l ime  c o m p r i s e d  
the  i m p u r i t i e s  w h i c h  w e r e  p r e s e n t  in the  me ta l .  I t  is 
d o u b t f u l  w h e t h e r  i m p u r i t i e s  in the  m e t a l  a r e  r e -  
spons ib le ,  h o w e v e r ,  s ince  copious  q u a n t i t i e s  of 
a n o d e  s l i m e  a r e  f o r m e d  w h e n  s i l ve r  con t a in ing  less 
t h a n  0.01% i m p u r i t i e s  is d i sso lved .  

In  o r d e r  to d e t e r m i n e  the  n a t u r e  of the  anode  
s l ime  "h igh  f ine" s i lve r  (99 .99%) ,  o b t a i n e d  f rom 
H a n d y  and  H a r m o n  C o m p a n y ,  was  d i s so lved  a n -  
od i ca l l y  in  a n o r m a l  s i lve r  n i t r a t e  solut ion,  p H  3, a t  
a b o u t  1 a m p / c m  -~. The  anode  s l ime  was  r e c o v e r e d  b y  
f i l t ra t ion ,  washed ,  and  e x a m i n e d .  The  x - r a y  d i f f r ac -  
t ion p a t t e r n  con t a ined  on ly  t he  l ines  for  m e t a l l i c  
s i lve r ;  no e l e m e n t s  o t h e r  t han  s i l ve r  w e r e  d e t e c t e d  

Fig. }. Particles of onode slime from dissolution of silver. 
Magnif icat ion 100X. 
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Fig. 2. Section perpendicular to the surface of a silver elec- 
trode from which silver was dissolved anodically. Magnif ica- 
tion 500X. 

by x - r a y  f luorescence;  and  chemical  ana lys i s  showed 
that  the s l ime was subs t an t i a l l y  all  silver.  

F igu re  1 shows a pho tomic rog raph  of some of the 
s l ime part icles .  U n d e r  the microscope they  appeared  
sh iny  and  looked metal l ic .  F igu re  2 shows a section 
p e r p e n d i c u l a r  to the edge of a spec imen  f rom which  

some s i lver  had been  dissolved.  The surface is ve ry  
rough,  and  conta ins  severa l  p romonto r i e s  which  
look as though  they  were  abou t  to be cut  off by  the  
d issolu t ion  process. 

It  is concluded tha t  the  anode  sl ime on s i lver  con-  
sists of meta l l i c  s i lver ;  p r e s u m a b l y  the  anode sl ime 
on o ther  meta l s  also consists of par t ic les  of the  elec-  
t rode metal .  It  seems l ike ly  tha t  the m e c h a n i s m  of 
s l ime fo rma t ion  is as follows. O r d i n a r y  solut ions  
con ta in  m a n y  impur i t ies ,  some of which  adsorb on 
me t a l  surfaces and  cause "pass iva t ion ."  I t  is typ ica l  
of s i lver  p a r t i c u l a r l y  tha t  e lec t rodeposi t ion  f rom 
s imple  salt  solut ions  resul t s  in  the  g rowth  of on ly  a 
few crystals,  most  of the surface  of the electrode 
r e m a i n i n g  inact ive.  I t  seems p robab le  tha t  in  dis-  
so lu t ion  a s imi la r  pass iva t ion  occurs, and  tha t  dis-  
so lut ion occurs on ly  at i sola ted points .  A p p a r e n t l y  
some sections of the me ta l  surface  r e m a i n  passive 
and  are cut off by  d issolu t ion  f rom the  sides, fo rm-  
ing  the s i lver  par t ic les  which  cons t i tu te  the  anode 
sl ime. 

The e x p e r i m e n t a l  work  descr ibed in  this  no te  was  
pe r fo rmed  by  W. R. Young,  to w h o m  the  au thor  is 
v e r y  gra teful .  

Manuscript  received May 16, 1958. 
Any discussion of this paper will  appear in a Discus- 

sion Section to be published in the June  1959 JOURNAL. 

Transport Numbers of the Pure Fused Salts, 
LiNO , NaNO, KNO, and AgNO 

: L 3 

Frederick R. Duke and Boone Owens 

Institute for Atomic Research and Department of Chemistry, Iowa State College, Ames, Iowa 

The alkali nitrates through potassium and silver 
nitrate were chosen for transport experiments as a 
series of salts similar in conductivity and charge 
type; the sizes and masses of the cations, however, 
are widely variant. Thus the series appears to be 
one in which the effects on mobility of size and mass 
of ions may be tested. 

Experimental 
The t r anspo r t  expe r imen t s  were  done in a cell 

which  has been  descr ibed p rev ious ly  (1) .  In  all  
cases the electrodes were  of solid Ag s u r r o u n d e d  by  
mo l t en  AgNO3. W h e n  s tudy ing  salts o ther  t h a n  
AgNO~, cells were  used which  con ta ined  a cap i l l a ry  
cons t r ic t ion  be tween  the  a lka l i  n i t r a t e  which  filled 
the uppe r  por t ion  of the  cell and  the  AgNO~ at the  
bo t tom in  contact  wi th  the si lver.  The  m i x i n g  tha t  
did occur took place in  the  cap i l l a ry  and  is no t  i m-  
po r t an t  because  it has been  shown tha t  the re  is ve ry  
l i t t le  v o l u m e  change  w h e n  these salts are m i xe d  
wi th  AgNO,. Cu r r en t s  of about  50 m a  for 1000 to 
5000 sec were  used w h e n  v o l u m e  changes  in  the 
cap i l l a ry  were  observed and  severa l  r ead ings  were  
t aken  for each salt. All  salts were  r u n  at t e m p e r a -  
tu res  cont ro l led  to -+I~ The salts used were  
A. C. S. r eagen t  grade.  

Results and Discussion 
In  the cell Ag; AgNO3; MNOJMNO~; AgNO~; Ag, 

the t r anspo r t  n u m b e r  of the cat ion M + is g iven  by:  

t + - -  _ _  -----z- -~ VAgNO~ --  VA~ 
V 

where  V refers  to the mola r  volumes,  AVc is the  
vo lume  change  of the catholyte ,  and  Z is the c u r r e n t  
passed. The mola r  vo lumes  were  ava i l ab le  f rom the 
l i t e r a tu r e  (2-5) .  

The va lues  of AVc/Z  and  the r e su l t i ng  t r anspo r t  
n u m b e r s  are shown  in Tab le  I. 

Since the m e m b r a n e s  in  all  cases were  made  of 
s in te red  Pyrex ,  the t r a n spo r t  n u m b e r s  m e a s u r e d  are 
those of the salt  suspended  in  the pores of the glass; 

Table I. Transport numbers and equivalent conductances 
of the ions and salts 

S a l t  

(cm~) 
(350~ V , . - -  t+ k+(350~ k--(35O~ 

Eq. 

LiNO~ 
NaNO3 
KNO:~ 
AgNO.~ 

53.55 --0.5___2.2 0.84--+0.06 45.0-+3.2 8.6-+3.2 
52.46 --2.2--+0.4 0.71--+0.01 37.2___0.5 15.3-+0.5 
35.55 --0.9___1.3 0.60-+0.03 21.3-+1.1 14.2-+1.1 
55.82 --1.5--+2.6 0.72-+0.06 40.2--+3.3 15.6-+3.3 
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thus  the glass takes  the place of the  so lvent  which  
is n o r m a l l y  p resen t  in  t r anspo r t  exper iments ,  and  
the t r an spo r t  n u m b e r s  are m e a s u r e d  wi th  respect  
to the  glass. The rest  of the appa ra tu s  and  salt  not  
in  the m e m b r a n e  are mere ly  conven iences  to as-  
ce r t a in  w h a t  happens  in  the m e m b r a n e .  It  is as- 
sumed,  in  ca lcu la t ing  mobi l i t ies  of ions in  fused 
salts, tha t  the re la t ive  mobi l i t ies  in  the  m e m b r a n e  
and  in  the pure  salt  are the same;  t hen  X •  t *~, 
where  ~ is the ionic e q u i v a l e n t  conduc t iv i ty  in  the  
pure  salt, t + the t r a n s p o r t  n u m b e r  of the ion in  the 
m e m b r a n e ,  and  X the  e q u i v a l e n t  conduc t iv i ty  of the 
salt. Tab le  I also conta ins  ionic e q u i v a l e n t  conduc-  
t ivi t ies .  

Since, in  the m e m b r a n e ,  the  ions encoun t e r  re -  
s is tance to mot ion  by  the  ions immobi l i zed  at the 
glass surface,  it m igh t  be expected tha t  the  size of 
the ion wou ld  be impor t an t .  If, on the  other  hand,  
in te rac t ions  of impor t ance  occurred  on ly  be t w e e n  
ions of opposite charge,  the  in t e rac t ion  forces wou ld  
cancel,  and  the  con t ro l l ing  factor  should be the 
m o m e n t u m  ba lance  which  depends  on the  masses  of 
the ions. S u n d h e i m  (6) has shown  tha t  the mass de-  
pendence  u n d e r  these special  condi t ions  would  be: 

m -  
t + -  , whe re  the m's  are the e q u i v a l e n t  

re+q-m_ 

weights  of the ions. This t r an spo r t  n u m b e r  is of 
l i t t le  significance because,  in the  genera l  case, one 
would  expect  the two ions to i m p a r t  m o m e n t u m  to 
the m e m b r a n e ,  due to u n e q u a l  in t e rac t ions  wi th  the  
m e m b r a n e .  

The  effect of size can be ca lcula ted;  if it is as-  
sumed,  for example ,  tha t  the rad ius  of the  ion is 
the i m p o r t a n t  factor, such as in  Stokes law (7),  the  
de r iva t ion  be low follows. 

Fv : k r v  

where  Fv is the f r ic t iona l  force felt  by  a m o v i n g  ion, 
k is the p ropor t iona l i t y  constant ,  r the ionic radius,  
and  v the  veloci ty  of the ion. The electr ical  force 
felt  by  an  ion in  an  electric field is: Fe = E z e, 
where  E is the  m a g n i t u d e  of the  field, z is the  va -  
lence of the  ion, and  e is the charge on the electron.  
A p p l y i n g  these equa t ions  to the case of the u n i -  

T+ V_ 
va len t  salt, one a r r ives  at  the s t eady- s t a t e :  ------ - - ,  

r v+ 

V+ r _  
and  since t+ = - , it follows tha t  t+ -- - -  

V+ -~- V_ r+ -~- r_  

Table  II lists the e x p e r i m e n t a l  t r an spo r t  n u m b e r s  
and  the  va lues  ca lcula ted  f rom the equat ion .  T1C1 
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Table II. Experimental and calculated transport numbers 

r_ 

t+ r+ (A) r_{A) r+ + r _  

LiNO3 0.84 • 0.06 0.60 2.3 0.82 
NaNO~ 0.71 • 0.01 0.95 2.3 0.71 
KNO3 0.60 • 0.03 1.33 2.3 0.63 
AgNO3 0.72 • 0.06 1.26 2.3 0.65 
T1C1 0.51 • 0.02 1.44 1.81 0.55 

The  v a l u e s  for  r+ and  r c l -  a re  t a k e n  f r o m  ref.  (10) ; rN%- is t a k e n  
f r o m  ref.  {11). 

is inc luded,  r e p r e s e n t i n g  a salt  for which  da ta  are 
ava i l ab le  (8) .  The a g r e e m e n t  of e x p e r i m e n t a l  w i th  
ca lcula ted  t r a n spo r t  n u m b e r s  is qui te  good, since 
the radi i  are  those exh ib i t ed  by  ce r ta in  solids 
r a the r  t h a n  by  l iquids;  and  fur ther ,  it is l ike ly  that ,  
in  genera l ,  the mob i l i t y  depends  on a more  complex  
func t ion  of the rad ius  t h a n  is a ssumed  above. 

The mass ra t io  equa t i on  agrees wi th  the exper i -  
m e n t a l  da ta  in  the cases of the  a lkal i  n i t r a t e s  since, 
for those invo lved  here,  the  mass of the  ion is v e r y  
n e a r l y  a l i nea r  func t ion  of its radius .  Sal ts  other  
t h a n  u n i v a l e n t  ones have  not  been  inc luded  because  
they  appear  to be p r i m a r i l y  anionic  conductors  (9) 
in spite of the smal l  ca t ion size or mass.  Thus,  it 
appears  tha t  the t r a n spo r t  n u m b e r  is s t rong ly  de-  
p e n d e n t  upon  the re la t ive  charge  of the cat ion and  
anion.  

Manuscript  received Oct. 1, 1957. It is Contr ibut ion 
No. 546; the work was performed in the Ames Labora-  
tory of the U.S.A.E.C. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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U. S. ch lo r ine  p r o d u c t i o n  in  1957 was  3,917,419 
tons  as c o m p a r e d  to 3,797,702 tons  for  1956. This  
r e p r e s e n t s  an  i nc rea se  of  on ly  3% above  the  1956 
level ,  w h e r e a s  the  t r e n d  d u r i n g  the  p a s t  f ew  y e a r s  
has  been  of t he  o r d e r  of 7 or  8% inc rease  p e r  yea r .  
E l e c t r o l y t i c  caus t ic  p r o d u c t i o n  in  1957 i nc r ea sed  5 % 
ove r  1956 a l t h o u g h  to t a l  caus t ic  p r o d u c t i o n  in -  
c r ea sed  on ly  21/2%. Caus t i c  soda  m a d e  by  the  l ime  
soda  p rocess  con t inued  to dec l ine  in 1957 a n d  for  
the  y e a r  r e p r e s e n t e d  on ly  7.9% of t he  t o t a l  as c o m -  
p a r e d  to 10% in 1956. 

The p r o d u c t i o n  of e l e c t ro ly t i c  p o t a s h  dec l i ned  
s o m e w h a t  in  1957. This  is also t r u e  of the  p r o d u c -  
t ion  of s o d i u m  meta l .  The  to t a l  p r o d u c t i o n  of soda  
ash  dec l i ned  6% in 1957, a l t h o u g h  the  p r o d u c t i o n  of 
n a t u r a l  soda  ash  s h o w e d  a s l igh t  gain.  A t  the  p r e s -  
en t  t ime  87.4% of a l l  soda  ash is m a d e  b y  the  s y n -  
the t i c  p rocess  w h i c h  now inc ludes  t he  m a n u f a c t u r e  
of soda  ash  f rom caus t ic  cel l  l iquor .  These  r e su l t s  
a r e  s u m m a r i z e d  in  T a b l e  I. 

Ch lo r ine  p r o d u c e d  c o i n c i d e n t a l l y  w i t h  caus t ic  
soda  accounts  for  90% of the  to ta l ,  as s h o w n  in T a b l e  
II .  Ch lo r ine  m a d e  in s o d i u m  cells  accounts  for  5.2%. 
Of the  ch lo r ine  p r o d u c e d  b y  b r i n e  e l ec t ro lys i s  a p -  
p r o x i m a t e l y  15.4% was  m a d e  in m e r c u r y  cells.  In  
1958 th is  f igure  is e x p e c t e d  to i nc rea se  to abou t  
20%. 

A p p r o x i m a t e l y  1080 tons  p e r  d a y  of n e w  ch lo r ine  
c a p a c i t y  was  b r o u g h t  in d u r i n g  1957. New ch lo r ine  

Table I. CMor-alkali statistics, 1956 and 1957 

1957 1956 

Chlorine,  to ta l  tons 3,917,419 3,797,702 
NaOH, electrolyt ic  3,975,609 3,794,963 
NaOH, l ime soda 341,210 422,034 

NaOH, total  4,316,819 4,216,997 
NaOH, per  cent e lect rolyt ic  92.1 90.0 
KOH, 90% basis 83,898 92,342 
Na~CO~, synthet ic  4,650,588 4,997,579 
Na2CO~, na tu ra l  676,611 654,890 
Na~CO~, to ta l  5,327,199 5,652,469 
Na~CO~, per  cent synthet ic  87.4 88.3 
Na meta l  132,977 136,018 

Table II. Chlorine balance, 1957 

Tons % 

C12 equiv, of NaOH 
CI~ equiv, of KOH 
C12 equiv, of Na 
CI~ equiv, of e lect rolyt ic  soda ash 
CI.~ equiv, of K~CO~ 
Ch equiv, of n i t rosyl  process 
CI~ equiv, of HC1 oxidat ion 
CI~ total  gas produced  

3,523,384 90.0 
47,714 1.2 

204,958 5.2 

141,363 3.6 

3,917,419 100.0 

c a p a c i t y  is e x p e c t e d  to i nc rea se  b y  an  a d d i t i o n a l  
1400 tons  in 1958. To ta l  p r o d u c t i o n  c a p a c i t y  of 
ch lo r ine  for  the  c o u n t r y  is e x p e c t e d  to be  of the  
o r d e r  of 13,900 tons  p e r  d a y  b y  the  end  of 1958. Be -  
cause  of the  c u r r e n t  r ecess ion  i t  is p r e d i c t e d  t ha t  the  
t o t a l  ch lo r ine  p r o d u c t i o n  for  1958 wi l l  no t  exceed  
4 m i l l i o n  tons. This  m e a n s  t h a t  b y  the  end  of t he  
c u r r e n t  y e a r  p r o d u c t i o n  fac i l i t i e s  for  ch lo r ine  wi l l  
be  u t i l i zed  on ly  to the  e x t e n t  of abou t  80%. So fa r  
as w e  a re  a w a r e  no n e w  p l a n s  for  i n c r e a s e d  ch lo -  
r ine  p r o d u c t i o n  h a v e  been  a n n o u n c e d  s ince  e a r l y  
1957. I t  is a s s u m e d  tha t  t he  n o r m a l  u p w a r d  t r e n d  
of ch lo r ine  p r o d u c t i o n  wi l l  r e s u m e  at  t he  conc lu -  
s ion of the  p r e s e n t  bus iness  recess ion.  

In  Canada ,  ch lo r ine  c a p a c i t y  in 1957 was  of t he  
o r d e r  of 790 tons  p e r  day .  This  is e x p e c t e d  to i n -  
c rease  to a p p r o x i m a t e l y  945 tons  p e r  d a y  b y  the  end 
of 1958. ( T h e r e  wi l l  t hen  be 12 C a n a d i a n  p lan t s . )  
To ta l  C a n a d i a n  p r o d u c t i o n  of ch lo r ine  in 1957 has  
been  e s t i m a t e d  at  210,000 tons.  

Markets and End-Use Patterns 

T h e r e  h a v e  been  no s igni f icant  changes  in the  
e n d - u s e  p a t t e r n  of ch lo r ine  and  caus t ic  soda  d u r i n g  
the  y e a r  1957. Long  r a n g e  t rends ,  h o w e v e r ,  have  
been  d e t e c t e d  and  p r o j e c t e d  in to  the  fu tu re .  Tab les  
I I I  a n d  IV a re  quo ted  f r o m  a p a p e r  b y  T h e o d o r e  
Sheets ,  J r .  1 

The  m a n u f a c t u r e  of h i g h - e n e r g y  fuels  for  m i l i -  
t a r y  use  cou ld  have  a s igni f icant  effect on the  e lec -  
t r o l y t i c  indus t r i e s .  Boron  fuels ,  for  e x a m p l e ,  r e -  

1 Chemical  Eng inee r ing  Progress ,  53, 482 (1957). 
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Table III. Trends in chlorine use 1935-1975 
(M Short Tons) 

Net  To ta l  
C h e m i c a l s  P u l p  & P a p e r  S a n i t a t i o n  Co t ton  Tex t i l e s  Expor t s ?  P r o d u c t i o n  

% % % % % 

1935 161 48.8 109 33.0 35 10.6 19 5.8 6 1.8 330 
1955 2,745.5 80.6 510 14.9 117 3.4 5.5 0.2 30 0.9 3,408 
1956 3,113 82.3 527 13.9 122 3.2 4 0.1 19 0.5 3,785 
1965 6,400 86.5 800 10.8 155 2.1 (7)* (<0.1)* 45 0.6 7,400 
1975 9,640 87.7 1,100 10.0 200 1.8 (10)* (<0.1)* 60 0.5 11,000 

? Ne t  expor t s  = expor t s  m i n u s  impor t s .  
* A b s o r b e d  in  chemica ls .  

qu i r e  sod ium h y d r i d e  and  bo ron  t r i ch lo r ide ,  in t u r n  
m a d e  f rom sod ium and  ch lor ine .  H y d r a z i n e  r e q u i r e s  
ch lor ine .  A m m o n i u m  p e r c h l o r a t e  r e q u i r e s  sod ium 
ch lo ra t e  as a r a w  m a t e r i a l .  I t  is a lso s igni f icant  t h a t  
a n u m b e r  of i n d u s t r i a l  m e r g e r s  h a v e  been  f o r m e d  to 
m a n u f a c t u r e  h i g h - e n e r g y  fuels ;  each  g roup  inc ludes  
a c h l o r - a l k a l i  m a n u f a c t u r e r .  

Announcements of New Plants and Expansions 
A m o n g  the  n e w  or  e x p a n d e d  p l a n t s  c o m p l e t e d  

and  b r o u g h t  in to  p r o d u c t i o n  in 1957 a re  t he  fo l l ow -  
ing:  A l l i e d  C h e m i c a l  and  Dye  C o m p a n y ,  B run sw ic k ,  
Ga.,  260 tons  p e r  d a y  to ta l  capac i ty ;  C o l u m b i a  
Sou the rn ,  e x p a n s i o n  at  L a k e  Char les ,  La., 250 tons  
p e r  day ;  Food  M a c h i n e r y  C o m p a n y ,  W e s t v a c o  
C h e m i c a l  Divis ion,  S o u t h  Char l e s ton ,  W. Va., r e -  
h a b i l i t a t i o n  and  e x p a n s i o n  b y  90 tons  to a t o t a l  of 
460 tons  p e r  d a y ;  K a i s e r  A l u m i n u m  and  C h e m i c a l  
Corpora t ion ,  G r a m e r c y ,  La.,  100 tons  p e r  day ;  Ol in  
Ma th i e son  C h e m i c a l  Corpo ra t i on ,  McIntosh ,  Ala. ,  
e x p a n s i o n  125 tons  p e r  day ;  P e n n s a l t  Chemica l s  
Corpo ra t i on ,  C a l v e r t  Ci ty,  Ky. ,  e x p a n s i o n  100 tons  
p e r  day ;  W e y e r h a e u s e r  T i m b e r  C o m p a n y ,  L o n g -  
v iew,  Wash . ,  n e w  p l a n t  80 tons  p e r  day .  

A m o n g  the  n e w  p l a n t s  s c h e d u l e d  to be  c o m p l e t e d  
in 1958 a re  t he  fo l lowing :  C o l u m b i a  Sou the rn ,  N a t -  
r ium,  W. Va., 160 tons  p e r  d a y  ( U h d e  m e r c u r y  
c e l l ) ;  D i a m o n d  A l k a l i  C o m p a n y ,  Dee r  P a r k ,  Texas ,  
200 tons  p e r  d a y  ( D e N o r a  18 S G L ) ;  D o w  C h e m i c a l  
C o m p a n y ,  P l a q u e m i n e ,  La.,  300 tons  pe r  d a y  (Dow 
b i p o l a r  c e l l ) ;  Je f fe r son  C h e m i c a l  C o m p a n y ,  P o r t  
Neches ,  Texas ,  150 tons  p e r  d a y  ( H o o k e r  S - 3 B  
ce l l ) ;  W y a n d o t t e  C h e m i c a l  Corpora t ion ,  G e i s m a r ,  

La.,  300 tons  p e r  d a y  ( D i a m o n d  d i a p h r a g m  ce l l ) ;  
W e y e r h a e u s e r  T i m b e r  C o m p a n y ,  Longv iew ,  Wash. ,  
e x p a n s i o n  80 tons  p e r  d a y  ( D e N o r a  ce l l s ) ;  E. I. du  
Pon t  de  Nemours ,  Memph i s ,  Tenn. ,  100 tons  p e r  d a y  
(Downs  s o d i u m  ce l l ) ;  A l l i e d  C h e m i c a l  and  Dye  
C o m p a n y ,  Hopewe l l ,  Va., 90 tons  p e r  d a y  ( n i t r o s y l  
p roces s ) .  

In  Canada ,  D o w  has  a n n o u n c e d  e x p a n s i o n  a t  
Sa rn i a ,  Ont. ;  W e s t e r n  Chemica ls ,  du  V e r n a y ,  Al ta . ,  
is d o u b l i n g  its c a p a c i t y  to 80 tons  p e r  d a y  in  1958; 
and  S h a w i n i g a n  Chemica l s  a t  S h a w i n i g a n  Fa l l s ,  
Que.,  is b u i l d i n g  a n e w  K r e b s  m e r c u r y  cel l  p lan t ,  
c a p a c i t y  50 tons  p e r  day .  The  n e w  H o o k e r  p l a n t  a t  
Vancouve r ,  B. C., c a p a c i t y  100 tons  p e r  day ,  c o m -  
m e n c e d  ope ra t i ons  in l a t e  1957. The  E lec t r i c  R e -  
duc t ion  C o m p a n y  has  b u i l t  a n e w  c h l o r a t e  p l a n t  a t  
Vancouve r ,  B. C. 

D i a m o n d  A l k a l i  C o m p a n y  a n n o u n c e d  t ha t  i t  w i l l  
t e r m i n a t e  i ts  l ease  on the  P ine  Bluff,  Ark . ,  A r s e n a l  
c h l o r - a l k a l i  f a c i l i t y  as of A p r i l  27, 1958. 

C h e m i c a l  Sa l t  P r o d u c t i o n  C o m p a n y ,  Sa l t  L a k e  
City,  j o i n t l y  o w n e d  b y  H o o k e r  E l e c t r o c h e m i c a l  
C o m p a n y  and  P e n n s a l t  Chemica l s  Corpora t ion ,  is 
n o w  p r o d u c i n g  c h e m i c a l  g r a d e  sa l t  w h i c h  is to be  
sh ippe d  to t he  ow ne r s '  p l a n t s  in t he  T a c o m a - S e a t t l e  
a rea .  

Technical Developments 

A n  o u t s t a n d i n g  p a p e r  de sc r i b ing  h o r i z o n t a l  and  
v e r t i c a l  m e r c u r y  cel l  d e v e l o p m e n t  in E u r o p e  and  
the  Un i t ed  S t a t e s  was  p r e s e n t e d  b y  Mr.  H. A. S o m -  
mers ,  A i r  P roduc t s ,  I n c o r p o r a t e d  at  t he  A m e r i c a n  
I n s t i t u t e  of C h e m i c a l  E n g i n e e r s  mee t ing ,  Sea t t l e ,  

Table IV. Trends in caustic soda--End-use 
(M Short Tons) 

1935 1955 1965 1975 
% % % % 

Chemicals  
Rayon 
F i lm 
Pulp  and paper  
Expor t  
Pe t ro l eum refining 
Lyes  and c leaners  
Cotton text i les  
Soap 
Recla imed rubber  
Vegetable  oils 
Al l  others  ( including 

meta l lu rg ica l  uses) 
Meta l lu rg ica l  uses 
Total  product ion 

1 1 8  

158 

43 
71 
9O 
31 
34 
96 
11 
9 

55 

716 

16.5 1,050 26.9 2,350 31.0 4,000 36.0 
22.0 695 17.8 680 9.0 780 6.9 
- -  - -  - -  320 4.2 420 3.8 
6.0 258 6.6 480 6.3 680 6.1 
9.9 227 5.8 330 4.3 450 4.0 

12.6 215 5.5 335 4.4 460 4.1 
4.3 160 4.1 295 3.9 390 3.5 
4.7 137 3.5 190 2.5 250 2.2 

13.4 82 2.1 60 0.8 55 0.5 
1.5 27 0.7 10 0.1 - -  - -  
1.3 24 0.6 35 0.5 45 0.4 

7.8 1,030 26.4 2,515 33.0 3,670 32.5 
- -  - -  - -  (600) (7.9) (1,200) (10.7) 
- -  3,905 - -  7,600 - -  11,200 
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Wash., June 1957. This article was published in full 
in the September and October issues of Chemical 
Engineering Progress, Vol. 53, p. 409 and 506. The 
October publication is an exhaustive tabular com- 
pilation of chlorine producing companies in the 
United States and Europe as of June 1, 1957 and 
proposed expansions by 1958. The data includes 
company names, plant locations, capacity, type of 
cells, and in some instances the number  of cells and 
amperage. 

Three important  papers were presented at a sym- 
posium on "Trends in the Chlor-Alkali  Industry"  at 
the Baltimore meeting of the American Institute of 
Chemical Engineers in September 1957. The titles 
included the following: "End-Use" by T. A. Sheets, 
Jr., Diamond Alkali Company; "Technology" by 

R. B. MacMullin, R. B. MacMullin Associates; and 
the "Inter-relat ionship Between the Chlor-Alkali  
and the Soda Ash Industries" by M. E. Clark, 
Frontier Chemical Company and C. F. Gerlach, Wy-  
andotte Chemicals Corporation. The first and third 
of these papers have been published in Chemical 
Engineering Progress, Vol. 53, p. 482 and 537. 

Some new data on the thermodynamic properties 
of chlorine and hydrochloric acid were published by 
C. J. Dobratz, Chemical Engineering, Vol. 65, No. 3, 
p. 144 (1958). 

Manuscript received May 13, 1958. This paper was 
prepared for delivery before the New York Meeting, 
April 27-May 1, 1958. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOURNAL. 



Lead-Acid Storage Batteries 
Changes In Positive Active Material Density During Various 

Conditions of Service 
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ABSTRACT 

Observations made on the lead-acid battery indicate that changes occur in 
the apparent density of the positive active material during service. To deter- 
mine the extent of these density changes, measurements have been conducted 
during all usual conditions of testing. The apparent density of the positive 
active material has been found to decrease regardless of active material shed- 
ding. This finding appears to explain many of the observed performance 
characteristics of the lead-acid battery. 

When observing the performance characteristics 
of many batteries tested under various conditions, it 
became evident that  changes were occurring in the 
apparent density of the positive active material  dur-  
ing the life of the battery. To determine the extent 
of these changes, density determinations were con- 
ducted periodically on positive plates during their 
life on each of the SAE cycling, overcharge and 
Emark tests, during storage, and in SLI service. 
Fundamental  performance and life characteristics 
of batteries subjected to these various tests have 
been presented (1). 

Experimental 
All data accumulated in this study were obtained 

from standard 15 plate 100 amp-hr  bat tery as- 
semblies which were tested on the various life 
tests. Prior to life testing, density determinations 
were made on representative positive plates from 
each group of batteries before formation, after for- 
mation, and after completion of six initial cycles. 

The method used for conducting density deter- 
minations on a bat tery plate has been described by 
Dittmann and Harner  (2). Briefly, the procedure 
is as follows: data for calculating apparent PbO~ 
density are obtained by weighing the dry bat tery 
plate, filling the pores of active material  with water, 
and determining the full plate volume by water  
displacement through use of a specially designed 
apparatus. The plate is again dried and weighed 
after first removing approximately two-thirds of 
its material. A second volume measurement is con- 
ducted as before on the partially filled plate. Weight 
and volume values are obtained by differences and 
used to calculate apparent density. The method has 
sufficient accuracy to obtain suitable values for 
comparison. 

Starting with positive plates of known PbO~ den- 
sity, changes were observed by means of measure-  
ments made on representative plates periodically 
during the various recognized life tests (1). The 
consolidated data appearing in Fig. 1 are presented 

4.25 

~ 3.7~ 

~3.5r 

~ 3 .~  

W E E K S  O N  T E S T  

1. Decrease in apparent PbO~ density of positive plates 
various conditions of testing. 

Fig. 
during 

as indicative rather than absolute because it is evi- 
dent that other conditions such as temperature,  
original PbO~ density, grid metal and grid design, 
type of oxide, etc., may alter the degree of  density 
change. 

Discussion 
Perhaps the most important  finding disclosed by 

data in Fig. 1 is the fact that  the apparent  density 
of the positive active material  was found to decrease 
regardless of conditions of testing or of the extent 
of positive active material  shedding. More specifi- 
cally it is noted that the degree of change in PbO~ 
density is greatest for batteries subjected to the SAE 
"deep" cycling test. Positive plates subjected to 
overcharging and to the "shallow" cycling Emark  
test were found to decrease somewhat less in den- 
sity. The fact that  active material  of positive plates 
decreased in density upon storage in sulfuric acid is 
also of significance. In  summarizing, it may  be 
stated that the apparent density of the active mate-  
rial of positive plates is caused to decrease by deep 
cycling, by shallow cycling, by overcharging, and 
by storage in sulfuric acid. 

Of further  significance is the fact that  these char-  
acteristic decreases in PbO~ density can be related to 

553 



554 J O U R N A L  OF THE E L E C T R O C H E M I C A L  S O C I E T Y  October 1958 

all fundamental  causes of failure commonly ob- 
served in the lead-acid bat tery regardless of condi- 
tions of service. 

For example, the act of positive material  shedding 
in deep cycling services can be explained simply by 
the fact that, as positive active material  decreases in 
density and expands and the active material  alter- 
nates between lead peroxide and lead sulfate, the 
crystalline bonds are disrupted causing the mate-  
rial to fall or be washed free from the plate. 

In overcharge and shallow cycling service con- 
ditions, shedding of positive material  normally does 
not occur because there is little or no disruption of 
the PbO= bonds by formation of lead sulfate. How- 
ever, the act of overcharging a bat tery in absence 
of cycling also causes an appreciable decrease in 
PbO= apparent  density, and since no appreciable 
shedding of material  occurs, the active material  
must expand. This expansion exerts pressures on 
the grid f rame and its members, causing them to 
break at weak points, part icularly as the grid be- 
comes weakened by electrolytic corrosion. The re-  
sult is a continued loss in positive plate conductivity 
as the plate disintegrates. 

It is recognized that  the grid f rame and its mem-  
bers also are caused to expand by products of elec- 
trolytic corrosion, and this process also contributes 
to ult imate positive plate disintegration. It has be- 
come evident from these investigations that the ex- 
panding forces exerted by positive active material  
and by products of grid corrosion are the major, if 
not the most important  cause of bat tery failure in 
services characterized by overcharging. This is sub- 
stantiated by the fact that, after a positive plate has 
failed by disintegration as a result of overcharging, 
shallow cycling, or storage, it will still contain any-  
where from 50% to 80% of its original weight of 
grid metal. 

Fur ther  evidence of the effect of PbO~ expansion 
on positive plate disintegration is disclosed by the 
condition of positive plates as revealed in Fig. 2. 
Batteries of identical assembly, but containing posi- 
tive active material  at various densities, were sub- 
jected to four weeks of SAE overcharge testing. 
Plate No. 7, Fig. 2, contained active material  lowest 
in initial PbO~ density and was characterized by the 
lack of grid frame breakage. Likewise, Plate No. 8, 
although showing signs of complete deterioration, 

Fig. 2. Effect of Pb02 expansion on positive plate disinte- 
gration. 

Results of four weeks SAE overcharge testing 
Positive plate No. 7 8 9 

Original PbO2 density 4.03 4.27 4.64 g/crn s 
Final PbO2density 3.54 3.78 4.09 g/crn 3 
Final capacity efficiency 1.31 ].09 0.49 amp-hr/28.35g 

was in better condition than No. 9 which was high- 
est in PbO~ density. The effect of stresses applied 
to the grid by expanding PbO~ and its subsequent dis- 
integration was also reflected by the much lower 
capacity output of the No. 9 plate. The appearance 
and condition of these plates would appear to be 
conclusive evidence that other factors than grid 
corrosion ~vere at play. Since all plates represented 
in Fig. 2 were subjected to the  same number  of 
ampere-hours  of overcharge, it follows that  each 
should have developed the same amount  of grid 
corrosion. Therefore, the obvious differences in plate 
appearance and degree of disintegration must be 
related to stresses exerted by expanding PbO~ and/  
or other factors. 

Positive plates subjected to overcharging or SLI 
service often warp and buckle causing wear to 
separators that results in bat tery failure. The mech- 
anism by which a positive plate is caused to warp 
or buckle can, likewise, be explained by consider- 
ing reduction in positive active material  density 
during service. Seldom, if ever, is a positive plate 
prepared with equal distribution of paste on both 
sides, nor is all paste in any one plate always of the 
same density. Under these conditions the active 
material  expands unequally causing stresses to be 
applied more in one direction than in another. As 
growth continues, the plates warp or buckle with 
the concavity toward the side of lesser active mate-  
rial expansion. 

It is known that a lead-acid bat tery has a greater 
ampere-hour  capacity after activated storage than 
before. This fundamental  increase in capacity re-  
sulting from activated storage prior to testing was 
first reported by Harner  and Chubb in 1935 (3). 
The phenomenon may be explained by considera- 
tion of changes occurring in the PbO~ density during 
storage in sulfuric acid. As is apparent from data 
recorded in Fig. 1, the positive plates of a bat tery 
allowed to stand in storage for no more than a one- 
month period will decrease substantially in PbO~ 
density. The increase in capacity efficiency which 
accompanies a decrease in positive PbO~ density 
would explain in part, if not entirely, the reason for 
the observed increase in capacity which occurs as a 
result of storage. 

A lead-acid bat tery  in automobile service is nor-  
mally subjected to shallow cycling, to overcharging, 
and to many hours of idleness, all of which have 
been shown to cause a decrease in positive active 
material  density. From these considerations, posi- 
tive plates subjected to SLI service would be ex- 
pected to reveal density changes similar to those ob- 
tained upon Emark and overcharge testing. Meas- 
urements  made on positive plates removed from car 
service disclose this to be true. Therefore, it may  be 
concluded that stress applied to grids by expanding 
positive active material  is a major contributing 
cause of failure in batteries placed in automobile 
service. 

Conclusions 
The active material  density of formed positive 

plates of the lead-acid bat tery  decreases substan- 
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t i a l ly  and progress ive ly  when subjec ted  to deep 
cycling, shal low cycling, overcharging,  ac t iva ted  
storage, or automobi le  service. I t  appears  tha t  this  
reduct ion in posi t ive act ive ma te r i a l  densi ty  wi th  
service exer ts  a m a r k e d  influence on ba t t e ry  p e r -  
formance character is t ics  and on the u l t imate  fa i lure  
of the posi t ive  plate .  

Manuscript received Jan. 27, 1958. This paper was 
prepared for delivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOURNAL. 
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Self-Discharge Reactions In Lead-Acid Batteries 
Paul Rfietschi and R. T. Angstadt 

Research Department, The Electric Storage Battery Company, Philadelphia, Pennsylvania 

ABSTRACT 

A theoretical and experimental  analysis of the self-discharge of lead-acid 
batteries shows that  seven different reactions contribute to the process. The 
rate of each has been determined. It is shown that positive plate self-discharge 
is due primari ly to a reaction between PbO2 and grid metal. The rate of this 
reaction decreases with increasing acid concentration because of the passivating 
action of the PbSO~ layers formed. The passivating action is decreased by the 
presence of antimony in the grid, producing pores in the PbSO4 layers and 
providing further access of the electrolyte to the grid. At low acid gravities 
antimony compounds become almost insoluble and can act as passivators 
decreasing the reaction between grid metal and PbO,. Other self-discharge 
reactions in positive plates are the decomposition of water by PbO~ with evolu- 
tion of oxygen and the oxidation of separator material  in contact with PbO~. 
Oxidation of hydrogen, coming from the negative plates, occurs at immeasur- 
ably small rates. 

Self-discharge of the negative plates is due to the reaction between H~SO4 
and lead, producing H~ and PbSO~. This reaction is slow in absence of 
foreign substances because of the high hydrogen overvoltage on lead. How- 
ever, contamination of the negatives with antimony decreases the hydrogen 
overvoltage and greatly accelerates the self-discharge of negative plates. 
Furthermore, negative plates are self-discharged by oxygen dissolved in the 
electrolyte. The rate of reduction of oxygen is so fast on a lead electrode in 
sulfuric acid that the reaction is diffusion controlled. 

Sel f -discharge,  also re fe r red  to by  the te rms 
"open circuit  loss," " local  action," and "sulfat ion,"  
of l ead-ac id  ba t te r ies  has received a great  deal  of 
a t ten t ion  in the past,  especia l ly  in connection wi th  
s t andby  ba t te r ies  for te lephone systems, wi th  the 
s torage of charged automobi le  bat ter ies ,  and wi th  
special  appl icat ions where  the evolut ion of gas may  
be hazardous.  

Ba t t e ry  engineers  are  accustomed to re la te  self-  
discharge main ly  to the negat ive  plates.  I t  is in te r -  
esting to note, however ,  tha t  Vinal  (1) ea r ly  
pointed out tha t  se l f -d ischarge  also occurs in the 
posi t ive plates.  He found tha t  negat ive  plates  sul-  
fa ted faster  wi th  increas ing acid concentrat ion,  
whereas  se l f -d ischarge  of the  posi t ive plates  de-  
creased wi th  increas ing acid concentra t ion (2).  He 
de te rmined  se l f -d ischarge  rates  by the method of 
weighing pla tes  and  this has the d i sadvan tage  of 
difficultly in t e rp re t ab le  resul ts  because the we igh-  
ings are  made  in solution and buoyancy  correct ions 
are necessary.  These corrections m a y  be different 
for different  se l f -d ischarge  reactions (see Eqs. [1] 
and [2 ] ) .  Therefore,  a correct  in te rp re ta t ion  of the 

weight  figure is not possible wi thout  knowing the 
re la t ive  ra te  of each of the two reactions.  Vinal  r e -  
garded posi t ive pla te  se l f -d ischarge  as the resul t  of 
a react ion which is the  same as the cell  react ion of 
lead acid ba t te r ies  according to the double  sulfat ion 
theory  (3, 4). The same react ion was considered by  
Lander  (5, 6). Posi t ive plates  sulfate  fas ter  than  the 
negat ive  plates  in new bat te r ies  (7, 8). The in-  
fluence of forming t empera tu re  on se l f -d ischarge  of 
posi t ive plates  has also been s tudied (7).  I t  had 
been noted before  by  Hatf ield and Brown (9) that ,  
on cycling test, there  is an increase in the  shedding 
of posi t ive act ive ma te r i a l  wi th  decrease in the  
forming tempera tu re .  At  h igher  tempera tures ,  for-  
mat ion  is more  complete  and less "appa ren t  PbO" 
is lef t  in the plates.  Se l f -d ischarge  of the posi t ive 
plates  decreased with  increasing forming t e m p e r a -  
tures.  Greenburg  and Caldwel l  (7) a t t r ibu ted  50% 
of the se l f -d ischarge  ra te  of posit ives to direct  sul-  
fat ion of PbO~ accompanied by  oxygen l iberat ion,  
25% to a "potent ia l  difference react ion"  be tween 
grid meta l  and PbO~, and 25% to sulfat ion of "ap -  
pa ren t  PbO." Increas ing t empe ra tu r e  caused h igher  
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corrosion of the posi t ive grids d u r i n g  fo rma t i on  a nd  
therefore  an  increase  in  a n t i m o n y  t r ans f e r  to the 
nega t ives  and  h igher  se l f -d i scharge  of the ne ga -  
t ives (9) .  

L a n d e r  (10) found  the se l f -d i scharge  of the  posi-  
t ive p la te  to occur at ra tes  comparab le  to nega t i ve  
p la te  se l f -d ischarge .  His expe r imen t s  were  made  
wi th  cells which  had  p rev ious ly  rece ived some ove r -  
charge  and  cycling.  L a n d e r  suggests  tha t  the  self-  
d ischarge  of the pos i t ive  p la te  is due  p r i m a r i l y  to 
ox ida t ion  of the Sb phase  in  the  grid. 

The  se l f -d i scharge  reac t ion  occur r ing  in  the  ne ga -  
t ive p la te  has u sua l l y  been  as sumed  to be an  a t tack  
on Pb  by  H~SO, w i th  H~ evolut ion.  C o n t a m i n a t i o n  of 
the nega t i ve  p la te  wi th  Sb catalyzes  this reac t ion  to 
a h igh  degree  (11-15) .  A great  deal  of w o r k  on the  
se l f -d i scharge  of l ead -ac id  ba t te r ies  and  especial ly  
the inf luence  of t e m p e r a t u r e  on  se l f -d i scharge  has 
been  done by  Zach l in  (16, 17), bu t  most  of his work  
has been  concerned  wi th  fu l l  size cells a n d  no t  
wi th  s ingle  posi t ive  or nega t ive  plates.  In  the  p res -  
ent  paper  a de ta i led  discussion of the  var ious  self-  
d ischarge  react ions  and  a d e t e r m i n a t i o n  of the i r  
r e l a t ive  ra tes  is presented .  

Experimental 

Single  posi t ive  plates,  s ingle  nega t ive  plates,  and  
t h r e e - p l a t e  cells wi th  one posi t ive  and  two ne ga -  
t ives were  placed in e lec t rolytes  whose  gravi t ies  
and  t e m p e r a t u r e s  were  kept  cons tan t  to --+0.002 
g / c m  ~ and  ~0.5~ respect ively .  Al l  e x p e r i m e n t s  
were  pe r fo rmed  at  35~ unless  o therwise  noted.  The 
specific g rav i t ies  we re  ad jus ted  a t  26.7~ P la tes  
were  ana lyzed  for su l fa te  a f te r  2, 4, 8, and  16 weeks. 
Al l  the  cells had  a la rge  excess of e lectrolyte ,  one 
s ingle  p la te  or a t h r e e - p l a t e  cell be ing  placed in  a 
ja r  w i t h  1000 cc H~SO~ of a g iven  gravi ty .  The  sepa-  
ra tors  used were  microporous  r u b b e r  separa tors  
unless  s ta ted  to the  con t ra ry .  The posi t ive  p la tes  
had  a capaci ty  of 7.2 a m p - h r  at  the  5 hr  rate.  The  
grids were  13.35 cm high, 10.6 cm wide and  0.17- 
0.18 cm thick.  Pos i t ive  and  nega t ive  pla tes  had  
ident ica l  d imens ions .  The composi t ion  of the  gr id  
alloys used in  this  s tudy  are g iven  in  Tab le  I (18).  
Bismuth ,  iron, and  n icke l  are no t  shown  in  the  t ab le  
bu t  were  all  in  the  usua l  low r ange  and  wi thou t  
s ignif icance for this  s tudy.  

The  pas te  for the  posi t ive  pla tes  was p r epa red  
us ing  80% gray  oxide and  20% red lead. The mi x  

Table I. Analysis of the lead alleys used (in % per weight) 

Alloy 
No. Sb As Sn Ag Cu Ca A1 Se Te 

1 4.80 0.28 0.16 0.008 0.008 . . . .  
2 4.80 0.23 0.03 0.003 0.025 . . . .  
3 5.76 0.48 0.51 0.122 0.003 . . . .  
4 2.58 0.045 0.0001 0.004 0.010 . . . .  
5 3.36 0.03 1 . 6 6  0.008 0.003 - -  - -  0.026 - -  
6 - -  - -  - -  0.082 0.006 - -  - -  
7 - -  - -  - -  0.070 0.010 - -  - -  
8 4.20 0.11 0.62 0.161 0.040 - -  - -  - -  0.040 
9 4.26 0.47 0.51 0.106 0.005 . . . .  

10 4.20 0.03 4.36 0.003 0.008 . . . .  
11 . . . . . . .  
12 - -  - -  - -  0.066 - -  - -  - -  

was  made  wi th  51 cc of w a t e r  and  21 cc of H~SO, 
(sp gr 1.400) per  453 g of act ive mate r ia l .  The n e g a -  
t ive  paste  con ta ined  95% gray  oxide and  5% 232 W 
(Nat iona l  Lead  C o m p a n y )  and  the mix  was  made  
us ing  51 cc of wa te r  and  25 cc of H~SO~ (sp gr 1.400) 
per  453 g of act ive mate r ia l .  

Pos i t ive  p la tes  we re  set at  room t e m p e r a t u r e  
and  h u m i d i t y  for 44 h r  a nd  at  comple t ion  of this  
t ime  sprayed,  d ra ined ,  piled, a nd  aged for 4 days. 
The nega t ive  pla tes  were  set for 30 hr  at 51.7~ in  
90% humid i ty ,  a i r  dryed,  a nd  stored 3 days before  
u s e .  

Pla tes  w i th  a g iven  gr id a l loy were  a lways  fo rmed  
aga ins t  plates  wi th  the same gr id  alloy, the  f o r m a -  
t ion  procedure  be ing  convent iona l ,  n a me l y ,  18 hr  
w i th  2 amp per  posi t ive  p la te  in  1.070 sp gr acid in  
l 1-p la te  cells. T h e n  the  cells were  d u m p e d  and  re -  
filled and  the  acid ad jus ted  to 1.250 sp gr, u s ing  
a 5 hr  m i x i n g  charge wi th  2 amp per  l 1 -p la te  cell. 
Al l  cells we re  t h e n  g iven  one cycle consis t ing of a 
5 -h r  d ischarge  at 7.2 a mp  a nd  a 9 -h r  charge  at 5.0 
amp.  The  cells were  t h e n  t a k e n  apar t  and  s ing le -  
p la te  and  t h r e e - p l a t e  cells were  bui l t .  In  the  th ree -  
p la te  uni t s ,  nega t i ve  a nd  posi t ive  pla tes  had  the  
same grid alloy. In  order  to s tudy  the  inf luence of 
the  separa tors  on the  ra te  of se l f -discharge,  s ingle 
plates  covered on both  sides w i th  a separa tor  were  
also placed in  electro]ytes  of cons tan t  gravi ty .  Three  
di f ferent  separa tor  types  were  s tudied,  paper  (phe-  
n o l i c - b o u n d ) ,  spun  glass wi th  ine r t  backing,  and  
microporous  rubbe r .  Some of these  e xpe r imen t s  
were  made  us ing  e lect rolytes  dosed wi th  var ious  
a m o u n t s  of Sb~(SO~)~ in  order  to inves t iga te  the  
f i l t ra t ion act ion of the  separators .  F ina l ly ,  act ive 
m a t e r i a l  was  knocked  out  of formed pla tes  wi th  
Sb - f r ee  gr id  a l loy and  placed in  e lec t rolytes  of va r i -  
ous gravi t ies  at  cons tan t  t e m p e r a t u r e .  The  f o r m a -  
t ion of su l fa te  was fol lowed by  ana lys i s  af ter  2, 4, 8, 
and  16 weeks.  By this  p rocedure  the  reac t ion  of iso- 
la ted  act ive  m a t e r i a l  wi th  H~SO~ could be studied.  

Samples  of the  act ive  m a t e r i a l  of the  pla tes  were  
t a ke n  af ter  the  ind ica ted  t ime  per iods by  r e m o v i n g  
the pla tes  f rom the  e lectrolyte ,  p u n c h i n g  out  a n u m -  
ber  of pel le ts  of act ive  ma te r i a l ,  g r i nd ing  the  act ive 
m a t e r i a l  in  a mor ta r ,  and  w a s h i n g  wi th  water .  The  
m a t e r i a l  was  t h e n  fi l tered and  dried.  A 2-g sample  
of the  d r y  m a t e r i a l  was boi led for 1 hr  in  a so lu t ion  
of 15-g of NafCO~ in  100 cc of water .  The so lu t ion  
was filtered, made  acidic wi th  HC1, and  boi led to 
r emove  CO.~. F ina l ly ,  the  su l fa te  was p rec ip i t a ted  
wi th  20 cc of a 15% solu t ion  of b a r i u m  chloride.  The 
b a r i u m  sulfa te  was collected in  a Gooch cruc ib le  b y  
f i l t ra t ion  and  dr ied  over  a b u r n e r  at red  heat  un t i l  
the  we igh t  was  constant .  

Results 
The  we igh t  pe rcen tage  of lead su l fa te  of washed  

a nd  dr ied  samples  expresses  the  to ta l  a m o u n t  of 
SO, in  the fo rm of PbSO~. Tha t  me a ns  tha t  a ny  SO, 
p resen t  in  the  form of (SbO~)~SO, or in  the  form of 
basic lead sulfa tes  appears  as PbSO~. A deta i led  
ana lys i s  of each se l f -d i scharge  p roduc t  wou ld  have  
been  more  r igorous,  but ,  s ince PbSO,  is the  m a j o r  
se l f -d i scharge  product ,  no cons iderab le  e r ror  is i n -  
t roduced.  The  resul t s  g iven  be low a l low the  ap-  
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Fig. 3. Self-discharge of a single positive plate with grid 
al loy No. 3 at 35~ 

proximate determination of the rate of any self- 
discharge reaction occurring in lead-acid batteries. 

The rate of self-discharge of positive plates with 
various grid alloys and in the absence of separators 
and negative plates is illustrated in Fig. 1 to 4. The 
self-discharge has a pronounced maximum at a 
gravity of about 1.100 for plates with Pb-Sb  grid 
alloys and at a gravity of about 1.025 for plates with 
Pb-Ca-A1 grid alloys. The maximum is shifted to- 
ward higher gravities with increasing Sb content 
in the grid. The maximum also seems to be dis- 
placed slightly toward higher gravities with in- 
creasing time. The results show that  for the acid 
gravity range used in batteries the self-discharge 
of the positive plates increases with decreasing acid 
gravity. The sulfate figures for these positive plates 
are of the same order of magnitude as figures for 
negative plates for the same time periods as shown 
below. The PbSO~ percentage shown for plates in 
sp gr 1 reflects the amount of H~SO, retained in the 
plates when they were transferred from the forming 
electrolyte. 

Figure 5 shows the influence of the grid alloy on 
positive plate self-discharge. The plots show that  
the reaction rate is almost independent of the sul- 
fate content in the plates for sulfate percentages 
below approximately 30%. The positive plates con- 
taining Sb in the grid undergo self-discharge at a 
higher rate than plates with Sb-free grid alloys. 
Figures 6 and 7 give the rates of self-discharge re-  
actions in positive plates under various conditions. 

The rate of the self-discharge reaction of isolated 
positive active material  depends on the acid gravity 
as shown by Fig. 8. The rate of the reaction between 
PbO~ and H~SO4 increases with increasing acid con- 
centration. 

Figure 9 shows the influence of one cycle on the 
rate of self-discharge of single positive plates and 
Fig. 10 shows the influence of grid alloy on positive 
plate self-discharge in 3-plate cells. The negatives 
and the positives in each 3-plate cell had identical 
grid compositions. The differences between the sul- 
fate figures are due to differences in the reaction 
between the grid and the active material. 
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Fig. 4. Self-discharge of a single positive plate wi th grid 
alloy No. 4 at 3S~ 
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Fig. 5. Rate of self-discharge of single positive plates (grid 
alloy No. 4 and No. 6) in 1.250 sp gr acid and 1.075 sp gr 
acid at 35~ 

The results on self-discharge of negative plates 
are given in Fig. 11 to 15. Figure 11 shows only a 
small difference in self-discharge between single 
plates with Sb-free grids and plates with up to 4% 
Sb in the grids. Figure 12 and 13 illustrate the rate 
of the self-discharge reactions for negative plates 
in varying environmental  conditions. Here, the open 
circle corresponds to the self-discharge of a single 
negative plate in the absence of separators and 
positive plates, the solid circle to the sulfation of 
negative plates covered on both sides with sepa- 
rators, the solid triangle to the self-discharge of the 
negative plate in 3-plate cells. The steep curve was 
obtained on bubbling oxygen gas through the elec- 
trolyte continuously. Enormous self-discharge rates 
are observed under these conditions. 

Figure 14 shows the influence of different sepa- 
rators on negative plate self-discharge. These re- 
sults were obtained with single negative plates 
covered with separators on both sides. A series of 
these plates was also placed in electrolyte dosed 
with 0.1 g/1 and I g/1 Sb~(SO,)~. The presence of Sb 
in electrolyte accelerates negative plate self-dis- 
charge tremendously. With 1 g/1 the plates without  
separators are 80% discharged in 4 days. In these 
experiments it could actually be observed how the 
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Fig. 7. Rates of self-discharge for positive plates (grid alloy 
No. 9) in 1.250 sp gr acid at 35~ �9 active material alone; 
O single positive plate; �9 single positive plate with separators; 
A positive plate in 3-plate cell. 

Sb was plated on the negative plate causing in- 
creased self-discharge. The separators decrease the 
rate of diffusion of Sb and oxygen toward the nega- 
tive plate and decrease, therefore, negative plate 
self-discharge. 

Figure 15 shows the self-discharge of negative 
plates in 3-plate cells. It is interesting to note (see 
also Fig. 12) that negatives in Sb-free assemblies 
in 3-plate cells have a smaller rate of self-discharge 
than single Sb-free negative plates because of the 
protecting action of the separators against oxygen 
diffusion. Negatives in 3-plate cells with grid alloys 
of high Sb-content  and part icularly alloys of high 
corrodibility (alloy No. 4) show a higher rate of self- 
discharge than single negatives containing the same 
grid alloy because of Sb-transfer  from the positives 
to the negatives, overcoming the benefit due to the 
presence of separators. 

Discussion 

A large series of PbO~ determinations on active 
material  samples after 0, 2, 4, 8, and 16 weeks open- 
circuit stand showed that the sum of the PbSO~ and 
PbO~ percentages never added up to 100%. There 
was always a deficit of 5-10%. This deficit has 
sometimes been called "apparent  PbO." However, 
the oxygen deficit is only partially due to actual 
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Fig. 6. Rates of self-discharge for positive plates (grid alloy 
No. 6) in 1.250 sp gr acid at 35~ �9 active material alone; 
0 single positive plate; �9 single positive plate with separators; 
A positive plate in 3-plate cell. 
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Fig. 8. Self-discharge of positive active material alone as 
a function of the acid gravity. 
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Fig. 9. Rate of self-discharge of positive plates (alloy No. 
6) in sp gr ] .250 H~SO, showing the effect of one cycle fol- 
lowing formation. 

ex i s t ence  of PbO.  I t  m u s t  be  k e p t  in m i n d  t h a t  t he  
l e a d  d iox ide  l a t t i ce  a l w a y s  has  an  o x y g e n  def ic iency  
(19-21) .  The  e l ec t r i c a l  c o n d u c t i v i t y  of l e ad  d iox ide  
is v e r y  h igh ,  a p p r o a c h i n g  t h a t  of m e t a l l i c  c o n d u c -  
tors .  The  o x y g e n  def ic iency  p r o d u c e s  f r ee  e l ec t rons  
a n d  is r e s p o n s i b l e  for  h igh  conduc t i v i t y .  The  con-  
d u c t i v i t y  w o u l d  be  e x p e c t e d  to i n c r e a s e  w i t h  i n -  
c r ea s ing  defici t  in  o x y g e n  (22) .  H o w e v e r ,  K i t t e l ' s  
t h e r m o d e c o m p o s i t i o n  s tud ies  show t h a t  t he  conduc -  
t i v i t y  dec reases  w i t h  i nc r ea s ing  a m o u n t  of miss ing  
oxygen ,  due  to t he  f o r m a t i o n  of a n e w  i n s u l a t i n g  
c o m p o u n d  (23) .  This  n e w  c o m p o u n d  is sub j e c t  to 
f a s t  su l f a t i on  (24) .  I t  is not  e s t ab l i shed ,  h o w e v e r ,  
if  the  s a m e  c o m p o u n d  ex is t s  in i n c o m p l e t e l y  f o r m e d  
pos i t i ve  p la tes .  

In  th is  s t u d y  a l l  the  pos i t i ve  p l a t e s  w e r e  f o r m e d  
u n d e r  e x a c t l y  the  s ame  cond i t ions  ( t e m p e r a t u r e ,  
c u r r e n t  ra te ,  a m o u n t  of  cha rge )  in  o r d e r  to f o r m  t h e  
p l a t e s  to a p p r o x i m a t e l y  t he  s a m e  d e g r e e  of c o m -  
p le teness .  I t  was  o b s e r v e d  t h a t  t he  su l f a t e  on f r e s h l y  
f o r m e d  pos i t i ve  p l a t e s  was  a l w a y s  b e l o w  1%, us ing  
a n y  f o r m a t i o n  p rocedure ,  b u t  t he  a m o u n t  of PbO~ 
v a r i e d  g r e a t l y  w i t h  d i f fe ren t  f o r m a t i o n  p rocedures ,  
f r om 88 to 95%. The  r a t e  of su l f a t i on  of pos i t i ve  
ac t ive  m a t e r i a l  in t he  absence  of gr ids ,  s epa ra to r s ,  
and  n e g a t i v e  p l a t e s  inc reases  s l i g h t l y  w i t h  i n c r e a s -  
ing  ac id  c o n c e n t r a t i o n  (Fig .  8) .  The  fac t  t h a t  t he  
cu rves  do no t  t end  t o w a r d  zero at  sp gr  1.0 sugges t s  
t h a t  t he  su l f a t e  ion is t a k i n g  p a r t  on ly  i n d i r e c t l y  in  

so I 1 I I I I I I 
5 0  - -  - - A  
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4 0  - -  �9 " " 7 J ~  

. . . .  9 ~ 1 0  
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T I M E  (WEEKS)  

Fig. l l. Self-discharge of single negative plates in H~SO4 
sp gr 1.250 at 35~ 

the  reac t ion .  F o r m a t i o n  of p e r s u l f a t e  S~O8 = r e q u i r e s  
a p o t e n t i a l  of +2.01 (25) ,  w h e r e a s  t he  p o t e n t i a l  of 
the  PbSO, /PbO~ coup le  is on ly  1.685 v. P e r s u l f a t e  is 
u n s t a b l e  in su l fu r i c  ac id  and  decomposes  w i t h  fo r -  
m a t i o n  of o x y g e n  and  h y d r o g e n  p e r o x i d e  (26) .  The  
w a t e r - h y d r o g e n  p e r o x i d e  coup le  has  a p o t e n t i a l  
+1 .77  v. H o w e v e r ,  t he  o x y g e n  couple  in  ac id  so lu -  
t ion  (02 + 4H § + 4e ~ 2H20) has  a p o t e n t i a l  of on ly  
+1.229 v. This  shows t ha t  p e r s u l f a t e  and  h y d r o g e n  
p e r o x i d e  wi l l  not  be  f o r m e d  on a pos i t ive  e l ec t rode  
d u r i n g  o p e n - c i r c u i t  s tand ,  and  t h a t  o x y g e n  m u s t  be  
the  r e a c t i o n  p roduc t .  

The  ques t ion  of w h e t h e r  the  o x y g e n  e vo lv ed  in 
the  o v e r - a l l  s e l f - d i s c h a r g e  r e a c t i o n  

PbO~ + 2H + + SO, = = PbSO,  + H~O + 1/20~ [ 1 ]  

comes  f r o m  t h e  H~O in t h e  so lu t ion  or  t he  PbO~ 
could  be  a n s w e r e d  b y  o x y g e n  i so tope  s tudies .  R e -  
ac t ion  [1]  is r e s p o n s i b l e  for  t he  s e l f - d i s c h a r g e  of 
i so l a t ed  pos i t ive  ac t ive  m a t e r i a l ,  and  i ts  speed  can  
be  e v a l u a t e d  f r o m  Fig.  6 and  7 ( the  c u r v e  m a r k e d  
w i t h  the  sol id  t r i a n g l e )  and  f r o m  Fig.  8. The  f ree  
e n e r g y  of r e a c t i o n  [1]  is --21030 cal. 

I t  can  be  s h o w n  t h a t  t he  o x y g e n  con ten t  of t h e  
pos i t ive  ac t ive  m a t e r i a l  is r e l a t e d  to t he  r a t e  of se l f -  
d i scha rge .  F i g u r e  9 shows  a c o m p a r i s o n  of r a t e s  of 

A ALLOY NO. 3 / / 0  

�9 " " 6 

~ 2 0  - -  

2 4 6 8 I0  12 14 16 

T IME ( W E E K S )  

Fig. 10. Influence of the grid alloy on positive plate self- 
discharge in 3-plate cells (1 positive and two negatives) with 
sp gr 1.250 H2SO~. 
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Fig. 12. Self-discharge of a negative plate (grid alloy No. 
6) in H_~SO4 sp gr 1.250 at 35~ O single negative plate; 
�9 negative plate with separators; �9 negative plate in 3-plate 
cell; /k negative plate in H=SO, saturated with oxygen. 
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Fig. 13. Self-discharge of a negative plate (grid array No. 
9) in H~SO4 sp gr 1.2.50 at 35~ O single negative plate; 
�9 negative plate in 3-plate cell; A negative plate in H~S04 
saturated with oxygen. 
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Rate of self-discharge of negative plates in 3-plate 

se l f -d ischarge  be tween two posit ives of ident ica l  
gr id al loy (No. 6) and which were  formed in series, 
but  one p la te  was discharged at the 5=hr ra te  for 
5 hr fol lowing format ion and recharged,  and the 
other  p la te  was not cycled. Both were  left  to self= 
discharge in 1.250 sp gr acid at  35~ with  analysis  
made  at the indicated t ime intervals .  The analysis  
on these p la tes  p r io r  to self=discharge (af te r  farina= 
tion and one cycle for the cycled pla te  and af ter  
format ion for the uncycled p la te )  showed both 
plates  to have less than 0.5% PbSO~, but  the un-  
cycled p la te  ana lyzed  92% PbO2 whereas  the cycled 
pla te  ana lyzed  94% PbO,. Al though these plates  
show a very  low and near ly  ident ical  PbSO, con= 
centration,  the difference in PbO, content  indicates  
a difference in amounts  of "appa ren t  PbO," tha t  is, 
a lack of oxygen. The p la te  wi th  the h igher  pe rcen t -  
age of PbO, was observed to have the lower  ra te  
of self-discharge.  Thus, format ion  of the posit ives 
should be as complete as possible to reduce s tand 
loss. The amount  of "apparen t  PbO" is reduced by 
increasing t empera tu re  dur ing  format ion or by cy= 
cling af ter  formation.  

NEG ALONE 
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Fig. 14. Influence of the separator on self-discharge of 
single negative plates, A no separator, A microporous rubber, 
[ ]  spun glass with inert backing, 0 paper (phenolic-bound), 
in H.2SO, sp gr 1.250 at 35~ The self-discharge rates in 
H2S04 sp gr 1.250 at 35~ dosed with 0.1 g Sb2(S04)~ per 
liter are shown with block symbols. 

i f  the posi t ive active ma te r i a l  is in contact  wi th  a 
lead or lead-ant(mar t ia l  grid, the fol lowing se l f -d is -  
charge reactions occur: 

PbO2 + Pb + 2H~SO,-> 2PbSO~ + 2H~O [2] 

5 PbO2 + 2Sb + 6H~SO,-) ( SbO~ ) ~SO~ + SPbSO, + 6H~O 
[3] 

Reaction [2] corresponds to the discharge react ion 
of a lead acid cell according to the  double sulfat ion 
theory.  Compar ing  Fig. 1 with Fig. 2-4, or Fig. 6 
wi th  Fig. 7 it  can be seen that  react ion [2] is re la -  
t ive ly  slow in the absence of Sb in acid gravi t ies  
above 1.10 and does not contr ibute  much to the 
over -a l l  ra te  of self-discharge.  Reaction [2] in-  
volves a AF of --92, 300 cal and would tend  to p ro -  
ceed spontaneously.  For tuna te ly ,  the e lec t ro ly te  has 
only ve ry  l imi ted  access to the lead meta l  and for-  
mat ion  of lead sulfate passivates  the react ion on the 
exposed areas. With increasing di lut ion of the acid, 
the solubi l i ty  of lead sulfate increases as shown in 
Fig. 16 [da ta  f rom (27)]  and the pass iva t ing  action 
of lead sulfate decreases (28-31).  This s i tuat ion is 
i l lus t ra ted  schemat ica l ly  in Fig. 17. The area  of 
meta l l ic  lead exposed to the  e lect rolyte  is polar ized 
anodical ly  by  the presence of PbO~ to a value  2 v 
more posi t ive than its revers ib le  potent ial .  There-  
fore, the lead would tend to dissolve spontaneously  
under  format ion  of Pb ++ or Pb  .... ions. The dr iv ing  
force for this react ion would even be expected to 
increase wi th  increasing acid g rav i ty  since the po-  
tent ia l  of the posi t ive e lectrode becomes more posi= 
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Fig. 16. Solubility of lead sulfate in sulfuric acid. [Date 
from (28)]. 
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Fig. ] 7. Schematic diagram of the self-discharge process in 
a pore of a positive plate with an antimony-free grid. 

2 SbO / 

///////" SSO~" ~ i ~  

Fig. 18. Schematic diagram of the self-discharge process 
in a pore of a positive plate with an antimonial-lead grid. 

tive at higher acid gravities. This follows from the 
thermodynamics of the PbOJPbSO~ electrode. 

The potential of the cell 

Pt/H~(1 atm)/H~SO4 ( m ) / F b S O J P b O J P t  

has been measured by Hamer (32) and Harned and 
Hamer (33). The electromotive force is given by the 
equation 

0.05916 0.05916 
E = E o f f  log a~H+ • a~o( - -  log a~H~o 

2 2 
or 

0.05916 0.05916 
E = E o + ~ l o g  m ~ + ~ l o g ~ - -  

0.05916 
log - -  a H~O 

2 

where m-- and f •  are the mean molality (m~H* �9 
mso~=) ~j~ and the mean stoichiometric activity coeffi- 
cient, respectively, of the sulfuric acid. At 25~ Eo 
equals 1.685 v. The values for the activity coeffi- 
cients have been determined with fair accuracy by 
others (34-41). 

Delahay, Pourbaix, and Van Rysselberghe (42, 43) 
calculated the potential of the positive electrode 
as follows 

E = 1 . 6 5 5 -  0.0886 pH + 0.0295 log aH~o,- 
and 

E = 1.712 ~ 0.1182 pH + 0.0295 log aso~-- 

The potential of the positive electrode increases, 

g - 2 4 L  - -  

-2 - -  

- s .2  E I ~ F  ] - -  

1.30 1.25 1.20 1.15 I. I0 1.05 1.00 

SPECIFIC GRAVITY 

Fig. 19. Solubility of antimony sulfates in sulfuric acid 

therefore, with increasing acid gravity. Nevertheless, 
the rate of self-discharge (anodic dissolution of Pb 
at the exposed areas) decreases with increasing acid 
concentration, due to increased passivation. 

Figure 18 illustrates schematically how, in a plate 
with an antimonial-lead grid, the Sb may enter 
into the self-discharge reaction with the positive 
active material  to form (SbO)~SO, and (SbO~)~SO, 
which are more soluble than PbSO4. This greater 
solubility of the Sb corrosion products creates holes 
or pores in the passivating layer of PbSO~ and per-  
mits the self-discharge reaction between the Pb 
metal of the grid and the active material  to con- 
tinue. Figures 2 to 4 show that self-discharge in 
antimonial positives increases with increasing acid 
gravity up to a gravity of 1.1, then decreases with 
increasing acid gravity. This behavior can be ex- 
plained by the relative solubilities of PbSO~ and 
(SbO~)~SO~. 

Figure 19 shows the solubility of SbO + -t- HSbO~ -t- 
Sb(OH)~- (total amount  of tr ivalent Sb) and of 
SbO;  + Sb (OH),- (total amount of pentavalent Sb) 
as a function of acid gravity at 25~ The data for 
trivalent Sb have been obtained in this laboratory. 
The values plotted for pentavalent  Sb have been 
calculated from Ref. (44). For the acid gravity 
range used in storage batteries the solubility of both 
tri- and pentavalent Sb increases with increasing 
acid gravity. This opposite effect in the passivating 
action between the corrosion products of Pb and Sb 
leads to the maximum observed in Fig. 2-4. At high 
acid gravities, protection is due to PbSO4; at low 
acid gravities protection is due to corrosion products 
of Sb. The potential-pH diagram (44) shows that  
pentavalent  Sb will be formed preferably in the 
corrosion self-discharge process in positive plates. 

The amount  of self-discharge due to reactions 
[2] or [3] can be evaluated from the plots shown in 
Fig. 6 and 7. For positive plates without Sb in the 
grid alloy, the superposition of reaction [1] and [2] 
leads to the sulfate figures shown with the curves of 
Fig. 1 and with the curve marked with the open 
circle in Fig. 6. 

From Fig. 6 and 7 it can be concluded that  the 
reaction 

PbO~ + (oxidizable material  from separators) + 
H~SO~ = PbSO4 + (oxidized material) [4] 

is responsible for a slight amount  of positive self- 
discharge. The self-discharge of the positive plates 
can be reduced by using separators most resistant to 
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oxidation. The reaction can be minimized by re-  
ducing the contact area between separators and 
positive plates and by the use of a small number  of 
relatively thick plates. 

In 3-plate cells, positive plate self-discharge is 
practically the same as with single positive plates 
in contact with separators. The very  small differ- 
ence could be due to the presence of negative plates. 
These evolve hydrogen on open circuit which could 
diffuse toward the positive plates and reduce the 
active material, according to the equation 

PbO~ + H~ + H~SO,-~ PbSO4 + 2H~O [5] 

The electrochemical oxidation of hydrogen on 
PbO~ is, however, reaction controlled and extremely 
small. The solubility of hydrogen in H~SO, solutions 
is quite low and decreases with increasing acid con- 
centration (45). The rate of the oxidation of hydro-  
gen has been studied recently by Frumkin  (46, 47), 
on plat inum electrodes. Similar studies for lead 
dioxide electrodes in this laboratory indicate that 
hydrogen is reduced at practically immeasurably 
small rates on these electrodes. The adsorption of 
SO, ions on the PbO~ electrode probably inhibits 
the reaction. 

The rate of self-discharge of single negative 
plates in the absence of separators and positive 
plates is of the same order of magnitude as the rate 
of self-discharge of positive plates. Ant imony pres- 
ent in the grids of the negative plates accelerates 
the rate of self-discharge. However, the increase in 
self-discharge due to Sb in the negative grids is 
smaller than expected and only becomes important  
for high Sb concentrations. The self-discharge re-  
action 

Pb + H~SO,--> PbSO, + H~ [6] 

is catalyzed by the presence of Sb which has a much 
lower hydrogen overvoltage than Pb. This fact is 
especially evident from Fig. 14 which also shows 
that  microporous rubber  is the best separator for 
low self-discharge batteries. The rate of diffusion 
of Sb toward the negative plate is decreased in the 
presence of separators. The presence of the sepa- 
rators also decreases the rate of negative plate self- 
discharge in the absence of Sb. This is due to an in- 
hibition of the diffusion of oxygen toward the nega- 
tive plates. Oxygen discharges the negative plates 
according to the reaction: 

Pb + ~O~ + H~SO, ~ PbSO, + H~O [7] 

This reaction is diffusion controlled since the elec- 
trochemical reduction of oxygen at the potential of 
the negative electrode (--0.356 v) is quite fast 
(48-53). This is also evident from the curves with 
the open triangles in Fig. 12 and 13. 

The solubility of oxygen in H,SO~ solutions de- 
creases slightly with increasing acid concentration 
(45). Nevertheless, the self-discharge of the nega- 
tive plates normally increases with increasing acid 
concentration due to reaction [6]. 

The electromotive force of the cell 

Pt/H~ (1 atm)/H~SO, ( m ) / P b S O J P b / P t  

is given by 
0.05916 

E ~ Eo - -  log a�89 aso,-- 
2 

o r  

0.05916 0.05916 
E----Eo - - l o g m ~ - -  + - -  logf~--+ 

2 2 

The potential of the Pb/PbSO4 electrode can be 
expressed by 

E z - - 0 . 3 0 0  -- 0.0295 pH -- 0.0295 log a~so4-- 
and 

E = --0.356 -- 0.0295 log aso,- 

This leads to the conclusion that the potential of 
the Pb/PbSO,  electrode is practically independent 
of pH (31, 42). 

The self-discharge of negative plates in 3-plate 
cells is higher than that of single negative plates 
covered with separators, even if the positive plate 
has an Sb-free grid alloy. This could be due to 
oxygen released from the positive plates according 
to reaction [1] and subsequent reduction of this 
oxygen according to reaction [7]. 

Tests with full size starter batteries with lead 
antimonial grids have shown that the Sb concen- 
tration in the negative active material  increases 
f rom 0.003% to 0.012% during standard container 
formation. A further  transfer of Sb takes place dur-  
ing open-circuit  stand. The concentration of Sb in 
the positive active material  increases from 0.002% 
to 0.10% during formation, whereas the concentra- 
tion of Sb in the formation electrolyte never rises 
above 0.004 g/1. Similar conclusions have been 
reached recently by experiments with radioactive 
tracer techniques (54). 

From the analysis given in the present paper it 
can be concluded that seven different self-discharge 
reactions take place in a lead-acid battery. The rate 
of each reaction can be determined separately. 
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The Reduction of Passive Films by Hydrogen Diffusion through Steel 
R. T. Davis, Jr., and T. J. Butler 

Applied Research Laboratory, U. S. Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

An expe r imen ta l  technique is descr ibed where in  the diffusion of hydrogen  
th rough  a s teel  specimen is fo l lowed by  e lec t rode-poten t ia l  measurements .  
In  this technique,  one surface of the specimen is exposed to acid and the other  
surface to a sodium d ichromate  solution. As the  hydrogen  produced  by  acid 
a t tack  at  the steel  surface diffuses to the other  surface, the  potent ia l  of the 
surface in contact  wi th  the Na~Cr207 solut ion changes wi th  time, and changes 
of potent ia l  ranging  f rom 300 mv to 900 mv are  observed.  I t  is be l ieved tha t  
the  observed potent ia l  changes resul t  f rom the reduct ion of the d ichromate -  
produced passive film by diffused hydrogen.  The effect of var ia t ions  in steel  
composit ion and thickness,  acid composit ion and concentrat ion,  and sodium 
dichromate  concentra t ion on the phenomenon is repor ted.  

I t  is g e n e r a l l y  r e cogn i zed  t h a t  s tee l  is u s u a l l y  
p e r m e a b l e  to h y d r o g e n  u n d e r  cond i t ions  f a v o r a b l e  
to t he  f o r m a t i o n  of a tomic  h y d r o g e n  (1) ,  i.e., h i g h  
t e m p e r a t u r e ,  ac id  corros ion ,  or  ca thod ic  charg ing .  
W h e n  co r ros ion  occurs  on a l l  su r faces  of a s tee l  
spec imen ,  t he  m e t a l  e v e n t u a l l y  becomes  s a t u r a t e d  
w i t h  h y d r o g e n .  W h e n  on ly  one su r f ace  is e x p o s e d  to 
t h e  c o r r o d i n g  acid,  h y d r o g e n  diffuses  t h r o u g h  the  

s p e c i m e n  and  is l i b e r a t e d  a t  t he  u n e x p o s e d  m e t a l  
sur faces .  A n u m b e r  of m e t h o d s  h a v e  been  used  b y  
va r i ous  w o r k e r s  to d e t e r m i n e  the  q u a n t i t y  of h y -  
d r o g e n  d i s so lved  in s tee l  spec imens ,  viz.,  degas s ing  
t echn iques  (2, 3) a n d  v a c u u m  fus ion  (4, 5) .  The  
p e r m e a b i l i t y  of h y d r o g e n  in s tee l  has  been  in -  
v e s t i g a t e d  b y  g a s - s o l u b i l i t y  (2)  and  gas -d i f fus ion  
m e a s u r e m e n t s  (6, 7) .  
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Table I. Composition of various steels used in hydrogen diffusion studies 

S p e c i m e n  
desig~ Com pos i t i on ,  pe r  cen t  
n a t i o n  C M n  P S Si  Cu As  N Ni  Cr  NIo A1 

A t  0.071 0.38 0.009 0.036 0.001 0.014 0.011 0.002 * * * * 
B 0.076 0.38 0.010 0.036 0.001 0.010 0.010 0.009 * * * * 
C 0.050 0.28 0.005 0.028 0.001 0.046 0.009 0.003 * * * * 
D 0.074 0.30 0.005 0.036 0.001 0.038 0.013 0.004 * * * * 
S 0.088 0.49 0.006 0.023 0.002 0.055 0.010 0.002 * * * * 
F 0.100 0.34 0.006 0.040 0.001 0.073 0.015 0.004 * * * * 

H-1115 0.21 0.82 0.013 0.026 0.032 0.10 0.002 * 0.03 0.036 0.009 0.006 
H-1234 0.20 0.72 0.009 0.023 0.063 0.042 0.006 * 0.03 0.022 0.018 0.006 

* Not  r epor t ed .  

t P a i r s  A,  B;  C, D;  a n d  S, F w e r e  f r o m  t h e  s a m e  h e a t s  of  s tee l ;  m e m b e r s  of  each  p a i r  w e r e  p rocessed  i n  a s l i g h t l y  d i f f e r en t  m a n n e r .  
T h e  three  sets  of  pa i r s  w e r e  o b t a i n e d  f r o m  t h r e e  d i f ferent  C o r p o r a t i o n  mi l l s .  

Severa l  years  ago, d u r i n g  s tudies  of acid corrosion 
of steel  and  h y d r o g e n  diffusion in to  and  t h r o u g h  
steel, i t  was  observed  tha t  the  po t en t i a l  of the  s u r -  
face of a steel p la te  exposed to a s o d i u m - d i c h r o m a t e  
so lu t ion  changed  f rom a cathodic (pass ive)  p o t e n -  
t ia l  to an  anodic  (ac t ive)  po ten t i a l  w h e n  the  o ther  
surface of the  p la te  was  exposed to a corrosive 
med ium.  F r o m  this  we concluded tha t  the h y d r o g e n  
which  diffused t h rough  the  p l a t e  a p p a r e n t l y  r e -  
duced the  passive surface  fo rmed  by  reac t ion  w i t h  
the d i ch roma te  solut ion.  Because this  p h e n o m e n o n  
appeared  to be a usefu l  me thod  for  s t u d y i n g  h y d r o -  
gen diffusion and  pass ive  films, f u r t h e r  research  
work  was u n d e r t a k e n .  We are r epo r t i ng  here  the  
resul t s  of s tudies  on the  effect of va r i a t ions  in  (a) 
steel  composi t ion  and  thickness,  (b)  the  n a t u r e  a n d  
concen t r a t i on  of the  cor roding  med ium,  an d  (c) 
pass iva t ing  condit ions,  on the  t i m e - p o t e n t i a l  phe -  
n o m e n o n .  

Severa l  worke r s  have  s tudied  the  reac t ion  of d i f -  
fused h y d r o g e n  wi th  var ious  l iqu id  subs tances  or 
solut ions  (8-10)  and  have  m e a s u r e d  the  po ten t i a l  
of the exi t  surface  exposed to va r ious  solut ions  
(11, 12). However ,  un t i l  recent ly ,  on ly  Uhl ig  
(13,14) had  descr ibed  this  p h e n o m e n o n .  He  used  
the p h e n o m e n o n  as a means  of s t udy ing  pass iva t ion  
react ions  w i th  i r o n - c h r o m i u m  al loy surfaces and  
was not  p a r t i c u l a r l y  in te res ted  in  s t udy ing  h y d r o -  
gen diffusion. Recent ly ,  Amio t  (15) s tudied  this  
p h e n o m e n o n  and  repor ted  resul ts  somewha t  s imi la r  
to bu t  no t  as complete  as those repor ted  here.  

MICROMAX 
i ~  RECORDER 

I 
SATURATED ~ - SATURATED 
CA LOMEL / CALOM EL 
ELECTRODE ELECTRODE 

PLATE 

"WAX SEAL / ~"-STEEL SAMPLE 
Fig. 1. Diffusion cells 

Experimental 
Steel.--One set of spec imens  consis ted of samples  

of t i n - p l a t e - g a u g e  steel ( a p p r o x i m a t e l y  0.25 m m  
th ick)  tha t  had  been  ob ta ined  f rom severa l  d i f ferent  
sources. The o ther  set of spec imens  consisted of 
samples  of l o w - c a r b o n  steel  (AISI  C1020) t ha t  had  
been  m a c h i n e d  to va r ious  th icknesses  r a n g i n g  f rom 
2.54 m m  to 25.4 mm.  The chemical  composi t ions  of 
the  steel  spec imens  are  shown  in  Table  I. The t i n -  
p la te  steels had  been  box annea led .  The  pr ior  proc-  
essing h is tory  of the  AISI  C1020 steels is no t  known .  
F r o m  an  e x a m i n a t i o n  of the  m i c r o s t r u c t u r e  of 
Sample  H-1235 it  is be l ieved  to have  been  annea led .  

Solution.--All solut ions  were  p r epa red  f rom re -  
a g e n t - g r a d e  chemicals  dissolved in  dis t i l led  water .  
Unless  o therwise  specified, the  cor rod ing  acid was  
2N H~SO,, and  the  pas s iva t ing  so lu t ion  was  0.05M 
Na2Cr2OT. Acid solut ions  con t a in ing  a sulfite p ro -  
mo te r  were  0.01M Na2SO~ in  2N H~SO,, a nd  were  
f resh ly  m a d e  pr ior  to use. 

Instrumentation.--All m e a s u r e m e n t s  of po ten t i a l  
were  made  r e l a t ive  to the  s a tu ra t ed  calomel  elec- 
t rode (Leeds & N o r t h r u p  Model  1199-31).  The e lec -  
t rode  potent ia l s  were  recorded e i ther  on a s i x -po in t  
L&N Mic romax  Recorder  tha t  records the po in ts  at  
l - r a i n  in te rva ls ,  or on a L&N Speedomax  Recorder  
h a v i n g  a s t r ip  speed of 10 i n . / m i n .  

Cell construction.--Figure 1 shows a d i a g r a m -  
mat ic  ske tch  of the cells in  which  the  po ten t ia l s  
were  measured .  The glass cells were  m a d e  of 28 
m m  (OD) tub ing ,  and  each cell he ld  abou t  30 cc. 
The  steel  samples  were  affixed to the  cell  by  a w a x  
seal (beeswax  a nd  ros in  m i x t u r e ) .  The steel acted 
as one electrode.  S a t u r a t e d  calomel  re fe rence  elec-  
t rodes were  inse r t ed  in to  the  necks  of e i ther  or 
both  of the  cells. 

Method of measurement--The cell u n i t  was  as-  
sembled  as shown  in  Fig. 1. Sod ium d ich roma te  so- 
lu t ion  was poured  into one of the  cell compar tmen t s ,  
the ca lomel  e lectrode was inse r t ed  into the  solut ion,  
and  the  whole  u n i t  was p laced  in  a c o n s t a n t - t e m -  
p e r a t u r e  oven  m a i n t a i n e d  at  40~ The  po t en t i a l  of 
the steel surface  exposed to the  d i ch roma te  so lu t ion  
was  recorded as a f unc t i on  of t ime. W h e n  this  po-  
t en t i a l  became constant ,  u s u a l l y  af ter  severa l  hours,  
acid was poured  in to  the other  cell, a nd  the  meas -  
u r e m e n t  of the  po ten t i a l  in  the d i ch roma te  cell was 
cont inued .  In  some exper iments ,  the  po ten t i a l  of the  
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Fig. 2. Typicol t ime-potential relation 

su r f ace  e x p o s e d  to t he  ac id  was  also r e c o r d e d  as a 
func t ion  of t ime .  

General Description of the Phenomenon 
The in i t i a l  p o t e n t i a l  of  t he  s tee l  su r f ace  e x p o s e d  

to the  d i c h r o m a t e  p a s s i v a t i n g  so lu t ion  is ca thod ic  1 
(Fig .  2).  W i t h  c o n t i n u e d  e x p o s u r e  to t he  p a s s i v a t -  
ing  solut ion,  t he  s tee l  su r f ace  becomes  m o r e  ca -  
thod ic  and  f inal ly ,  a f t e r  s e v e r a l  hours ,  exposure ,  
r eaches  a ca thod ic  p o t e n t i a l  of s e v e r a l  h u n d r e d  
mi l l ivo l t s .  Upon  a d d i t i o n  of ac id  to the  a d j a c e n t  
cell,  t he  p o t e n t i a l  of t he  pa s s ive  su r f ace  r e m a i n s  
cons t an t  for  a t ime  a n d  t h e n  changes  r a p i d l y  in  t h e  
anodic  d i rec t ion .  A f t e r  a f ew  hours ,  t he  p o t e n t i a l  
of  the  pa s s ive  su r f ace  becomes  s e v e r a l  h u n d r e d  
m i l l i v o l t s  anodic ,  a p p r o a c h i n g  in some  in s t ances  a 
p o t e n t i a l  a p p r o x i m a t i n g  t h a t  of t h e  n o r m a l  h y d r o -  
gen o v e r v o l t a g e  on s teel2 The  p o t e n t i a l  of the  s u r -  
face  e x p o s e d  to ac id  does  no t  change  a p p r e c i a b l y  
w i t h  t ime.  

1 A l l  p o t e n t i a l  d e s i g n a t i o n s  in  t h i s  p a p e r  are w i t h  respec t  to  t he  
s a t u r a t e d  ca lome l  e lec t rode.  

" N o r m a l  h y d r o g e n  o v e r v o l t a g e  on  s t ee l "  as u sed  i n  th i s  p a p e r  is  
t h e  p o t e n t i a l  a p p r o x i m a t i n g  t h a t  o b s e r v e d  w h e n  s tee l  cor rodes  i n  a n  
acid so lu t ion .  See, f o r  example ,  F ig .  2. 
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> 200 
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| 
5000 tO 20 30 I I I I ~ 
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Fig. 3. Time-potential plots for two steels of some nominal 
composition (AISI C1020). 

Table II. Time-lag values for tin-plate steels 

Stee l  T h i c k n e s s  (ram) T ime- lag ,*  s e c  

A 0.235 9.6 
B 0.237 9.7 
C 0.238 10.3 
D 0.240 13.7 
S 0.256 7.5 
F 0.248 18.5 
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* C h a r g i n g  m e d i u m  2N H~O4.  D e t e c t i n g  m e d i u m  0.05M Na2Cr20~. 

The  r eac t ions  t a k i n g  p a r t  in t h e  p h e n o m e n a  d e -  
s c r ibed  a b o v e  a re  u n d o u b t e d l y  complex .  Ac id  a t -  
t a c k  on the  n o n p a s s i v a t e d  s ide  p r o d u c e s  h y d r o g e n ,  
some of w h i c h  r e m a i n s  a tomic  in  c h a r a c t e r  a n d  
diffuses t h r o u g h  to t he  p a s s i v a t e d  side.  H e r e  two  
r eac t i ons  a r e  poss ib le :  r e d u c t i o n  of the  p a s s i v a t i n g  
f i lm on the  m e t a l  su r face  b y  t h e  d i f fused  h y d r o g e n ,  
w i t h  a consequen t  change  in  su r f a c e  p o t e n t i a l  

I t  d i f f u s e d  

F e  ( p a s s i v e )  ) F e  ( a c t i v e )  [1]  

or  r e c o m b i n a t i o n  of the  d i f fused  h y d r o g e n  to fo rm 
gaseous  m o l e c u l a r  h y d r o g e n  

2H . . . . . . . .  ~ H (gas )  [2]  

T h e r e  is r e a son  to be l i e ve  t ha t  r e a c t i o n  [1 ] does  oc-  
cur  (see l a t e r ) .  Uh l ig  (13) i n t e r p r e t e d  the  p o t e n t i a l  
change  as a r e s u l t  of an  i nc rea se  in t h e r m o d y n a m i c  
" a c t i v i t y "  of the  i ron  and  c h r o m i u m  c o m p o n e n t s  of 
his  a l loys  caused  b y  the  p r e s e n c e  of t he  d i f fused  h y -  
d r o g e n  in the  l a t t i ce  sys tem.  W e  do not  b e l i e v e  t h a t  
th is  is as log ica l  an  e x p l a n a t i o n  as  the  one w e  p r o -  
posed,  w h i c h  is in  a g r e e m e n t  w i t h  t he  sugges t ion  
m a d e  b y  H o a r  in  a d i scuss ion  of U h l ig ' s  w o r k  (13) .  
This  p h e n o m e n o n  is a f fec ted  b y  v a r i a t i o n s  in  e x -  
p e r i m e n t a l  cond i t ions  in  t he  fo l lowing  m a n n e r .  

Effect  of  Steel Composit ion 

F i g u r e  3 ~ p r e s e n t s  t he  r e su l t s  of m e a s u r e m e n t s  
m a d e  u n d e r  u n i f o r m  cond i t ions  for  two  d i f fe ren t  
s tee l  spec imens  of the  s ame  n o m i n a l  s tee l  t y p e  
( A I S I  C1020) bu t  of s l i g h t l y  d i f fe ren t  c h e m i c a l  
compos i t ion .  I t  is o b s e r v e d  t h a t  t he  t i m e - l a g  ( t i m e  
e l aps ing  b e t w e e n  in i t i a t i on  of co r ros ive  a t t a c k  and  
the  b r e a k  in the  t i m e - p o t e n t i a l  c u r v e )  is g r e a t e r  
for  one s tee l  t h a n  for  t he  o t h e r  steel ,  and  also t ha t  
t he  s lope  is m u c h  g r e a t e r  for  one  s tee l  t h a n  for  t h e  
o ther .  T h e r e  is also a d i f fe rence  in the  i n i t i a l  c a -  
thod ic  pas s ive  po t en t i a l ;  h o w e v e r ,  th is  d i f fe rence  
does no t  a p p e a r  to affect  t he  t i m e - l a g  of t he  s tee l  
and  a p p a r e n t l y  is r e l a t e d  to n o n u n i f o r m  su r f ace  
p r e p a r a t i o n s .  

F i g u r e  4 p r e s e n t s  the  r e su l t s  of m e a s u r e m e n t s  
m a d e  on s ix  d i f fe ren t  t i n - p l a t e - g a u g e  s tee l  samples .  
H e r e  the  t i m e - l a g  is so sho r t  ( a b o u t  15 sec) t h a t  i t  
does  no t  a p p e a r  in t he  f igure.  H o w e v e r ,  t he  t i m e -  
lags  h a v e  been  d e t e r m i n e d  b y  us ing  the  S p e e d o m a x  
r eco rde r ,  and  t h e y  a r e  p r e s e n t e d  in T a b l e  II. A p -  
p a r e n t l y ,  the  n a t u r e  of t he  s tee l  s ign i f i can t ly  affects  
the  shape  of  t he  t i m e - p o t e n t i a l  cu rves  a n d  t h e  t i m e -  
l ag  va lue .  

U n l e s s  o t h e r w i s e  ind ica ted ,  t he  zero  of t he  t i m e  scale  on a l l  
f igures  re fe r s  to  the  t i m e  a t  w h i c h  ac id  was  a d d e d  to  t he  cell.  
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Fig. 4. Time-potential relation for tin-plate steels 

I t  has  no t  been  poss ib le  to d e t e r m i n e  w h i c h  fac -  
tors,  w i t h  r e spec t  to s tee l  compos i t i on  or  p roces s ing  
h i s to ry ,  inf luence  these  resu l t s .  H o w e v e r ,  t h e r e  a r e  
s e v e r a l  w a y s  in  w h i c h  v a r i a t i o n s  in s tee l  compos i -  
t ion could  effect the  p h e n o m e n a .  F o r  e x a m p l e ,  t he  
c h e m i s t r y  of the  s tee l  can  inf luence  the  r a t e  of  co r -  
ros ion  a t t a c k  and  thus  i nc rea se  or  dec rea se  t he  r a t e  
a t  w h i c h  h y d r o g e n  is r e d u c e d  at  the  sur face .  M o r e -  
over ,  t he  p re sence  of c e r t a i n  a l l o y i n g  e l e m e n t s  or  
m e t a l  i m p u r i t i e s  a t  t he  su r face  can  c a t a l y z e  or  
poison  the  r e c o m b i n a t i o n  or  s u r f a c e - d i f f u s i o n  r e a c -  
t ions  and  thus  inf luence  the  r a t i o  of h y d r o g e n  d i f -  
fused  to gaseous  h y d r o g e n  r e l e a s e d  (e f fused)  a t  t he  
surface .  S e p a r a t e  s tud ies  of th is  r a t i o  wi l l  be  m a d e  
at  a l a t e r  d a t e  to he lp  c l a r i f y  th is  poin t .  

I t  is a lso poss ib le  t ha t  v a r i a t i o n s  in t he  s tee l  c o m -  
pos i t i on  or  d e g r e e  of m e c h a n i c a l  w o r k  inf luence  the  
r a t e  of h y d r o g e n  diffusion,  a n d  indeed ,  th is  has  been  
r e p o r t e d  (2 ) .  L ikewise ,  v a r i a t i o n s  in s tee l  c o m p o s i -  
t ion  m a y  affect  t he  p a s s i v a t i o n  r e a c t i o n  in t he  d i -  
c h r o m a t e  so lu t ion  and  the  r e d u c t i o n  of t he  pas s ive  
f i lm a t  t he  d i c h r o m a t e - s t e e l  sur face .  

Effect  of S teel  Thickness  

The  effect  of s tee l  t h i ckness  was  i n v e s t i g a t e d  w i t h  
two  d i f f e ren t  s tee ls  and  w i t h  t h i ckness  v a r i a t i o n s  
r a n g i n g  f r o m  2.5 m m  to 25.4 mm.  F i g u r e  5 shows  
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Fig. 5. Effect of sample thickness on time-potential relation 
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Fig. 6. Plot of thickness vs. time-lag 

t ha t  as the  t h i ckness  (d)  of the  s tee l  i nc reases  t he  
t i m e - l a g  increases .  A p lo t  of the  l o g a r i t h m  of the  
t i m e - l a g  vs. t he  l o g a r i t h m  of t h i ckness  for  t he  two  
s tee ls  i n v e s t i g a t e d  is shown  in Fig.  6, w h e r e  a 
s t r a i g h t - l i n e  r e l a t i o n s h i p  is obse rved .  The  l ines  for  
the  two  s teels  a r e  p a r a l l e l  and  have  a s lope of  a p -  
p r o x i m a t e l y  2.10. If  the  t i m e - l a g  d a t a  a r e  p lo t t ed  
a ga in s t  t he  squa re  of th ickness ,  t vs. d ~, t he  d e v i a -  
t ion  f rom l i n e a r i t y  at  t he  s m a l l e r  t h i cknes se s  can -  
no t  be  de tec ted .  H o w e v e r ,  c a l cu l a t i on  of k of the  
e q u a t i o n  t ~ kd ~ for  the  v a r i o u s  sets  of  t i m e - l a g - -  
t h i ckness  d a t a  shows  t h a t  t he  k is not  a t r u e  con-  
s t an t  (see  Tab le  I I I ) .  

I t  was  also o b s e r v e d  (Fig .  5) t h a t  the  i n i t i a l  s lope  
of  the  t i m e - p o t e n t i a l  c u r v e  d e c r e a s e d  w i t h  i n c r e a s -  
ing  spec imen  th ickness .  A p lo t  of log ( d E ) / ( d t )  vs. 
log d is shown  in Fig.  7. The  l ines  for  the  two  s tee ls  
a r e  n e a r l y  p a r a l l e l  and  h a v e  a s lope  of a p p r o x i -  
m a t e l y  --1.8. 

These  d a t a  i nd i ca t e  t h a t  the  t i m e - l a g  is r e l a t e d  
to the  t h i ckness  of the  s teel  b y  the  r e l a t i o n  t ~- kd  .... 
(see  Tab le  I I I ) .  I f  i t  is a s s u m e d  tha t  t he  t i m e - l a g  
is a m e a s u r e  of  t he  t ime  r e q u i r e d  for  h y d r o g e n  to 
dif fuse  t h r o u g h  the  s p e c i m e n  and  a p p e a r  a t  t he  
s t e e l - d i c h r o m a t e  surface ,  t h e n  these  r e su l t s  a r e  in 
accord  w i t h  c lass ica l  d i f fus ion  theo ry ,  w h i c h  w o u l d  
p r e d i c t  t ha t  the  t i m e  shou ld  be  p r o p o r t i o n a l  to t h e  
t h i ckness  squa red .  W h e t h e r  the  d i f fe rence  b e t w e e n  
the  o b s e r v e d  e x p o n e n t  2.10 and  the  t h e o r e t i c a l  e x -  
p o n e n t  of 2.00 is r e a l  or  due  to e x p e r i m e n t a l  e r r o r  is 

Table III. Time-lag vs. thickness for steel samples 
H-1115 and H-1235 

t t 
T h i c k n e s s ,  d T i m e  l a g ,  t k t  = - -  k s  = - -  

( r a m )  ( m i n )  d~  d 2.1 

Sample H-115 
3.22 27 2.60 2.31 
6.32 113 2.83 2.35 

12.60 492 3.12 2.34 
25.3 2100 3.29 2.35 

Sample H- 1235 
2.66 14 1.97 1.80 
5.08 53 2.03 1.74 

10.2 228 2.19 1.74 
12.7 350 2.19 1.68 
15.2 536 2.32 1.77 
20.7 961 2.23 1.72 
25.2 1527 2.41 1.72 
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Fig. 7. Plot of thickness vs. AE/At  

not known. Indeed, it  is l ike ly  tha t  the t ime- l ag  
does not  correspond to the  t ime requi red  for  the  ap-  
pearance  of the hydrogen  but  perhaps  to the t ime 
requi red  for the ra te  of hydrogen  a r r iva l  at the 
surface to reach a cer ta in  value.  

If the  change in potent ia l  • is assumed to be 
propor t ional  to the quanti ty,  Q, of hydrogen  which 
has diffused through the steel plate,  then AE/At 
should be propor t iona l  to dQ/dt.  However,  classical 
diffusion theory  predicts  dQ/dt  to be inverse ly  p ro-  
por t ional  to the thickness,  d, of the membrane  or 
thus, by analogy, ~E/~t  should be propor t iona l  to 
d -1 ra the r  than  d -1~ as found exper imenta l ly .  Ap-  
pa ren t ly  AE/At is not propor t iona l  to the quan t i ty  
of hydrogen  passed through the steel, a re la t ion 
which is perhaps  too simple to have expected any-  
way. Thus, there  is no explana t ion  at this t ime for 
the AE/At : kd -1"~ relat ionship.  

Ef]ect of Acid Variations 

The effect of var ia t ions  in sulfuric  acid concen- 
t ra t ion  is shown in Fig. 8. Note tha t  a 1000-fold 
change in acid concentrat ion m a r k e d l y  influences 
the shape of the t ime-po ten t i a l  curves. As the acid 
concentra t ion decreases, the t ime- lag  increases, and 
• also decreases sl ightly.  This is in agreement  
wi th  the concept tha t  at  lower  acid concentrat ions 
the ra te  of steel  corrosion, and consequent ly  the 
ra te  of hydrogen  diffusion, decreases.  

Other  inves t igators  have shown tha t  the addi t ion 
of cer ta in  compounds to the acid solution increases 
the ra te  at  which hydrogen  enters  steel (2, 14). One 
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Fig. 8. Effect of variation of charging acid (H~S04) concen- 
trotion on t ime-potential relation. 
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such compound is sodium sulfite. The effect of its 
addi t ion to the corroding acid on the t ime-po ten t i a l  
curve is shown in Fig. 9. The addi t ion g rea t ly  de-  
creases the t ime- l ag  and increases hE/At. Pre l imi -  
na ry  corrosion ra te  studies indicate  tha t  the pres-  
ence of the sulfite increases the corrosion rate,  but  
the change in t ime- l ag  with  sulfite addi t ion is not 
necessar i ly  propor t iona l  to the change in corrosion 
rate.  

The effect of using citric acid instead of sulfuric 
acid as the corroding medium is shown in Fig. 10 for 
the case of solutions of equal  pH (1.29). Al though 
the t ime-po ten t i a l  curves are s imi lar  when recorded 
over several  hours, the t ime- l ag  for the sulfuric 
acid exper iment  is considerably  shor ter  than  for the 
citric acid exper iment  (19.0 vs. 27.2 sec) and the 
corrosion ra te  wi th  sulfuric  acid is a lmost  three  
t imes grea ter  than  with  citric acid. 

Effect of Variations in Passivating Solution 

Figure  11 i l lus t ra tes  the changes tha t  occurred 
when the concentrat ion of the d ichromate  solution 

0 zo 4o 6o 80 ~00 120 140 
TbME, minute |  

Fig. 10. Effect of variat ion in acid composition (H~SO~ vs. 
citric) at equal pH on t ime-potential relation. 
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concentration on time-potentiof relotion. 

was  v a r i e d  f r o m  0.01M to 1.18M. As  the  c o n c e n t r a -  
t ion  of s o d i u m  d i c h r o m a t e  increases ,  t he  i n i t i a l  
AE/At decreases ;  h o w e v e r ,  t he  t i m e - l a g  r e m a i n s  
r e l a t i v e l y  cons tan t .  

In  a d d i t i o n  to t he  use  of sod ium d i c h r o m a t e  as a 
p a s s i v a t i n g  solut ion,  e x p e r i m e n t s  a r e  u n d e r  w a y  in 
w h i c h  c o n c e n t r a t e d  n i t r i c  acid,  m e r c u r o u s  n i t r a t e ,  
and  s o d i u m  h y d r o x i d e  so lu t ions  a r e  used  as p a s s i -  
r a t i n g  agen t s ;  h o w e v e r ,  these  e x p e r i m e n t s  a r e  not  
c o m p l e t e  a n d  w i l l  be  r e p o r t e d  a t  a l a t e r  t ime.  

General Discussion 

On t h e  bas is  of t he  r e su l t s  d e s c r i b e d  above ,  w e  
be l i eve  t h a t  t he  e l ec t rode  p o t e n t i a l  of t he  s tee l  s u r -  
face  e x p o s e d  to the  d i c h r o m a t e  so lu t ion  is c h a n g i n g  
because  of a su r f ace  reac t ion .  The  p o t e n t i a l  change  
does no t  a p p e a r  to be  r e l a t e d  to t he  i nc rea se  in d i s -  
so lved  h y d r o g e n  in t he  m e t a l  l a t t i c e  or  to d i f fus ion 
t h r o u g h  the  la t t i ce .  

This  su r face  r e a c t i o n  a p p e a r s  to be  t he  r e d u c t i o n  
of t he  pa s s ive  i r o n - o x i d e  film. W h e n  this  r e a c t i o n  
occurs  even  to a s l igh t  ex ten t ,  t he  su r f ace  can  con-  
s is t  of t h r e e  t y p e s  of  a reas :  t h e  pa s s ive  i r o n - o x i d e  
area ,  a r e d u c e d - i r o n  area ,  and  a r e d u c e d - i r o n  a r e a  
c o n c e n t r a t i o n - p o l a r i z e d  b y  a gaseous  h y d r o g e n  film. 
Thus,  t h e  e l e c t r o d e  p o t e n t i a l  of t h e  su r f ace  is no 
l o n g e r  t h a t  of the  p a s s i v e  i r on  oxide .  As  t i m e  p r o -  
ceeds,  t he  r e d u c e d - i r o n  a r e a  t ends  to inc rease ;  h o w -  
ever ,  i ts  r a t e  of i nc rea se  is in f luenced  b y  the  r a t e  of 
p a s s i v a t i o n  in t he  d i c h r o m a t e  solu t ion .  Moreove r ,  
t he  p r e s e n c e  of t he  p o l a r i z i n g  gaseous  h y d r o g e n  
f i lm on the  su r f ace  t ends  to p r e v e n t  t he  d i c h r o m a t e  
ions f rom r e a c h i n g  the  r e d u c e d  i ron  sur face .  Thus ,  
t he  i n i t i a l  or  e a r l y  s lope  of t he  t i m e - p o t e n t i a l  c u r v e  
is d e t e r m i n e d  b y  (a)  the  r a t e  a t  w h i c h  the  h y d r o g e n  
diffuses t h r o u g h  the  m e t a l  (see  Fig .  5) ,  and  (b )  t he  
r a t e  of p a s s i v a t i n g  reac t ion ,  i.e., d i c h r o m a t e  concen -  
t r a t i o n  ( see  Fig .  11).  The  f inal  p o t e n t i a l  of t he  sys -  

t e m  is d e t e r m i n e d  b y  w h e t h e r  t h e  h y d r o g e n - d i f f u -  
s ion r a t e  is r a p i d  e n o u g h  to c o m p l e t e l y  o v e r s h a d o w  
the  p a s s i v a t i o n  ra te ,  in w h i c h  case  t he  f inal  p o t e n t i a l  
is t h a t  of  t he  n o r m a l  h y d r o g e n  o v e r v o l t a g e  on t h e  
s tee l  sur face .  This  a c t u a l l y  occurs,  for  e x a m p l e ,  
w h e n  s o d i u m  sulf i te  is u sed  as a p r o m o t o r ,  Fig.  9, 
or  w i t h  c e r t a i n  steels ,  Fig .  4. I f  t h e  h y d r o g e n - d i f f u -  
s ion r a t e  is no t  suff icient  to o v e r s h a d o w  the  pa s s i -  
v a t i o n  ra te ,  e v e n t u a l l y  a d y n a m i c  e q u i l i b r i u m  con-  
d i t ion  is r e a c h e d  w h e r e i n  a cons t an t  f r a c t i o n  of t he  
su r f ace  ex is t s  as a pa s s ive  f i lm and  a n o t h e r  f r ac t ion  
as a h y d r o g e n  p o l a r i z e d  i ron  e lec t rode .  In  th is  s i t u -  
a t ion,  t he  p o t e n t i a l  becomes  s t e a d y  a t  some  v a l u e  
less t h a n  t h a t  of the  n o r m a l  h y d r o g e n  ove rvo l t age .  
N u m e r o u s  inc idences  of th i s  h a v e  been  o b s e r v e d  (see,  
for  e x a m p l e ,  Fig.  4 and  11).  As  f u r t h e r  ev idence  
t h a t  an  e q u i l i b r i u m  exis ts ,  i t  was  no ted  tha t ,  i f  t he  
ac id  so lu t ion  is c o m p l e t e l y  r e m o v e d  or  n e u t r a l i z e d  
w i t h  s o d i u m  h y d r o x i d e ,  t he  p o t e n t i a l  of  t h e  su r f ace  
in  t he  d i c h r o m a t e  so lu t ion  changes  in  t h e  ca thod ic  
d i rec t ion .  I t  has  also been  o b s e r v e d  tha t ,  if  the  co r -  
ros ion  r e a c t i o n  l ower s  the  s t r e n g t h  of t he  co r rod ing  
m e d i u m ,  t he  p o t e n t i a l  in  t he  d i c h r o m a t e  so lu t ion  
wi l l  pass  t h r o u g h  a m a x i m u m .  

This  t e c h n i q u e  shou ld  be  u se fu l  in  s tud ies  of t he  
effect  of  co r ros ion  i nh ib i t o r s  and  acce l e r a to r s  on 
h y d r o g e n  di f fus ion and  the  n a t u r e  of su r face  pa s s i -  
v a t i o n  reac t ions .  
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ABSTRACT 

In the presence of excess oxygen the corrosion ra te  of copper is a l inear  
funct ion of hydrogen  ion concentra t ion for each of three  anions (SO~ =, CI-, 
C,H~O2-). The ra te  is not a s imple  funct ion of anion concentrat ion,  and  the 
concentra t ion  dependence  var ies  wi th  pH. The effect of CO.2 is negligible.  The 
t empe ra tu r e  dependence  of the  rate,  at  constant  oxygen concentrat ion,  for  both  
chlor ide  and sulfate  solutions, is 

Rate ---- A e -"~/~ 

The corrosion ra te  of copper in open solutions sa tu ra ted  wi th  a i r  goes th rough  
a m a x i m u m  in the  range 71~176 

The  co r ros ion  r a t e  of coppe r  has  been  d e t e r m i n e d  
in d i l u t e  aqueous  sa l t  so lu t ions ,  u n d e r  cond i t ions  in 
w h i c h  an  a t t e m p t  was  m a d e  to m a i n t a i n  a cons tan t ,  
p r e d e t e r m i n e d  e l e c t r o l y t e  compos i t i on  t h r o u g h o u t  
t he  t es t  pe r iod .  This  was  accompl i shed  b y  pas s ing  
so lu t ions  c o n t i n u o u s l y  t h r o u g h  the  co r ros ion  vesse l  
a t  a r a t e  such t h a t  t he  co r ros ion  r a t e  was  i n d e -  
p e n d e n t  of the  so lu t ion  flow ra te .  

P r e v i o u s  i n v e s t i g a t i o n s  of t h e  r a t e  of so lu t ion  of 
Cu in H oSO~ (1) and  in a m m o n i a  (2)  s e r v e d  a s i m i -  
l a r  p u r p o s e  b y  p r o v i d i n g  a l a r g e  excess  of r e a c t a n t s  
in a c losed  sys tem.  H o w e v e r ,  t he  p r e s e n t  t e c h n i q u e  
of  a f lowing s y s t e m  was  adop ted ,  in  p r e f e r e n c e  to a 
c losed sys tem,  to avo id  a s igni f icant  i nc rea se  in so lu -  
b l e  co r ros ion  p r o d u c t s  w h i c h  affect  t he  r a t e  (3)  and,  
a t  the  s ame  t ime,  to s u p p l y  an  excess  of  r e a c t a n t s  to 
t he  su r f ace  at  a cons t an t  concen t r a t ion .  

The  c h e m i c a l  v a r i a b l e s  i n v e s t i g a t e d  i n c l u d e d  
an ion  c o n c e n t r a t i o n  and  t y p e  ( su l fa te ,  ch lor ide ,  and  
a c e t a t e ) ,  h y d r o g e n  ion  concen t r a t i on ,  oxygen ,  f ree  
ca rbon  d iox ide ,  and  t e m p e r a t u r e .  

Experimental Procedure 
MateriaL--The m a t e r i a l  se l ec ted  for  t he  t e s t i ng  

p r o g r a m  was  p h o s p h o r o u s  d e o x i d i z e d  coppe r  con-  
t a i n ing  0.025% phospho rus ,  less  t h a n  0.01% zinc, 
less  t h a n  0.002% i ron  and  n ickel ,  and  less t h a n  
0.005% lead .  Tes t  spec imens  w e r e  p r e p a r e d  f rom 
cold ro l l ed  sheet ,  0.032 in. th ick ,  m i l l e d  to 3.000 x 
0.740 in. A l l  edges  and  co rne r s  w e r e  r o u n d e d  ( a p -  
p r o x i m a t e  r a d i u s  of c u r v a t u r e  0.016 in.)  u s ing  an  
a b r a s i v e  be l t  w i t h  No. 180 e m e r y  pape r .  

P r i o r  to tes t ing ,  spec imens  w e r e  p r e p a r e d  b y  
h a n d  s c r u b b i n g  w i t h  w a t e r  and  pumice ,  r i n s e d  in  
ho t  w a t e r ,  a n d  d r i e d  i m m e d i a t e l y .  Then  t h e y  w e r e  
w e i g h e d  to t he  n e a r e s t  t e n t h  of a m i l l i g r a m  a n d  
p l a c e d  u n d e r  tes t  in  a r e p r o d u c i b l e  m a n n e r  so t h a t  
c o m p a r a b l e  f i lms w e r e  f o r m e d  on a l l  spec imens  d u r -  
ing  the  b r i e f  a t m o s p h e r i c  exposure .  

1 Yale Univers i ty ,  N e w  Haven ,  Conn., Consultant .  
P re sen t  address :  U. S. Navy,  224 8th St., N.H.A. ~1 ,  Honolulu 

18, T.H. 

S u b s e q u e n t  to tes t ing ,  spec imens  w e r e  c l eaned  
e l e c t r o l y t i c a l l y  (4)  in 5% H..SO, c on t a in ing  a p -  
p r o x i m a t e l y  2 m l / l i t e r  of  an  o rgan ic  i n h i b i t o r  (Ro-  
d ine  No. 77) for  a p e r i o d  no t  e x c e e d i n g  1.5 m i n  a t  a 
c u r r e n t  d e n s i t y  of 0.2 a m p / c r n  ~ w i t h  a P t  anode .  
This  p r o c e d u r e  success fu l ly  r e m o v e d  co r ros ion  
p r o d u c t s  w i t h o u t  af fec t ing  the  r e m a i n i n g  m e t a l l i c  
spec imen .  The  spec imens  w e r e  t h e n  d r i e d  and  aga in  
w e i g h e d  to t h e  n e a r e s t  t e n t h  of a m i l l i g r a m .  

A l l  p l o t t e d  po in t s  a r e  t he  a r i t h m e t i c  a v e r a g e  of a t  
l eas t  two  d e t e r m i n a t i o n s ,  and,  in genera l ,  r e p r o d u c -  
i b i l i t y  was  a b o u t  ___10%. 

Corrosion cell.--To m a i n t a i n  cons t an t  c o m p o s i -  
t ion  of t he  so lu t ion  a t es t  cel l  of  t he  f o r m  s h o w n  in 
Fig .  1 w a s  adop ted .  A con t inuous  s u p p l y  of  so lu t ion  
was  fed  to t h e  b o t t o m  of t he  cel l  t h r o u g h  the  cen -  
t e r  t u b e  at  230 m l / h r ,  w h i c h  was  e s t a b l i s h e d  b y  e x -  
p e r i m e n t  as a p p r o x i m a t e l y  t w i c e  t h e  r a t e  a t  w h i c h  
co r ros ion  v a r i e d  s ign i f i can t ly  w i t h  so lu t ion  flow ra te .  
The  so lu t ion  was  c a r r i e d  u p  t h e  s ide a r m  b y  the  a i r -  
l i f t ,  m i x e d  w i t h  so lu t ion  in t he  tube ,  and  a e r a t e d ;  
t h e  so lu t ion  t hen  p a s s e d  ove r  t he  spec imens ,  a n d  

Fig. 1. Corrosion testing cell arranged for continuous re- 
newal of solution and aeration. 
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excess  so lu t ion  ove r f lowed  at  the  top.  The  p H  of t he  
a i r - s a t u r a t e d  so lu t ion  r e m a i n e d  c o n s t a n t  to --0.1 
uni t ,  and  the  c o n c e n t r a t i o n  of  so lub le  Cu i n c r e a s e d  
f r o m  zero to 3 x 10-~M at  p H  1.6, and  f rom zero to 
8 x 10-~M at  p H  6 in  48 hr .  

Preparation of solutions.--All so lu t ions  w e r e  p r e -  
p a r e d  in  10-ga l  quan t i t i e s  w i t h  l a b o r a t o r y  d i s t i l l ed  
w a t e r  and  r e a g e n t  g r a d e  chemica l s .  In  t he  case  of 
the  ch lo r ide  or  su l f a t e  ions, HC1 or  H~SO, was  a d d e d  
to the  w a t e r  un t i l  the  d e s i r e d  p H  was  a t t a ined .  By  
the  a d d i t i o n  of t he  p r o p e r  sod ium sal t ,  t he  an ion  
c o n c e n t r a t i o n  was  a d j u s t e d  to the  r e q u i r e d  va lue .  
W i t h  t he  ace t a t e  ion, the  p r o p e r  an ion  c o n c e n t r a t i o n  
was  first  o b t a i n e d  w i t h  ace t ic  ac id  and  t hen  s o d i u m  
h y d r o x i d e  was  a d d e d  u n t i l  t he  r e q u i r e d  p H  was  a t -  
t a ined .  Chlor ide ,  su l fa te ,  and  ace t a t e  concen t r a t i ons  
w e r e  d e t e r m i n e d  s u b s e q u e n t l y  b y  t i t r a t ion .  

Gas atmosphere.--When a gas a t m o s p h e r e  o the r  
t h a n  a i r  was  r equ i r ed ,  t he  gas was  b u b b l e d  t h r o u g h  
the  s tock  bo t t l e  of tes t  so lu t ion  for  a p e r i o d  of no t  
less t h a n  12 hr,  w h i c h  was  found  to be  sufficient  to 
s a t u r a t e  t he  solu t ion .  D u r i n g  the  test ,  gas  was  
passed  ove r  t he  p r e v i o u s l y  s a t u r a t e d  so lu t ion  to 
m a i n t a i n  s a t u r a t i o n  and  t h r o u g h  the  cor ros ion  cel l  
v ia  t he  gas  l if t .  In  t he  case  of air ,  the  so lu t ion  was  
p r e s a t u r a t e d  w i t h  air ,  f r o m  w h i c h  CO~ was  r e m o v e d  
by calcium hydroxide and the CO~ free air was 
bubbled through the cells. The flow of gas to the 
side arm of the corrosion cell was maintained at 
400 ml/min for all tests. Oxygen availability to the 
corroding surface was controlled by varying the 
partial pressure of O~ in the gas mixture. 

Gas saturation at higher temperatures was per- 
formed in the same manner. Oxygen concentrations 
at the various temperatures were obtained from 
available data (5, 6) which were verified by chemi- 
cal analysis. Analyzed concentrations were found to 
be in agreement with the reported data. 

Gases used in testing, other than air, were oxy- 
gen, carbon dioxide, mixtures of oxygen and nitro- 
gen, and mixtures of oxygen and carbon dioxide. 
These gases were obtained in cylinders of commer- 
cial grade. When mixtures of gases were desired, 
composition was defined with flowmeters and dis- 
solved oxygen concentrations in the solutions were 
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Fig. 2. Corrosion of Cu ot  20~ os o funct ion of t ime in 
chloride and sulfate solutions saturated with air  at  a pH of 
2 and 6. 

d e t e r m i n e d  b y  ana lys i s ,  us ing  a modi f ied  W i n k l e r  
me thod .  

Temperature.--The t e m p e r a t u r e  d e p e n d e n c e  of  
co r ros ion  r a t e  was  d e t e r m i n e d  b y  i m m e r s i n g  cel ls  
in an  oil  b a t h  c on t ro l l e d  to --+0.3~ The  tes t  so lu t ion  
was  a d m i t t e d  to t he  cell ,  and  t h e  se l ec t ed  gas  a t m o s -  
p h e r e  passed  t h r o u g h  the  cel l  in  the  u s u a l  m a n n e r .  
Upon  r e a c h i n g  the  de s i r e d  t e m p e r a t u r e ,  t he  t es t  was  
i n i t i a t e d  by  p l a c i n g  the  spec imens  in  t he  cel l  and  
s t a r t i n g  the  flow of so lu t ion  t h r o u g h  the  cell .  

E x p e r i m e n t s  i n v o l v i n g  d i f f e ren t  o x y g e n  concen-  
t r a t ions ,  def ined  b y  o x y g e n  so lub i l i t y  u n d e r  1 a t m  
of a i r  a t  each  t e m p e r a t u r e  ( the  u s u a l  p r a c t i c a l  
case ) ,  a n d  e x p e r i m e n t s  a t  cons t an t  o x y g e n  c o ncen -  
t r a t i o n  a t  a l l  t e m p e r a t u r e s  w e r e  p e r f o r m e d .  In  the  
f o r m e r  e x p e r i m e n t s ,  a i r  a lone  was  b u b b l e d  t h r o u g h  
the  cel l  so t ha t  t he  so lu t ion  r e a c h e d  s a t u r a t i o n  w i t h  
r e spe c t  to o x y g e n  in a i r  a t  t he  t e m p e r a t u r e  of t he  
e x p e r i m e n t .  

To ob t a in  a m e a s u r e  of the  t e m p e r a t u r e  d e p e n d -  
ence of co r ros ion  of copper  a t  cons t an t  o x y g e n  con-  
cen t ra t ion ,  tes ts  w e r e  r u n  w i t h  an  o x y g e n  concen -  
t r a t i o n  d e t e r m i n e d  b y  the  o x y g e n  s o l u b i l i t y  at  82~ 
F r o m  the  o x y g e n  s o l u b i l i t y  c u r v e  and  c h e m i c a l  
ana lys i s  i t  was  f o u n d  t h a t  the  tes t  so lu t ion  con-  
t a i n e d  2.56 p p m  (8 x 10 5M) d i s so lved  o x y g e n  f r o m  
the  a i r  a t  82~ The  o x y g e n  c o n c e n t r a t i o n  a t  th is  
t e m p e r a t u r e  was  t a k e n  as the  cons t an t  c o n c e n t r a -  
t ion,  and  o x y g e n  and  n i t r o g e n  in  p r o p e r  p r o p o r t i o n s  
w e r e  used  to p r o v i d e  2.56 p p m  o x y g e n  at  a l l  l o w e r  
t e m p e r a t u r e s .  A l l  o t h e r  tests ,  e x c e p t  those  des igned  
spec i f ica l ly  to s t u d y  t e m p e r a t u r e  effects,  w e r e  r u n  
at  r oom t e m p e r a t u r e .  

Experimental Results 

Time dependence.--Tests w e r e  conduc t ed  to d e -  
t e r m i n e  w h e t h e r  cor ros ion  r a t e s  w e r e  cons t an t  in 
t ime.  Ch lo r ide  and  su l fa t e  so lu t ions  of d i f fe ren t  
an ion  concen t ra t ions ,  each a t  a p H  of 2, 3, a n d  6 
w e r e  i nves t iga t ed .  T y p i c a l  d a t a  a r e  p r e s e n t e d  in  
Fig .  2. 

The  r e su l t s  of these  tes t s  show t h a t  co r ros ion  is 
l i n e a r  in  t ime  u n d e r  the  p r e s e n t  cond i t ions  of su r -  
face  p r e p a r a t i o n ,  cons t an t  so lu t ion  compos i t ion ,  and  
pH. This  was  in sp i te  of the  fac t  t h a t  v i s ib l e  c o r r o -  
s ion f i lms a r e  f o r m e d  in t he  p H  r a n g e  of 6 to 3, b u t  
no f i lm is e v i d e n t  a t  p H  2. On t h e  bas is  of these  r e -  
sul ts  the  e x p o s u r e  t i m e  chosen  for  s u b s e q u e n t  tes t s  
was  a r b i t r a r i l y  set  a t  48 hr .  

Anion concentration.--Figure 3 shows  the  d e -  
p e n d e n c e  of co r ros ion  r a t e  on su l f a t e  and  ch lo r ide  
c o n c e n t r a t i o n s  a t  p H  2 and  p H  6; a t  p H  2 i t  is i m -  
poss ib le  to e x t e n d  the  i n v e s t i g a t i o n  to t he  low an ion  
concen t r a t i ons  a t t a i n a b l e  at  p H  6. Obv ious ly ,  the  
d e p e n d e n c e  of co r ros ion  r a t e  on the  t y p e  and  con-  
c e n t r a t i o n  of an ion  is e x t r e m e l y  compl i ca t ed ,  and  
m o r e  e x t e n s i v e  and  d e t a i l e d  i n v e s t i g a t i o n s  wi l l  be  
n e c e s s a r y  to s e p a r a t e  the  d i f fe ren t  fac tors .  A l m o s t  
c e r t a i n l y  a s ing le  e x p l a n a t i o n  canno t  cover  a d e -  
q u a t e l y  a l l  the  o b s e r v e d  va r i a t i ons .  

Dependence of corrosion rate on pH and oxygen 
concentration.--The effect of p H  on the  co r ros ion  
r a t e  of Cu in ch lor ide ,  su l fa te ,  and  ace t a t e  so lu t ions  
is s h o w n  in Fig .  4. F o r  su l f a t e  a n d  a c e t a t e  so lu t ions  
t he  l o g a r i t h m  of cor ros ion  r a t e  is seen  to  be  a l i n e a r  
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Fig. 3.  Corrosion of Cu at  2 0 ~  as  a function of chloride 
and sulfate concentration at a pH of 2 and 6, air saturation. 

func t ion  of pH.  In  ch lo r ide  solut ions ,  b e l o w  a p H  
of 3, the  d e v i a t i o n  f r o m  l i n e a r i t y  is a t t r i b u t a b l e  to 
insuff ic ient  oxygen .  In  Fig .  5 t he  d e p e n d e n c e  of co r -  
ros ion  r a t e  on o x y g e n  c o n c e n t r a t i o n  is seen  to be  
s igni f icant  in ch lo r ide  so lu t ions  b e l o w  p H  3. In  th is  
r a n g e  cor ros ion  r a t e  a p p e a r s  to b e c o m e  a lmos t  i n -  
d e p e n d e n t  of p H  a t  a l eve l  def ined  b y  the  o x y g e n  
p a r t i a l  p r e s su re .  

Effect o~ carbon dioxide.--Before i n v e s t i g a t i n g  
the  effect of CO2 concen t r a t ion ,  i t  was  n e c e s s a r y  to  
d e t e r m i n e  the  s igni f icance  of o x y g e n  in c o m b i n a t i o n  
w i t h  CO2. A ser ies  of  e x p e r i m e n t s  w e r e  c o n d u c t e d  in  
su l f a t e  and  ch lo r ide  so lu t ions  a t  p H  2, 3, and  6, 
s a t u r a t e d  w i t h  f ree  COx in the  absence  of oxygen .  
The  r e s u l t i n g  neg l i g ib l e  co r ros ion  r a t e  showed  t h a t  
oxygen ,  or  an  ox id iz ing  agent ,  is neces sa ry ,  and  also 
t h a t  CO~, b y  i tself ,  does no t  cause  cor ros ion  of  Cu. 

In  a cco rdance  w i t h  t he  p r e c e d i n g  resu l t s ,  i t  was  
n e c e s s a r y  to comb ine  the  COx w i t h  v a r i o u s  cons t an t  
o x y g e n  concen t ra t ions .  Two cons t an t  o x y g e n  con-  
c e n t r a t i o n s  w e r e  chosen:  s a t u r a t i o n  w i t h  a i r  (8 p p m  
O~) and  the  c o n c e n t r a t i o n  r e s u l t i n g  f r o m  s a t u r a t i o n  
w i t h  o x y g e n  (40 p p m  O~). 

The  r e su l t s  a r e  shown  in Fig .  6. A t  p H  6 t h e  cor -  
ros ion  r a t e  a p p e a r s  to i nc rea se  w i t h  an  i nc rea se  in  
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COx, b u t  th is  a p p a r e n t  i nc rea se  is p r o b a b l y  due  to 
the  di f f icul ty  of m a i n t a i n i n g  a cons t an t  p H  of 6 w i th  
COx in an  u n b u f f e r e d  solut ion.  A t  a p H  of  3 t h e  co r -  
ros ion  r a t e  a p p a r e n t l y  dec reases  w i t h  s m a l l  concen -  
t r a t i o n s  of CO~ and  t h e n  be c ome s  e s s e n t i a l l y  i n d e -  
p e n d e n t  of t he  CO2 concen t r a t ion .  

The  l a ck  of s ign i f ican t  effect  of CO~ on the  co r -  
ros ion  r a t e  does not  c o n t r a d i c t  g e n e r a l  expe r i ence .  
In  an  u n b u f f e r e d  solut ion,  t he  a d d i t i o n  of  CO~ p r o -  
duces  an  i nc rea se  in h y d r o g e n  ion  concen t r a t ion .  In  
the  p r e s e n t  e x p e r i m e n t s ,  th i s  i nc rea se  is e l i m i n a t e d  
and  i t  is d e m o n s t r a t e d  t h a t  COx, as such, has  l i t t l e  
or  no effect on the  cor ros ion  ra te .  

Effect of temperature.--Figure 7 shows  t h e  d e -  
p e n d e n c e  of  co r ros ion  r a t e  on t e m p e r a t u r e  a t  a p H  
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of 2, in su l f a t e  and  ch lo r ide  so lu t ions  (a )  in e q u i l i b -  
r i u m  w i t h  a i r  and  (b)  a t  cons t an t  o x y g e n  c onc e n -  
t r a t ion .  The  effect of t e m p e r a t u r e  a t  a p H  of 6, in  
ch lo r ide  and  su l fa te ,  is shown  in Fig .  8. 

A t  a p H  of 6 and  a p H  of 2, a n d  cons t an t  c h l o r i d e  
concen t r a t i on  of 960 p p m  CI-, t he  cor ros ion  r a t e  goes 
t h r o u g h  a v e r y  h igh  m a x i m u m  b e t w e e n  160 ~ and  
170~ (71~176  in a n  open  sys tem.  A t  cons t an t  
su l f a t e  c o n c e n t r a t i o n  a m a x i m u m  also a p p e a r s  b u t  
the  co r ros ion  r a t e  does  no t  b e c o m e  ca t a s t roph ic .  In  
bo th  cases  o x y g e n  c o n c e n t r a t i o n  is d e c r e a s i n g  w i t h  
t e m p e r a t u r e  as shown.  

The  effect of t e m p e r a t u r e  at  cons t an t  o x y g e n  con-  
c e n t r a t i o n  (2.56 p p m  O~) is also s h o w n  in  Fig .  7 
and  8. The  l o w e r  r a t e s  are,  of course ,  due  to l o w e r  
o x y g e n  concen t r a t i ons  at  a l l  t e m p e r a t u r e s .  In  su l -  
fa te  and  ch lo r ide  so lu t ions  at  p H  6 and  a t  t h e  l ow 
o x y g e n  concen t r a t ion ,  t he  cor ros ion  r a t e s  a r e  e x -  
t r e m e l y  low and  the  d a t a  a r e  c o r r e s p o n d i n g l y  u n -  
ce r ta in ,  b u t  the  d a t a  i nd i ca t e  t h a t  a m a x i m u m  r a t e  
pe r s i s t s  in the  h i g h e r  r a n g e s  of t e m p e r a t u r e .  S u b -  
s equen t  tes ts  w e r e  m a d e  in  th is  r a n g e  and  the  d a t a  
w e r e  ver i f ied.  A t  p H  2, t he  co r ros ion  r a t e  is shown  
as i nc r ea s ing  u n i f o r m l y  w i t h  t e m p e r a t u r e ;  h o w -  
ever ,  as a r e su l t  of t he  cons ide ra t i ons  be low,  i t  is 
poss ib le  t ha t  a m a x i m u m  m a y  also be  f o u n d  in a 
n a r r o w  r a n g e  of t e m p e r a t u r e  n e a r  71~ w h e r e  d a t a  
a r e  l ack ing .  

Discussion 
Time dependence.--Since t he  co r ros ion  r a t e  a t  

r o o m  t e m p e r a t u r e  was  found  to be  cons t an t  in  t i m e  
in bo th  su l f a t e  and  ch lo r ide  so lu t ions  a t  each  p H  
level ,  i t  a p p e a r s  t h a t  t he  g r o w t h  of v i s ib l e  f i lms in  
t ime  does  no t  s ign i f i can t ly  affect  t he  r a t e  ( w h i c h  is 
c h a r a c t e r i s t i c  of each  ion  t y p e  and  pH l e v e l ) .  

W e e k s  a n d  Hi l l  (7)  h a v e  shown  t h a t  t he  r a t e  
d imin i she s  f r o m  a h igh  in i t i a l  v a l u e  to a cons t an t  
r a t e  a f t e r  a b o u t  1 m i n  in  ac id  c h l o r i d e  solu t ions .  
H o w e v e r ,  in  t he  l a t t e r  e x p e r i m e n t s ,  a h i g h e r  o r d e r  
of s e n s i t i v i t y  was  e m p l o y e d  and,  w h i l e  ox ide  f i lms 
w e r e  s u b s t a n t i a l l y  r e m o v e d  p r i o r  to imme r s ion ,  i t  is 
poss ib le ,  as sugges t ed  b y  those  au thors ,  t h a t  t he  
r a p i d  so lu t ion  of t r aces  of ox ide  m a y  account  for  the  
h igh  in i t i a l  ra te .  I n  t he  p r e s e n t  e x p e r i m e n t s ,  no a t -  
t e m p t  was  m a d e  to e l i m i n a t e  a i r - f o r m e d  films, and  
the  r e su l t s  show t h a t  f i lms f o r m e d  d u r i n g  the  s u b -  
s equen t  cor ros ion  p rocess  do no t  s ign i f i can t ly  affect 
t he  r a t e  w h i c h  is cons t an t  f r o m  zero t ime .  S ince  a 
l i n e a r  d e p e n d e n c e  on t i m e  was  o b t a i n e d  in  b o t h  
ac id  and  n e a r  n e u t r a l  so lu t ions ,  i t  a p p e a r s  t h a t  t he  
r e su l t s  a r e  qu i t e  genera l .  

Hydrogen ion concentration.--If i t  is a s s u m e d  
tha t  co r ros ion  r a t e  is p r o p o r t i o n a l  to h y d r o g e n  ion 
concen t ra t ion ,  then ,  in a c c o r d a n c e  w i t h  the  def in i -  
t ion  of  pH:  

log r a t e  : - - k  p H  + cons t an t  [1]  

The  e x p e r i m e n t a l  d a t a  o b t a i n e d  in su l fa te ,  a ce -  
ta te ,  and  ch lo r ide  solut ions ,  Fig .  4, a r e  in  a c c o rdance  
w i t h  th is  r e l a t i onsh ip ,  e x c e p t  in  ch lo r ide  so lu t ions  
b e l o w  pH 3 w h e r e  t he  s y s t e m  a p p e a r s  to be  u n d e r  
o x y g e n  control .  A s i m i l a r  d e p a r t u r e  f rom l i n e a r i t y  
was  o b s e r v e d  b y  W e e k s  and  Hi l l  (7)  a t  a l o w e r  pH. 
F i g u r e  5 shows  t ha t  the  l i m i t i n g  r a t e  is a p p r o x i -  
m a t e l y  p r o p o r t i o n a l  to the  o x y g e n  c o n c e n t r a t i o n  
w h i c h  is cons i s t en t  w i t h  a l i m i t i n g  r a t e  def ined  b y  
the  d i f f u s i o n - c o n t r o l l e d  t r a n s p o r t  of o x y g e n  f r o m  
the  so lu t ion  to t he  m e t a l  in t e r faces .  

S ince  h y d r o g e n  ions a r e  no t  r e d u c e d  b y  t h e  ox i -  
d a t i o n  of Cu, u n d e r  t he  p r e s e n t  condi t ions ,  t he  
l i nea r  d e p e n d e n c e  of co r ros ion  r a t e  on h y d r o g e n  ion 
c o n c e n t r a t i o n  r e q u i r e s  some  e x p l a n a t i o n .  W e e k s  and  
Hi l l  (7)  and  Hi l l  (8)  h a v e  p r o p o s e d  the  fo l lowing  
n e t  r e a c t i o n  fo r  t he  r a t e - d e t e r m i n i n g  s tep :  
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Fig. 9. Corrosion rate of Cu as a function of reciprocal 
absolute temoeroture. 

2Cu + H + + O=-> 2Cu § + HO~- [2] 

It was assumed that oxygen is first adsorbed from 
solution to form an "oxidized site," followed by re- 
action with a hydrogen ion to form the cuprous ion 
and the peroxide ion. The results of the present in- 
vestigation appear to be generally in accord with 

this mechanism. 
Chloride and sulfate dependence.--With r e spec t  

to t he  r e l a t i v e l y  h igh  r a t e s  o b s e r v e d  in  ch lo r ide  so-  
lu t ions ,  c o m p a r e d  w i t h  su l f a t e  solut ions ,  c e r t a i n  
n e g a t i v e  conclus ions  m a y  be  d r a w n ,  b u t  t he  d e t a i l e d  
m e c h a n i s m  is s t i l l  no t  c lear .  P e r h a p s  i t  shou ld  be  
e m p h a s i z e d  t h a t  these  d a t a  w e r e  o b t a i n e d  w i t h  a 
cons t an t  an ion  c o n c e n t r a t i o n  at  each  pH. 

In  t he  a p p a r e n t  absence  of r a t e - l i m i t i n g  fi lms, 
p a r t i c u l a r l y  a t  pH 2, the  p e n e t r a t i n g  p r o p e r t i e s  of 
ch lo r ide  ions, as  d e m o n s t r a t e d  w i t h  A1 and  p a s s i -  
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v a t e d  Fe,  do not  s eem to h a v e  a n y  obv ious  func t ion .  
F u r t h e r m o r e ,  a t  the  l o w e r  pH, the  r a t e  dec reases  
w i t h  i nc r ea s ing  ch lo r ide  concen t r a t ion ,  a p p r o x i -  
m a t e l y  p a r a l l e l  w i t h  t he  d e c r e a s i n g  r a t e  in  su l f a t e  
so lu t ions  a n d  the  d e c r e a s e  is c o n s i d e r a b l y  l a r g e r  
t h a n  can  be  accoun ted  for  b y  dec r ea s ing  o x y g e n  
so lub i l i ty .  A t  p H  6, t he  r a t e  does  i nc rea se  w i t h  
ch lo r ide  ion c o n c e n t r a t i o n  and  i t  m a y  be  t h a t  f i lm 
p e n e t r a t i o n  is i nvo lved .  H o w e v e r ,  t h e r e  is no  o t h e r  
ev idence  of a r a t e - l i m i t i n g  f i lm and,  s ince ch lo r ide  
ion  does no t  a p p e a r  to be  i n v o l v e d  in  the  n e t  r e -  
act ion,  i ts  func t ion  is no t  obvious .  

Temperature dependence.--Analysis  of t he  t e m -  
p e r a t u r e  d e p e n d e n c e  of co r ros ion  r a t e  can  be  r i g o r -  
ous ly  a p p l i e d  on ly  to cond i t ions  of cons t an t  o x y g e n  
concen t r a t ion .  H o w e v e r ,  the  d a t a  o b t a i n e d  in  a i r -  
s a t u r a t e d  open  sys t ems  is of c o n s i d e r a b l e  p r ac t i c a l  
s ignif icance,  i.e., the  ex i s t ence  of a c a t a s t r o p h i c  p h e -  
n o m e n o n  t h a t  a p p e a r s  in  a t e m p e r a t u r e  r a n g e  
a r o u n d  71~ in c h l o r i d e  solu t ion .  

In  c o n f o r m i t y  w i t h  g e n e r a l  k ine t i c  t heo ry ,  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of r e a c t i o n  r a t e  is w r i t t e n :  

Ra te  = A exp  ( - -E /RT)  [3]  

and,  acco rd ing ly ,  log Ra t e  is shown  as a func t ion  of 
r e c ip roca l  t e m p e r a t u r e  in  Fig.  9 for  cons t an t  o x y g e n  
a n d  a p H  of  2. O b v i o u s l y  t he  d a t a  a r e  in  c o m p l e t e  
accord  w i t h  t he  r e l a t i o n s h i p ;  t he  a p p a r e n t  a c t i v a -  
t ion  ene rgy ,  E, is 9000 c a l / m o l e  and  is the  s a m e  for  
bo th  ch lo r ide  and  su l f a t e  solut ions .  I t  m a y  be  s ign i -  
f icant  t h a t  t he  o b s e r v e d  a c t i v a t i o n  e n e r g y  for  th is  
process ,  i n v o l v i n g  the  r e d u c t i o n  of oxygen ,  l ies  in  the  
r a n g e  of  va lue s  o b s e r v e d  (9)  for  t he  r e d u c t i o n  of 
h y d r o g e n  ions  on P t  a n d  Pd,  6000-11500 c a l / m o l e .  
F u r t h e r m o r e  the  a c t i v a t i o n  e n e r g y  is t he  s ame  in 
bo th  ch lo r ide  and  su l f a t e  so lu t ions  which,  aga in ,  
i nd i ca t e s  t h a t  t h e  t e m p e r a t u r e  d e p e n d e n c e  of r a t e  is 
a s soc ia t ed  w i t h  a p rocess  c o m m o n  to bo th  t y p e s  of 
so lu t ion .  

I t  is e v i d e n t  in  Fig .  8 t h a t  a t  p H  6 and  cons t an t  
o x y g e n  c o n c e n t r a t i o n  the  d a t a  do no t  con fo rm to a 
s imp le  e x p o n e n t i a l  f unc t ion  of t e m p e r a t u r e .  A s -  
s u m i n g  t h a t  t he  t e m p e r a t u r e  dependence ,  as such, is 
e xponen t i a l ,  the  i n c r e a s e d  r a t e  m u s t  be  a t t r i b u t e d  
to some e x t r a n e o u s  fac tor ,  p r o b a b l y  a s soc ia t ed  w i t h  
t he  f o r m  of t he  cor ros ion  p roduc t s .  

The  p r e s e n c e  of such  an  e x t r a n e o u s  fac to r  is in -  
d i c a t e d  b y  the  c a t a s t r o p h i c  r a t e s  o b s e r v e d  in  t he  
open sys tems ,  p a r t i c u l a r l y  in  the  p r e s e n c e  of ch lo -  
r ide .  A f t e r  c o r r e c t i n g  for  o x y g e n  concen t r a t i on ,  t he  
o b s e r v e d  r a p i d  i nc rea se  in  r a t e  in  the  t e m p e r a t u r e  
r a n g e  of 62~176  is m u c h  g r e a t e r  t h a n  can  be  ac -  
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c oun t e d  for  in t e r m s  of t he  e x p o n e n t i a l  t e m p e r a t u r e  
d e p e n d e n c e  a lone.  

Conclusions 
1. The  co r ros ion  r a t e  of Cu a t  r o o m  t e m p e r a t u r e  

is cons t an t  in  t ime  in ch lo r ide  and  su l fa t e  so lu t ions ,  
in the  r a n g e  of p H  2-6, and  the  r a t e  does  no t  a p p e a r  
to be  l i m i t e d  b y  the  g r o w t h  of co r ros ion  p r o d u c t  
films. 

2. In  a i r - s a t u r a t e d  so lu t ions  of cons t an t  an ion  
concen t r a t ion ,  co r ros ion  r a t e  is a l i n e a r  func t ion  of 
h y d r o g e n  ion c o n c e n t r a t i o n  e x c e p t  in  c h l o r i d e  so lu -  
t ions  at  a p H  less t h a n  3, w h e r e  t he  i n c r e a s i n g  r a t e  
is l i m i t e d  b y  the  d i f fus ion of  oxygen .  

3. Cor ros ion  r a t e  is a c o m p l e x  func t ion  of  ch lo -  
r i de  and  su l f a t e  c o n c e n t r a t i o n  w h i c h  v a r i e s  w i t h  p H  
in so lu t ions  of  cons t an t  an ion  concen t r a t ion .  

4. In  an  open  sys tem,  at  e q u i l i b r i u m  w i t h  a i r ,  
t h e  co r ros ion  r a t e  r ises  to a m a x i m u m  b e t w e e n  
71~176 W h e n  o x y g e n  c o n c e n t r a t i o n  is c o n s t a n t  
a t  a l l  t e m p e r a t u r e s ,  t he  r a t e  in  bo th  c h l o r i d e  and  
su l fa t e  so lu t ions  at  p H  2 m a y  be  e x p r e s s e d  as:  

Ra te  : A e -~~ ( m g  cm -2 h r  -1) 
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Some Observations on the Effect of the Interaction of Tantalum with 
Oxygen, Nitrogen, and Hydrogen 

R. Bakish 1 

Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Exper iments  and resul ts  on the  in terac t ion  of t an ta lum wi th  O~, N.~, and H~ 
are  presented.  The {100} is shown to be the hab i t  p lane of the  segregat ion of 
the  react ion products  which appear  to be Ta~Os, TaN, and ~TaH, respect ively .  

The role of the gas -meta l  in terac t ion  on the f rac ture  behavior  of single 
crysta ls  has been evaluated.  The observed {100} and {110} c leavage- type  
f rac tures  as induced by  this in terac t ion  a re  discussed and a hypothesis  to ex -  
plain occurrence advanced.  Markings  observed on cleavage faces are  described.  

The  i n t e r a c t i o n  of t a n t a l u m  w i t h  oxygen ,  n i t r o -  
gen, and  h y d r o g e n  has  been  s t u d i e d  in some d e t a i l  
b y  a n u m b e r  of i n v e s t i g a t o r s  ( 1 - 4 ) .  S e v e r a l  aspec ts  
of th is  i n t e r a c t i o n  h a v e  been  c o m p l e t e l y  neg lec ted ,  
h o w e v e r ,  and  an  a t t e m p t  to cove r  some of these  
gaps  is m a d e  w i t h  th is  c o m m u n i c a t i o n .  

H i g h - p u r i t y  Ta  in  shee t  a n d  w i r e  f o r m  f rom F a n -  
s tee l  M e t a l l u r g i c a l  C o r p o r a t i o n  (0.03 C max ,  0.03 Fe  
max ,  99 .9+  Ta)  was  used  in  th is  i nves t iga t ion .  O b -  
s e rva t i ons  w e r e  m a d e  bo th  on fine g r a i n  m a t e r i a l  
and  on shee t  s ingle  c r y s t a l s  of a b o u t  0.01 in. t h i c k -  
ness  g r o w n  b y  s t r a in  annea l ing .  

Experimental Procedures and Results 
S t a n d a r d  x - r a y  p o w d e r  t echn iques  w e r e  used  in 

con junc t i on  w i t h  t he  A S T M  ca rd  i n d e x  for  the  i d e n -  
t i f ica t ion of  c o m p o u n d s  fo rmed .  The  s a m e  t e c h n i q u e  
a p p l i e d  to w i re s  f rom w h i c h  the  su r f ace  r e a c t i o n  
p r o d u c t  was  r e m o v e d  was  also used  for  t he  i d e n t i -  
f icat ion of p r o d u c t  of i n t e r n a l  g a s - m e t a l  reac t ion ,  
i.e., the  c r y s t a l l o g r a p h i c  p r e c i p i t a t e  of t he  oxide ,  
n i t r ide ,  or  h y d r i d e ,  as t he  case m i g h t  be. 

A l l  o r i en t a t i ons  w e r e  d e t e r m i n e d  f r o m  L a u e  
b a c k - r e f l e c t i o n  p h o t o g r a p h s  and  s t e r e o g r a p h i c  a n a l -  
ys is  in a cco rdance  w i t h  s t a n d a r d  p r o c e d u r e s  (5 ) .  
D e t e r m i n a t i o n  of t he  o r i e n t a t i o n  of  t he  h a b i t  p l a n e  
of the  i n t e r n a l  p r e c i p i t a t i o n  of  t he  g a s - m e t a l  com-  
pounds  w e r e  c a r r i e d  out  as fo l lows :  two  su r faces  
w i t h  k n o w n  a n g u l a r  r e l a t i ons  w e r e  g r o u n d  on c r y s -  
t a l s  of k n o w n  o r i en t a t i on ,  and  the  ang les  m a d e  b y  
the  p l anes  of t he  p r e c i p i t a t e s  w i t h  t he  c o m m o n  edge  
w e r e  m e a s u r e d .  This  i n f o r m a t i o n  was  t hen  p l o t t e d  
s t e r e o g r a p h i c a l l y  and  a n a l y z e d  us ing  a s t a n d a r d  
p ro jec t ion ,  in a cco rdance  w i t h  s t a n d a r d  p r o c e -  
d u r e s  (6) .  

S t a n d a r d  m e t a l l o g r a p h i c  t echn iques  w e r e  a p p l i e d  
in th is  s tudy ,  and  a so lu t ion  of H..SO, ( 9 5 % ) ,  HNO3 
( 7 0 % ) ,  and  H F  ( 4 8 % )  in r a t i o  ( 5 : 2 : 2 )  was  used  as 
t he  e t chan t .  

Effect of Oxygen 

O x y g e n  was  i n t r o d u c e d  into  the  spec imen  b y  ox i -  
da t i on  in  a i r  a t  750~ for  1 h r  and,  d e p e n d i n g  on the  

1Presen t  address :  Rare  Metals  Division,  CIBA Limited ,  :Basle, 
Switzer land,  

t h i ckness  of the  m a t e r i a l  s tud ied ,  c o m p l e t e  c o n v e r -  
s ion of t he  m e t a l  to ox ide  or  p a r t i a l  conve r s ion  of 
the  su r face  w i t h  i n t e r n a l  p r e c i p i t a t i o n  was  p r o -  
duced.  O x i d a t i o n  in p u r e  o x y g e n  l eads  in essence  to 
t he  s ame  end  r e su l t s  even  t h o u g h  at  a p p a r e n t l y  
h i g h e r  ra tes .  This  fact  and  the  i n a b i l i t y  to de t ec t  
x - r a y  e v i d e n c e  of p r e s e n c e  of  TaN in spec imens  
ox id i zed  in  a i r  t ends  to i nd i ca t e  l a ck  of r e a c t i o n  b e -  
t w e e n  the  Ta and  the  N~ of t he  air .  

Pos s ib i l i t y  of d i s so lu t ion  of s m a l l  a m o u n t s  of N~ is 
not  p r e c l u d e d  but ,  if  p resen t ,  i t  does no t  s eem to 
affect  t he  c r y s t a l l o g r a p h i c  fac to rs  s tud ied .  X - r a y  
d a t a  i nd i ca t e  t h a t  t he  ox ide  f o r m e d  is Ta~Os. I t  
p r e c i p i t a t e s  on the  {100} p l a n e s  of t he  bcc la t t ice ,  
as has  been  d i scussed  in d e t a i l  e l s e w h e r e  (7 ) .  

S ing le  c r y s t a l s  o x i d i z e d  in  a i r  or  in O~ for  pe r iods  
b e t w e e n  20 min  to 1 h r  a r e  e x t r e m e l y  b r i t t l e ;  in 
s e v e r a l  cases,  d r o p p i n g  a c r y s t a l  to a c e m e n t  floor 
f r o m  a d i s t ance  of a b o u t  3 f t  was  sufficient  to p r o -  
duce  excess ive  c r a c k i n g  and  d i s i n t e g r a t i o n  a long  
c e r t a i n  p lanes .  M e a s u r e m e n t s  of t h e s e  e l e m e n t s  of 
c l e a v a g e - t y p e  f r a c t u r e  r e v e a l e d  t h a t  o x y g e n - e m -  
b r i t t l e d  Ta s ingle  c rys t a l s  c l eave  on the  {110} and  
{100} p l a n e s  w i t h i n  t he  e r r o r  of m e a s u r e m e n t  of 2 ~ 

W h e n  n o n c r y s t a l l o g r a p h i c  b r i t t l e  f r a c t u r e  was  
p r o d u c e d  in  c r y s t a l s  b y  b e n d i n g  n o r m a l  to  r a n d o m  
d i rec t ion ,  one could  a l w a y s  d e t e c t  face ts  p a r a l l e l  to 
t he  {110} and  the  {100} c l eavage  p l anes  on the  f r a c -  
t u r e  sur face .  

E x a m i n a t i o n  of c l e a v a g e  su r f aces  r e v e a l e d  the  
p re sence  of m a r k i n g s .  These  a r e  qu i t e  v a r i e d  a t  d i f -  
f e r e n t  a r ea s  of c l e a ve d  {110} and  {100} p l a n e s  in a 
c r y s t a l  and  also in {110} and  {100} p l anes  in d i f fe r -  
en t  c rys ta l s .  No specific p a t t e r n  a s soc ia t ed  w i t h  
e i t h e r  of  t he se  two  c l e a v a g e  faces  w a s  e s t ab l i shed ,  
y e t  ce r t a in  p a t t e r n s  s eemed  to be  c h a r a c t e r i s t i c  
and  c o n s t a n t l y  a p p e a r e d  a lone  or  in  c o m b i n a t i o n s  in 
t h e  l a r g e  n u m b e r  of {100} and  {110} c l e a v a g e  p l a n e s  
e x a m i n e d .  The  mos t  c o m m o n  ones  a r e  seen  in  Fig .  
1-3. 

Effect of Hydrogen 

H y d r o g e n  was  i n t r o d u c e d  into  t h e  Ta  b o t h  b y  a n -  
n e a l i n g  in H~ a t  700~ for  pe r i ods  up  to 24 hr ,  d e -  
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Fig. 1. Typical cleavage markings. Magnification 500X 
before reduction for publication. 

Fig. 2. Typical cleavage markings. Magnification 500X 

Fig. 3. Typical cleavage markings. Magnification 2000X 

pending on the extent of hydrogenation needed, and 
also by cathodic charging at room temperature at a 
current density of 0.5 amp/ in2 in a solution con- 
sisting of 90% HNO3 (70%) and 10% HF (48%).  
The cathodic charging was used for the study of the 
effect of H~ on fracture properties and for compari-  
son with the behavior of material in which H~ was 
introduced at high temperature.  

The product of the hydrogen- tan ta lum reaction 
also precipitates on the {100} planes. The com- 
pound believed to be segregating on the {100} plane 
is the f l- tantalum hydride (8). This precipitation of 
the hydride produces distortion in the Ta which 
manifests itself in warping of the specimen. A poly- 
crystalline specimen showing the crystal lography 
dependent fl-TaH precipitation can be seen in Fig. 4. 

Fig. 4. •-TaH precipitate in fine-grained Ta sheet. Treat- 
ment, 24 hr, 700~ in H~. Magnification 500X before reduc- 
tion for publication. 

Hydrogen introduced into Ta as indicated leads to 
cleavage-type fracture on bending. Here the {100} 
and the {110} type of cleavage are both observed, 
with the {100} type seemingly predominant.  

Hydrogen introduced into Ta by cathodic charg-  
ing under conditions stated above also produces 
room temperature embrit t lement and cleavage frac- 
ture on bending. The predominant  cleavage here 
seems to be of the {110} type; rarely was the {100} 
cleavage detected. Examination of cleavage faces re-  
vealed essentially the same features already re- 
ferred to when discussing oxygen-induced cleav- 
ages. 

E~ect of Nitrogen 
Nitrogen was introduced in the specimen by an- 

nealing in nitrogen atmosphere at 750~ Nitrogen- 
tanta lum reaction seems to proceed at relatively 
slow rates at this temperature.  F ive-hour  nitriding 
was the minimum time needed for sufficient precipi- 
tation for habit-plane determination in the single 
crystals used, but 24-hr t reatment  was actually 
used. 

The formation of the nitride in the metal must  be 
connected with a substantial volume change, as the 
nitrided specimens invariably show a substantial 
amount  of distortion and warping. Figure 5 shows 
the appearance of the surface of a single-crystal 
specimen which was nitrided for 24 hr  at 750~ 

Fig. S. Surface nitride (dark material) and distortion re- 
sulting from nitride precipitation on the (100) planes an a 
single crystal of Ta after 24 hr at 750~ in N2 atmosphere. 
Magnification S00X before reduction for publication. 



576 J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October  1958 

Fig. 6. Nitr ide platelets on a polished surface viewed under 
polarized ~ight. Specimen treated as in Fig. 5. Magnification 
500X before reduction for publication. 

Fig. 7. Fracture associated with the nitr ide-metal interface 

Observe the relief on the surface on the sites of 
nitride precipitation. No uniform nitride cover 
seems to be formed; however, bulk nitride formed 
at different locations is clearly visible. On metal-  
lographic polishing of the specimen normal to ex- 
posed surface and examination with polarized light, 
one can see that nitride platelets which form are 
anisotropic (Fig. 6). The habit plane of precipitation 
is {100}. The structure of the nitride is not known, 
and no study of structure was performed; in com- 
parison with other data on tanta lum nitride in the 
li terature (9), however, it is quite likely that the 
compound formed both on the surface and internally 
on the {100} plane is of the composition TaN. 

Cleavage fracture on ni trogen-embri t t led Ta in 
the terms of the treatments described previously 
was always found associated with a visible precipi- 
tate. It apparently does not take place prior to 
segregation of the nitride phase, and it occurs along 
the metal-ni tr ide interface on the {100} plane. Fig- 
ure 7 shows the type of fracture that occurs associ- 
ated with this ni t r ide- tantalum interface, and the 
Laue back reflection shows a typical {100} pat tern 
that one obtains f rom these cleavage faces associ- 
ated with the metal-ni tr ide interfaces. No {110} 
cleavage was observed in ni t rogen-embri t t led Ta. 

Discussion of Results 
The gas-metal  compounds resulting from the in- 

teraction of Ta with O2, N~, and H~ all precipitate on 

the {100} planes of the bcc lattice. The location of 
the precipitate coincides with the most widely 
spaced atoms of this lattice. There is identity in the 
crystallographic factors involved in this interaction, 
but substantial differences exist in the kinetics of 
reaction of each of these three gases with the Ta. 

The occurrence of cleavage-type fracture in pu re  
Ta induced by impact at low temperature has al- 
ready been discussed (10). The results of this study 
indicate the strong effect that  O~, N~, and H~ have in 
modifying this fracture behavior. The evidence pre-  
sented tends to support the contention here ad- 
vanced that  the {100} type cleavage induced both by 
H~ and O~ must be connected with the early stages 
of precipitation on this plane and a direct conse- 
quence thereof. In the case of N=, it takes place at a 
considerably later stage of precipitation and is as- 
sociated with the ni t r ide-metal  interface. The {100} 
cleavage is the minor cleavage in h igh-pur i ty  Ta 
(10). The {110} cleavage is the major  cleavage ob- 
served in Ta at low temperature  (10); the {110} is 
also the predominant  slip plane in this metal  (11). 
The observance of this type of cleavage at room 
temperature under the conditions described must  be 
a direct consequence of the presence of O~ and N~ in 
solid solution. These gases in solid solution then re-  
duce the ductility of the Ta crystals and make it 
possible to produce behavior which in pure Ta takes 
place at --196~ at room temperature.  No {110} 
cleavage was observed in material  that  was treated 
with N2. 

Markings of identical appearance as those ob- 
served and described for oxygen-embri t t led Ta 
were also observed in hydrogen-embri t t led  Ta. No 
satisfactory hypothesis explaining their formation 
is advanced. It  is believed, however, that  they result 
from the interaction of the cleavage plane and 
screw dislocations in the crystals. Their appearance 
is apparently influenced by the rate and direction of 
the crack leading to cleavage. 

Conclusions 
It  has been shown that  the habit  plane of the pre-  

cipitation of oxide, nitride, and hydride in Ta is 
{100} and these appear to be Ta~O~, TaN, and/3-Tall ,  
respectively. 

{100} and {110} cleavages result from these gas- 
metal interactions. The {100} type cleavages appear 
to be related to the precipitation phenomena while 
the {110} cleavage seems to be due to gases in solid 
solution. 
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Room Temperature Tarnishing of Silver in Bromine and Iodine 
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ABSTRACT 

Pure  s i lver  was t a rn i shed  in an a tmosphere  of iodine and bromine  vapor  
at room tempera tu re .  This resul ted  in imperv ious  ha l ide  surface layers ,  f rom 
which ta rn i sh ing  ra tes  could be deduced by  means of a photomicrographic  
technique.  I t  was found that  the parabol ic  ra te  law, wi th  diffusion being the 
r a t e -de t e rmin ing  step, also holds at  room tempera ture .  The presence of wa te r  
vapor  reduces  the ra te  of ha logenat ion  by  a factor  of two. 

The  t a r n i s h i n g  of s i lve r  b y  h a l o g e n  v a p o r s  has  
a t t r a c t e d  m u c h  a t t en t ion .  The  r e a s o n  for  th i s  i n t e r e s t  
is the  r e l a t i v e l y  low t e m p e r a t u r e  a t  wh ich  these  
o x i d a t i o n  r eac t ions  p r o c e e d  and  the  fac t  t h a t  t he  
h a l i d e  p r o d u c e d  is p r e d o m i n a n t l y  an  ionic  c o n d u c -  
tor.  Hence  m a n y  i n t e r e s t i n g  conclus ions  can  be  
d r a w n  f r o m  t a r n i s h i n g  e x p e r i m e n t s  (1 ) .  W a g n e r  
a n d  his school  w e r e  p a r t i c u l a r l y  ac t i ve  in  c o n n e c t -  
ing, b y  t h e o r y  and  e x p e r i m e n t ,  the  k ine t i c s  of an  
o x i d a t i o n  r e a c t i o n  w i t h  t he  ionic  conduc t i v i t i e s  of 
t he  r e a c t i o n  p roduc t s ,  e.g., s i l ve r  h a l i d e s  in t a r n i s h -  
ing reactions. 

The present work arose as a problem in solid- 
electrolyte battery research. In the electric cell 
Ta(Br~)/AgBr/Ag, halogen vapor reacts at the Ta 
cathode in the presence of a silver anode. The 
chemical stability of the silver anode is of great 
importance. One must distinguish between the ther- 
mal attack of the halogen on the silver surface, i.e., 
the tarnishing reaction, and the electrochemical cell 
reaction, the formation of silver halides. Both proc- 
esses h a v e  t h e  s a m e  o v e r - a l l  chemica l  r eac t ion ,  

A g  q- Z/~Br2 = A g B r  

but ,  w h e r e a s  t he  cel l  r e a c t i o n  is e s sen t i a l  for  t he  
o p e r a t i o n  of the  cell ,  t he  t a r n i s h i n g  r e a c t i o n  is u n -  
d e s i r a b l e  because  i t  consumes  ac t ive  cel l  m a t e r i a l .  

The  t a r n i s h i n g  r e a c t i o n  p roceeds  f a i r l y  r a p i d l y  a t  
t e m p e r a t u r e s  a b o v e  200~ and  e x p e r i m e n t s  p e r -  
f o r m e d  a t  h igh  t e m p e r a t u r e s  a r e  d e s c r i b e d  in  t h e  
l i t e r a t u r e  ( 2 - 4 ) .  On ly  few m e a s u r e m e n t s  h a v e  been  
r e p o r t e d  a t  l o w e r  t e m p e r a t u r e s  and,  t he re fo re ,  t a r -  
n i sh ing  at  r o o m  t e m p e r a t u r e  was  s t ud i ed  b y  the  
fo l l owing  me thod .  

E x p e r i m e n t a l  P r o c e d u r e  

J a e n i c k e  and  c o - w o r k e r s  s tud i ed  the  anod ic  f o r -  
m a t i o n  of  AgCI  l a y e r s  and  r e c r y s t a l l i z a t i o n  p h e -  
n o m e n a  in  aqueous  so lu t ions  b y  m e a n s  of a m i c r o -  
scopic  t e c h n i q u e  (5) .  In  t he  p r e s e n t  work ,  d u r i n g  
r o u t i n e  p h o t o m i c r o g r a p h i c  e x a m i n a t i o n s  of sec t ions  

of t a r n i s h e d  s i l ve r  foi ls  i t  was  f o u n d  t h a t  v e r y  
c l ea r  r e p r o d u c t i o n s  cou ld  be  o b t a i n e d  a t  m a g n i f i -  
ca t ion  of 500. This  f o r m e d  the  bas is  of an  e x p e r i -  
m e n t a l  t e c h n i q u e  in w h i c h  the  course  of t h e  t a r n i s h -  
ing  r e a c t i o n  w o u l d  s i m p l y  be  fo l l owed  b y  the  ob -  
s e r v a t i o n  of t he  mic roscop ic  inc rease  of the  t a r -  
n i shed  l a y e r  w i t h  t ime .  

S i l ve r  coupons  of  "f ine"  g rade ,  s u p p l i e d  b y  H a n d y  
a n d  H a r m a n  C o m p a n y ,  w e r e  e x a m i n e d .  1 A f t e r  d e -  
g r e a s i n g  and  c l ean ing  the  coupons  w e r e  e x p o s e d  to  

1 T h e  m a n u f a c t u r e r ' s  analys is  of fine s i lver  is: Ag  99.9+%,  Cu 
0.05%, Pb 0.004%, traces of Fe and other metals. 

Fig. I. A 2-rail silver foil after exposure to Brs for 7900 
sec, ~xAs ~ 1 .0 /~;  AXA~Br = 5 .7  ~. 

Fig. 2. A 2-rnil silver foil after exposure to Brs for 1.815 
X 10 ~ sec. ~ x ~  = 14 .8  ~; • ~ 43.3 ~. 
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Fig. 3. A 2-mil silver foil after exposure to Br~ for 5.273 
X 106 sec. /~xA~ = 22.2/~; AXA~Br = 64.0 /~. 

Fig. 4. A 2-rail silver foil after exposure to Is for 1.492 X 
108 sec. AXA~ = 9.3 /~; ~XA~ = 36.7 /~. 

b r o m i n e  or  iod ine  v a p o r  at  r oom t e m p e r a t u r e .  The  
coupons  w e r e  s t o r ed  in the  p r e s e n c e  of o r d i n a r y  i l -  
l u m i n a t i o n  in v a c u u m  des i cca to r s  w h i c h  c o n t a i n e d  
an  excess  of t he  h a l o g e n  and  d r y i n g  agent .  The  de s -  
i cca tors  w e r e  e v a c u a t e d  so t h a t  on ly  t he  s a t u r a t e d  
ha logen  v a p o r  was  p re sen t .  A n o t h e r  ser ies  of e x -  
p e r i m e n t s  was  p e r f o r m e d  at  90.14% r e l a t i v e  h u -  
m i d i t y  b y  r e p l a c i n g  the  des i ccan t  w i t h  a s a t u r a t e d  
aqueous  so lu t ion  of b a r i u m  chlor ide .  A f t e r  r e m o v a l  
f rom the  h a l o g e n  a t m o s p h e r e  t he  s a m p l e s  w e r e  
m o u n t e d  in "Se l ec t ron , "  a p o l y e s t e r  ( p r e p a r e d  f r o m  
30% s t y r e n e  m o n o m e r  and  70% a l k y d  r e s in )  w h i c h  
h a r d e n s  at  r oom t e m p e r a t u r e .  S a m p l e s  w e r e  po l -  
i shed  and  e tched.  O n l y  a v e r y  s l igh t  d i c h r o m a t e  
e tch  was  pe rmi s s ib l e .  The  v e r t i c a l  pos i t i on ing  of 
the  foi ls  in  t he  m o u n t  r e q u i r e d  g r e a t  ca re  in  o r d e r  
to ge t  p h o t o m i c r o g r a p h s  w i t h  t r u l y  r e p r e s e n t a t i v e  
c ross - sec t ion .  P h o t o g r a p h s  w e r e  t a k e n  w i t h  a f lat  
f ield ob jec t ive ,  a t  a magn i f i ca t ion  of  500. F o r  ca l i -  
b ra t ion ,  a mic rosca l e  a n d  a s i lve r  b l a n k  w e r e  a d d e d  
to each  set  of photos .  

Experimental  Results 
F i g u r e  1 t h r o u g h  4 shows  the  f e a s i b i l i t y  of t he  

me thod .  The  first  t h r e e  a re  p h o t o m i c r o g r a p h s  of 
s i lve r  foi ls  w i t h  b r o m i d e  l aye r s .  These  foi ls  h a d  
been  exposed  to b r o m i n e  in t h e  absence  of w a t e r  
vapor ,  a t  r o o m  t e m p e r a t u r e ,  for  i nc r ea s ing  per iods ,  
a p p r o x i m a t e l y  2 hours ,  3 weeks ,  a n d  2 mon ths ,  r e -  
spec t ive ly .  F i g u r e  4 is an  e x a m p l e  of a cross  sec t ion  
t h r o u g h  a s i l v e r - s i l v e r  iod ide  foil .  E x a c t  t imes  of 
e x p o s u r e  in  seconds  and  changes  in  t h e  w i d t h  of 
s i lve r  foil,  Z~x,~, o r  w i d t h  of t a r n i s h e d  l aye r s ,  AX,~Br 
and  Ax,, ,  in  m i c r o n s  a r e  g iven  in  t he  l egend  of  t he  
f igures.  I t  m a y  be  n o t e d  t ha t  in  Fig .  2 p a n c a k e  vo ids  
w e r e  f o r m e d  at  the  o r ig ina l  l oca t i on  of t h e  s i l v e r -  

6.5 

6 0  

a 

5,5 
z 

IN PRESENCE OF H20:  

log t �9 3,22 + 2 0 4  Ioq • X AgZ 

IN ABSENCE OF H20 
log t = 3.07 + 1.99 log ,  ~, X A g l  

4.5 p . / /  

05 / ,b ,'~ 2'o 
log Z~ X Ag I  ( & X IN MICRONS) 

Fig..5. Tornshing of silver at room temperature-- forma- 
tion of Agl .  

b r o m i n e  i n t e r f a c e  (see l a t e r ) .  Usua l ly ,  l a r g e  vo ids  
d id  no t  occur.  Thus,  in Fig.  3 t he  s i lve r  foi l  was  
a lmos t  c o m p l e t e l y  used  up  in t he  f o r m a t i o n  of  s i lve r  
b r o m i d e ,  b u t  on ly  r a n d o m  pores  e x i s t e d  in t he  
aa l ide  l aye r .  

W h e n  the  course  of t he  t a r n i s h i n g  r e a c t i o n  is 
p l o t t e d  as t he  loss of s i l ve r  t h i cknes s  (~xA~) a n d  
ga in  in t h i cknes s  of the  h a l i d e  (AXA~) VS. t ime ,  t he  
g r a p h s  a p p e a r e d  to be  pa rabo l i c .  In  Fig .  5 t he  
g r o w t h  of s i lve r  iod ide  in the  p re sence  and  absence  
of w a t e r  v a p o r  is c o m p a r e d .  A s lope  of 2 for  these  
g raphs ,  f r om a l eas t  s q u a r e  fit, ver i f ies  t h e  ex i s t ence  
of a p a r a b o l i c  r a t e  law,  

d(Ax) k' 

dt Ax 

Ag IN Br 2 
SLOPE = I01 
K == 2 . 0  X )o-IZcmZ/ser 

% .  
m 

Ag IN ]Z  

SLOPE = 59 .4  
K'= 12 X 10-12cm2/sec 

/ / 
o o / / 

/ / 
Ag IN Er2(OR 12)+ H20 

/ SLOPE �9 35 
K' = 17  X IO-~3cm2/sec 

////// 

/ 

I I I I I I 
0 i 2 3 4 5 6 

TIME (SECONOS X I0  e )  

Fig. 6. Rate constants of tarnishing reaction 
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Fig. 7. Rate constants of tarnishing reaction 

where  a x  is the  th ickness  of the  t a rn i shed  l aye r  p ro -  
duced in  t ime  t and  k '  is the t a r n i s h i n g  or T a m -  
m a n n  ra te  constant .  If a l  t ime  t = 0 the re  is no 
t a rn i shed  layer ,  t h e n  i n t eg ra t i on  of the  equa t ion  
gives (Ax) =-- 2 k ' . t ,  and  k '  can be eva lua ted  f rom 
least  square  fits of plots as in  Fig.  6. Here  the  con-  
s tants  refer  to the  consumpt ion  of s i lver  i n  b r o m i n e  
and  iodine,  respect ively .  The  b r o k e n  l ine  indica tes  
the  curves  ob ta ined  i n  the  p resence  of wa te r  vapor .  
This is shown  in de ta i l  in  Fig. 7. In  wa te r  vapor  the  
loss of s i lver  proceeds at  about  the  same ra te  in  
e i ther  halogen.  It  should  be kep t  in  mind ,  however ,  
t ha t  the  room t e m p e r a t u r e  vapor  pressures  for b ro -  
m i n e  and  iod ine  are v e r y  d i f fe rent  and  tha t  the  ra te  
var ies  as the  square  root of the  ha logen  pressures .  
These  are 207 m m  for b r o m i n e  and  0.306 m m  for 
iodine a t  25~ The  r a t iona l  r a t e  cons tant ,  k, is 
more  usefu l  for compar i son  of d i f ferent  chemica l  
sys tems because  it  expresses  ra tes  in  t e rms  of equ iv -  
alents ,  thus :  

= w / w  = ( q . ~ x . p / v . p )  = q . ~ x / v  

where  n, w, and  v are the  e q u i v a l e n t  n u m b e r ,  
weight ,  and  vo lume ,  respect ive ly ,  q surface  area,  
p densi ty ,  w weight ,  and  nx  th ickness  of the  reac t ion  

product .  Hence,  i n t r o d u c t i o n  of equ iva l en t s  into the 
above ra te  l aw con ta in ing  the  cons tan t  k'  gives: 

w he r e  

d~ q d(Ax)  q k'  q 

d t  v d t  v h x  A x  

k"  
k = - -  

v 

and  1~ has  the  un i t s  of equ iva l en t s  per  cen t ime te r  
per  second. 

The  e x p e r i m e n t a l  resul t s  are t a b u l a t e d  as ra te  
equa t ions  in  Tab le  I and  ra te  cons tan ts  in  Tab le  II. 

Discussion 

F r o m  the  e ight  ra te  express ions  ob ta ined  in  this  
i nves t iga t ion  one can d r a w  conclus ions  r ega rd ing  
the  m e c h a n i s m  of the react ion,  eva lua t e  the  r a t e  
cons tan t s  of the  t a r n i s h i n g  reac t ion  at  room t e m -  
pera tu re ,  and  gain  some ins igh t  into the  s t r u c t u r a l  
f ea tu res  Of the  hal ide.  As to the  prec is ion  of the  
me a su r e me n t s ,  the  p robab le  e r ror  in  the  th ickness  
of the  d i f ferent  l ayers  is +--0.5/~ wh ich  is cons ider -  
ab ly  smal le r  t h a n  the  scat ter  of the  data.  The l a t t e r  
m u s t  be a t t r i b u t e d  to r a n d o m  errors  in  the  a l ign -  
m e n t  of the  foils in  the  m o u n t  at  the  t ime  of t a k i n g  
the pho tomicrograph .  

M e c h a n i s m  o f  t h e  T a r n i s h i n g  R e a c t i o n - -  
C o m p a r i s o n  w i t h  H i g h e r  T e m p e r a t u r e s  

Consider  brief ly the  case of s i lver  t a r n i s h e d  in  a 
b r o m i n e  a tmosphere .  Af te r  the  in i t i a l  l aye r  of s i lver  
b r omi de  has  b e e n  formed,  its c on t i nue d  growth  re -  
qui res  the  t r a n s p o r t  of s i lver  ions to the  surface.  
In t e r s t i t i a l  ions are mobile ,  b u t  o r ig ina te  f rom la t -  
tice posit ions,  therefore  the  fo l lowing  reac t ions  are 

e qu i va l e n t :  

(A) 

I/z Br~ (gas) + Ag, o + ~ = AgI~r + 

gas molecule  intersi~ial bound  sur face  iotas posi t ive  hole 
adsorbed on ion electron incorpora ted  crea ted  by  

sur face  in  lat t ice r emova l  of 
electron 

(B) 

'/zBr2 (gas) + Ag+ + 9 = A g ~ r  + A g ' a /  + 

lat t ice ion vacancy  
crea ted  by 
r e mova l  of 
lat t ice  ion 

Note tha t  Eq. (A)  seems to have  u n b a l a n c e d  
charges.  I t  deals wi th  the  r e m o v a l  of a n e t  posi t ive 

TQble I. Rate equations of tarnishing reaction at room temperature--Ax in microns, t in seconds X 10 ~ 

H~O absent  H~:) vapo r  presen t  (90% humid i ty )  

(a) Parabolic relations: 

f A g B r  formation 
Br~176 loss of Ag 

Iodinat ion f A g I  
] lo s s  of Ag 

(b) Logarithmic relations: 

I A g B r  formation 
Br~176 of Ag 

AgI format ion 
Iodinat ion ~loss of Ag 

(Ax)~ ~ 788 t -{- 103 
(hx) ~ = 101 t + 7.8 
(ax)  ~ = 878 t + 30 
(ax) ~ ---- 59.4 t -]- 2,7 

log t ----- 2.77 -b 2.14 log AXA~ 
log t ~- 3.88 + 2.13 log aX~ 
log t -~ 3.07 + 1.99 log Ax.~g~ 
log t = 4.14 -]- 2.09 log AXAg 

(~X) ~ ~ 340 ~ - -  42 
(AX) 2 ~ 35.0 t --  0.04 
(~X) 2 ~ 442 t + 35 
(ax)  ~ - - -  34.8 t + 1.3 

log t = 3.90 + 1.73 log ~ x , ~  
log t -= 4.63 -}- 1.80 log ~x~  
log t ~ 3.22 + 2.04 log AXAgL 
log t ~ 4.41 -}- 2.02 log hX,g 
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Table II. "Rational" tarnishing rate constants (in equiv. --cm-~--sec -~) 
Temp -~ 25 ~ __ 5~ PBr~ ~ 207 _+ 37 ram, P,2 ~ 0.306 • 0.016 mm 

AgBr AgI  
Ag in Br~ format ion Ag in I2 format ion 

k~ry (H~O absent) 
k,~t (in presence of H~O vapor, 

P~o ~ 21.4 _+ 5.5 mm) 
kdry/kwet 
Literature:  

T a m m a n n  and Koester (6) 
(PB~ ---- 61 mm, T ---- 20 ~ H20 present) 

Hauffe and Gensch (3) 
(PB~2 ---- 170 ram) 

Lehovec (7) 
(p,~ ~ 4.3 mm, T ~ 60 ~ 

Wagner (theory) (2) 

4.9 X 10 -14 1.3 X 10 -1~ 2.8 X 10 -1' 1.1 X 10 -la 
1.7 X 10 -1" 5.9 X 10 -1" 1.7 X 10 -14 5.3 X 10 -~ 

2.9 2.2 1.6 2.1 

I0-~ 

1.8 X i 0  - ~  

10 -~o 

(extrapolated 
from high 
temp. data) 

6.0 X i 0  -~ 

charge f rom the  in te r io r  ( in te r s t i t i a l  Ag ion) to the 
surface.  The ion is replaced  by  a posi t ive  hole, and  
the  ex is tence  of a cor responding  nega t ive  charge 
before and  a f te r  the r emova l  of the  ion is assumed.  
These ions are ve ry  mobi le  compared  to la t t ice  ions, 
bu t  holes m u s t  l ikewise  diffuse to the  surface  in  
order  tha t  the reac t ion  m a y  proceed. This  is the  
r a t e - d e t e r m i n i n g  step in  the m e c h a n i s m  which was  
pos tu la ted  and  verif ied e x p e r i m e n t a l l y  by  W a g n e r  
at e leva ted  t e m p e r a t u r e s  (2) .  The slope of the plots 
of log t ime  vs. log th ickness  in  the  p re sen t  work  i n -  
dicates  t ha t  the  parabol ic  ra te  l aw  is also va l id  at  
room t empera tu r e .  I t  m a y  also be assumed  tha t  the 
mob i l i t y  of the  holes is s t i l l  r a t e - d e t e r m i n i n g  p ro -  
v ided  a po lyc rys t a l l i ne  bu t  imperv ious  l ayer  of 
ha l ide  is formed.  Otherwise  the m e c h a n i s m  wi l l  de-  
pend  on the  gross s t r u c t u r e  of the deposit.  A com- 
p l ica t ion  is i n t roduced  by  the presence  of w a t e r  
vapor  which  reduces  the ra tes  of t a r n i s h i n g  by  a 
factor  of two. It  is k n o w n  tha t  wa t e r  vapor  adsorbs  
read i ly  on  s i lver  hal ides,  bu t  its role in  the t a r n i s h -  
ing process is not  ye t  wel l  unders tood.  

Rate Constants at Room Temperature 

Table  II shows a compar i son  of the  ra te  cons tan ts  
ob ta ined  in  a d ry  ha logen  a tmosphe re  wi th  va lues  
g iven  in  the l i t e ra tu re .  Regard ing  the  p re sen t  me a s -  
u r e m e n t s  the  cons tan ts  ob ta ined  f rom the fo rma t ion  
of the ha l ide  or loss of s i lver  should  be the same for 
each of the two Chemical systems. A c t u a l l y  there  is 
a d i sc repancy  of a factor  of three,  w i th  the smal le r  
ra te  cons tan t  be ing  ob ta ined  f rom decreases of 
th ickness  of si lver.  E x a m i n a t i o n  of the  ha l ide  layers,  
in  both  cases, showed abou t  20% poros i ty  of the 
hal ide,  which  would  give a co r respond ing  e r ror  in  
the  ra te  cons tant .  This  wou ld  no t  account  for the 
total  d iscrepancy,  of course, which  in  v iew of the 
s imple  e x p e r i m e n t a l  p rocedure  is not  surpr i s ing .  In  
fact, compar i son  of the  two va lues  for each sys tem 
gives a room t e m p e r a t u r e  ra te  cons tan t  tha t  should  
be more  accura te  t h a n  one order  of magn i tude .  This  
is conf i rmed also by  compar i son  wi th  ava i l ab le  
l i t e r a t u r e  values.  The work  of T a m m a n n  and  
Koes te r  (6) was  pe r fo rmed  in  an  a tmosphere  sa tu -  
r a ted  wi th  wa t e r  vapor ,  wh ich  m a y  be respons ib le  
for  a s l igh t ly  lower  va lue  of the r a t e  constant .  In  
compar i son  to our  data,  the i r  cons tan t  would  also be 
increased  by  a factor  of two owing  to the smal le r  

p ressure  of b r o m i n e  in  T a m m a n n ' s  expe r imen t .  
Hauffe and  Gensch  (3) pe r f o r me d  the i r  e xpe r imen t s  
in a t e m p e r a t u r e  r a nge  200~176 wi th  a qua r t z  
balance.  The a g r e e me n t  of the i r  ex t rapo la ted  va lue  
wi th  our  ra te  cons tan t  is r e ma r ka b l e .  This  is also 
the case wi th  the  iodide d e t e r m i n a t i o n  of Lehovec 
who used a quar tz  ba lance  too (7) .  Ca lcu la t ions  of 
the  ra te  cons tan t  based on W a g n e r ' s  theory  of t a r -  
n i sh ing  (2) depends  on the knowledge  of the con-  
duc t iv i t y  of the  t a rn i shed  l ayer  and  the t r ans f e r ence  
n u m b e r s  in  it of both species of ions, as wel l  as the  
t r ans fe rence  n u m b e r  of electrons.  Fo l lowing  Jost  
and  Weiss (8) the sum of the  ionic t r ans fe rence  
n u m b e r s ,  t~ + t~ : 0.999 was  a s sumed  a nd  the  e lec-  
t ronic  t r ans fe rence  n u m b e r  t~ = 0.001. For  the con-  
duc t iv i ty  of s i lver  b romide  2.3 x 10 -~ ohm -1 cm -1 was 
chosen. The l a t t e r  two va lues  m a y  be cons ide rab ly  
in  error,  and  it  is therefore  no t  su rp r i s ing  tha t  the  
ca lcula ted  ra te  cons tan t  is off by  two or t h ree  orders  
of magn i tude .  

Structure o] the Halide 

Different  v iews exist  r ega rd ing  the s t ruc tu re  of 
an  oxide or ha l ide  l aye r  on a metal .  The P i l l i ng -  
Bedwor th  ru le  states (9) tha t  if the  v o l u m e  of the  
oxide fo rmed  is l a rger  t h a n  the  v o l u m e  of the metal ,  
t hen  the  surface  is free to e x p a n d  ou tward ,  due  to 
an  increase  in  volume,  to an  e x t e n t  l imi ted  on ly  by  
its ab i l i ty  to s t re tch  successfully.  The mechan ica l  
forces on the  oxide l ayer  m a y  e v e n t u a l l y  become 
grea t  e n o u g h  to cause a dev i a t i on  f rom the  pa r a -  
bolic ra te  law, or even  to d i s r up t  the u n i f o r m  oxide 
layer.  However ,  V e r mi l ye a  (10) has r ecen t ly  pos tu -  
la ted  a l o w - t e m p e r a t u r e  m e c h a n i s m  of ox ida t ion  in  
which  stresses are  absen t  because  reac t ion  takes  
place on ly  at imper fec t ions  of the  oxide or ha l ide  
latt ice.  

I t  m a y  be conc luded  tha t  the  room t e m p e r a t u r e  
ha logena t i on  of s i lver  proceeds be t w e e n  the  two 
above  ext remes .  The  ha l ide  s t r uc t u r e  wh ich  is 
fo rmed  at room t empera tu re ,  hence  at a lower  rate,  
is at least  as u n i f o r m  as one formed at h igher  t e m -  
pe ra tu res .  This  is show n  v isua l ly ,  by  obse rva t ion  of 
photomicrographs .  However ,  the ha l ide  s t ruc tu re  is 
no t  perfect  and  pores are formed.  T h e y  are located 
at r a n d o m  in the halide.  As m e n t i o n e d  above,  an  
es t imate  of the  poros i ty  based  on the pho tomicro-  
graphs  is about  20%. In  a few cases agg lomera t ion  
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Fig. 8. A 2-rail silver foil after exposure to Br2 for 3.040 
• 10 ~ sec. Silver is completely brominated. 

Fig. 9. A 2-mil silver foil after exposure to Br= for 8.736 
X 106 sec. Silver is completely brominated. 

of pores  in to  con t inuous  voids  cou ld  be  obse rved .  
T h e r e  a r e  ind ica t ions  of such p a n c a k e  pores  a t  the  
o r ig ina l  m e t a l - v a p o r  in t e r face .  This  is mos t  d r a s t i -  
c a l l y  seen  in  Fig .  8, in  w h i c h  a s i l v e r  foi l  is p i c t u r e d  
w h i c h  h a d  been  c o m p l e t e l y  b r o m i n a t e d  in less t ime  
t h a n  w o u l d  have  been  r e q u i r e d  b y  t h e  p a r a b o l i c  
r a t e  l aw.  This  is h o w e v e r  t he  excep t ion  to the  u s u a l  
c o m p l e t e  h a l o g e n a t i o n  of a foil  as p i c t u r e d  in Fig .  9 
w h e r e  aga in  on ly  r a n d o m  pores  exis t .  I t  c anno t  be  
e x p l a i n e d  w h y  the  occas iona l  s i l ve r  h a l i d e  shows  
con t inuous  l~ore f o r m a t i o n  w h e r e  o the r  i d e n t i c a l l y  
t r e a t e d  foi ls  do no t  show this .  B i r c h e n a l l  r e c e n t l y  
po in t ed  out  (11) t ha t  t he  f o r m a t i o n  of po rous  scales  
is connec t ed  w i t h  the  p las t i c  p r o p e r t i e s  of ox ides  
a n d  t h e r e f o r e  i t  is poss ib le  t ha t  some u n k n o w n  fac -  
to r  m a y  have  e n t e r e d  to h i n d e r  t he  p las t i c  flow of 
t he  h a l i d e  in the  case w h e r e  l a rge  pores  appea r .  The  
fac t  t h a t  th i s  m a y  occur  in  a few s a m p l e s  w h e r e  a 
l a r g e  n u m b e r  of o the r s  u n d e r  i d e n t i c a l  cond i t ions  

do no t  show it, o n l y  se rves  to p o i n t  up  t h e  c o m -  
p l e x i t y  of t he  s t u d y  and  the  w o r k  t h a t  r e m a i n s  to 
be  done.  

Conclusions 
1. T a r n i s h i n g  r eac t ions  of s i lve r  b y  iod ine  and  

b r o m i n e  r e s u l t e d  in an  i m p e r v i o u s  h a l i d e  su r f ace  
l a y e r  w h i c h  con ta ins  up  to 20% pores ,  l oca t ed  at  
r a n d o m .  

2. The  r eac t i ons  p r o c e e d  acco rd ing  to p a r a b o l i c  
r a t e  l aw.  Ra t e  cons tan t s  a r e  g iven  for  t a rn i sh ing ,  in 
the  absence  of w a t e r  v a p o r  a n d  w h e n  i t  was  p r e s e n t  
to t he  e x t e n t  of 90% r e l a t i v e  h u m i d i t y ,  a t  r oom 
t e m p e r a t u r e .  

3. I t  is p o s t u l a t e d  t ha t  d i f fus ion  of d e f e c t - e l e c -  
t rons  in a d i r ec t i on  oppos i t e  to t ha t  of s i lve r  ions, 
w h i c h  is the  r a t e - d e t e r m i n i n g  s tep  a t  h i g h e r  t e m -  
p e r a t u r e ,  is a lso  l i m i t i n g  a t  r o o m  t e m p e r a t u r e .  

4. P r e s e n c e  of w a t e r  v a p o r  r educes  t he  t a r n i s h -  
ing  r a t e  b y  a b o u t  a f ac to r  of two.  
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ABSTRACT 

The select ive oxidat ion  of a luminum f rom a 4.8 wt  % A1-Fe a l loy was 
s tudied wi th  a microba lance  at  t empera tu res  of 700~176 The oxidizing gas 
was damp H~, wi th  dewpoints  ranging  f rom --55 ~ to 0~ The oxidat ion  
product  was identif ied by  e lec t ron diffraction to be the crys ta l l ine  spinel, 
7-AhO3. At  800~ the parabol ic  oxidat ion  constant  was app rox ima te ly  p ro -  
por t ional  to the 1/7th power  of the H~O/H~ gas ratio,  and the expe r imen ta l  
ac t ivat ion energy for  the over -a l l  oxidat ion  react ion wi th  0~ dewpoint  hyd ro -  
gen gas was 72 kca l /mole .  

O x i d a t i o n  of a l loys  in  d a m p  h y d r o g e n  a t  e l e v a t e d  
t e m p e r a t u r e s  has  been  c a r r i e d  out  r e c e n t l y  b y  s ev -  
e ra l  i nves t iga to r s ,  M o r e a u  and  B~na rd  (1)  and  S e y -  
bo l t  and  A l e s s a n d r i n i  (2)  on N i - C r  a l loys  and  F e - S i  
a l loys ,  r e spec t i ve ly .  Use of v a r i o u s  H.~O/H~ gas 
r a t io s  d e t e r m i n e d  b y  t h e  v a p o r  p r e s s u r e  of ice a t  
subzero  t e m p e r a t u r e s  p e r m i t s  a b r o a d  c o v e r a g e  of 
ox id i z ing  p o t e n t i a l  a t  v e r y  low effect ive  o x y g e n  
p re s su res .  W h e n  a b i n a r y  sol id  so lu t ion  is ex pose d  
to o x y g e n  p r e s s u r e s  w h i c h  a r e  too low to ox id ize  
the  so lven t  ( m o r e  nob le  c o m p o n e n t ) ,  b u t  w h i c h  
a r e  h igh  enough  to ox id ize  t he  solute ,  the  p rocess  
is ca l l ed  se lec t ive  ox ida t ion .  In  A1-Fe  sol id  so lu t ions  
t h e r e  is a w ide  r a n g e  of o x y g e n  p r e s s u r e s  w h i c h  
p e r m i t s  the  se lec t ive  o x i d a t i o n  of  A1 w i t h o u t  a p -  
p a r e n t l y  a f fec t ing  the  Fe.  

The  p r e s e n t  s t u d y  was  i n i t i a t e d  in  o r d e r  to s t u d y  
t h e  k ine t i c s  of t he  o v e r - a l l  r e a c t i o n  g iven  be low:  

2A1 ,n ~e + 3H~O -+ A1203 + H~ [ 1 ] 

G u l b r a n s e n  and  W y s o n g  (3)  h a v e  s t ud i ed  t h e  ox i -  
d a t i o n  of A1 in o x y g e n  a t  va r i ous  t e m p e r a t u r e s  and  
o x y g e n  p r e s s u r e s  w i t h  a qua r t z  m i c r o b a l a n c e ,  and  
the  w e i g h t  ga in  d a t a  r e p o r t e d  h e r e i n  w e r e  t a k e n  
w i t h  a s i m i l a r  m i c r o b a l a n c e  of m 1 ~g sens i t iv i ty .  A 
d e t e r m i n a t i o n  of the  s t r u c t u r e  of t he  su r f ace  ox ide  
f i lms was  m a d e  b y  re f lec t ion  e l ec t ron  d i f f rac t ion  
t e chn iques  on s a m p l e s  t ha t  w e r e  cooled  to r o o m  
t e m p e r a t u r e  in the  H~O/H2 gas  in w h i c h  t h e y  w e r e  
ox id ized .  

Experimental 
S a m p l e s  of a 4.8 w t  % A1-Fe  a l loy  w h i c h  h a d  

been  v a c u u m  m e l t e d  f r o m  e l ec t ro ly t i c  m a t e r i a l s  of 
9 9 . 9 9 + %  p u r i t y  and  ro l l ed  to 0.014-in.  shee t  w e r e  
cut  w i t h  5 cm ~ su r f ace  area .  The  s m a l l  r e c t a n g u l a r  
spec imens  w e r e  po l i shed  t h r o u g h  00 p a p e r  b y  h a n d  
and  t h e n  w a s h e d  w i t h  an  80% ace tone  -20% t o l u -  
ene  d e g r e a s i n g  solut ion.  The  s a m p l e s  w e r e  des ic -  
c a t e d  for  2-5 days  be fo re  use.  No c h e m i c a l  e t ch ing  
o r  po l i sh ing  was  a t t e m p t e d  b e c a u s e  i t  was  fe l t  t h a t  
s e l ec t ive  e t ch ing  m i g h t  t a k e  p l ace  or  a fo re ign  su r -  

face  f i lm m i g h t  be  p r o d u c e d .  The  spec imens  w e r e  
h u n g  on an  O.002-in. n i c h r o m e  w i r e  f r o m  one  a r m  of 
a q u a r t z  m i c r o b a l a n c e  in  t he  a p p a r a t u s  shown  
s c h e m a t i c a l l y  in Fig.  1. The  s y s t e m  was  u s u a l l y  
f lushed ou t  o v e r n i g h t  a t  r oom t e m p e r a t u r e  w i t h  d r y  
h y d r o g e n  ( - -196~ d e w p o i n t )  be fo re  t h e  r u n  was  
s t a r t ed .  D u r i n g  a r u n  the  d a m p  gas  was  p r e h e a t e d  
to t e m p e r a t u r e  in  a q u a r t z  sp i r a l  a r o u n d  the  spec i -  
m e n  be fo re  i t  was  i n t r o d u c e d  into  t he  fu rnace .  
W e i g h t  ga ins  w e r e  fo l lowed  b y  m e a s u r i n g  the  sh i f t  
in the  qua r t z  b e a m  a w a y  f r o m  a f ixed  q u a r t z  p o i n t e r  
w i t h  a t e l emic roscope .  A change  of 0.001 cm shi f t  
was  e q u i v a l e n t  to 1 ~g, and  an  i n d i v i d u a l  r e a d i n g  
could  be  m a d e  to _+0.2~g. The  def in i t ion  of t he  
s t a r t i n g  t i m e  for  a r u n  was  a r b i t r a r i l y  chosen  to  be  
a b o u t  15 m i n  a f t e r  the  we t  h y d r o g e n  was  a d m i t t e d  
to t he  fu rnace .  D u r i n g  th is  b r i e f  i n t e r v a l  t he  m i c r o -  
b a l a n c e  b e a m  osc i l la ted ,  m a k i n g  r e a d i n g s  e r ra t i c .  
W h i l e  i t  is i m p o s s i b l e  to d e t e r m i n e  e x a c t l y  t he  
o x y g e n  u p t a k e  of the  s a mp le s  d u r i n g  h e a t i n g  in t he  
first  15 min  of a n y  run ,  an  e s t i m a t e  of 2-3 ~g o x y -  
g e n / c m  ~ has  been  m a d e .  M i c r o b a l a n c e  r e a d i n g s  w e r e  
m a d e  r e g u l a r l y  ove r  s e v e r a l  hou r s  and  t y p i c a l  
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Fig. 1. Schematic representation of oxidation apparatus. 
1, copper catalyst; 2, flowmeter; 3, water saturator; 4, cold 
trap; 5, gas mixer; 6, Mckeod gauge; 7, furnace; 8, quartz 
tube; 9, microbalonce; 10, telemicroscope. 

582 



VoL 105, No. 10 S E L E C T I V E  O X I D A T I O N  O F  A L U M I N U M  583 

25 

~ .  ooc 

j .~-55oc 

2O 

/ 
c / 

I00  2 0 0  3 0 0  4 0 0  5 0 0  
TIME, MINUTES 

Fig. 2. Weight gain-time relations at several dewpoints 
for oxidation of 4.8% A1-Fe in hydrogen at 800~ 

w e i g h t  ga in  vs. t ime  curves  a r e  shown  in Fig .  2. 
Two ser ies  of  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  
th is  t e chn ique ;  t he  f irst  cons i s ted  of a ser ies  of r uns  
at  800~ in w h i c h  the  H~O/H~ r a t i o  was  v a r i e d  b y  
c h a n g i n g  t h e  h y d r o g e n  d e w p o i n t  f r o m  --55 ~ to  0~ 
in  s e v e r a l  s teps.  The  second  ser ies  was  c a r r i e d  out  
a t  c o n s t a n t  h y d r o g e n  d e w p o i n t  (0~  a t  ox id i z ing  
t e m p e r a t u r e s  of 700 ~ 800 ~ and  900~ 

W h e n  the  runs  w e r e  f inished,  t he  f u r n a c e  was  
l o w e r e d  f rom the  sample ,  and  i t  was  a l l o w e d  to cool 
to  100~ b e f o r e  t he  q u a r t z  c h a m b e r  was  e v a c u a t e d .  
G e n e r a l l y ,  t he  s amp le s  e x h i b i t e d  a p a s t e l  i n t e r -  
f e r ence  co lo r  w h e n  t h e y  w e r e  r e m o v e d  f rom the  
fu rnace .  This  co lor  was  v e r y  u n i f o r m  ove r  t he  e n -  
t i r e  s a m p l e  sur face ,  i n d i c a t i n g  a smoo th  su r f ace  
film. The  f i lms w e r e  of t he  o r d e r  of 2000A th ick .  
E l e c t r o n  d i f f r ac t ion  p a t t e r n s  w e r e  t a k e n  b y  re f lec-  
t ion  f r o m  t h e  ox id i zed  surface .  F i n a l l y ,  t he  s a m p l e s  
w e r e  m e a s u r e d  w i t h  a m e t r i c  m i c r o m e t e r  and  t h e i r  
a r ea s  w e r e  c o m p u t e d  to the  n e a r e s t  0.001 cm ~, w i t h  
t he  a s s u m p t i o n  t h a t  the  a s - p o l i s h e d  su r face  was  
p e r f e c t l y  p l ane .  

Results 

The r e su l t s  of t he  w e i g h t  g a i n - t i m e  s tud ies  fit 
an  e q u a t i o n  of the  t y p e  

( ~-~ )~=kp (t--to) [2]  

w h e r e  AM/A = w e i g h t  ga in  p e r  un i t  a rea ;  t =  
t i m e ;  to = t i m e  cons tan t ;  and  kp- - - -pa rabo l ic  r a t e  
cons tan t .  
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Fig. 3. Variation of parabolic rate constant with H~O/Hs 
ratio at 800~ 

Table I. Electron diffraction data of surface oxide 
on 4.8% AI-Fe alloy 

T y p i c a l  u n k n o w n s *  
S a m p l e  S t a n d a r d s *  
No. 11 No. 14 (hkl)  No. 1 No.  2 

d, A d, A d, A d,  A 

2.740 220 
2.381 311 

222 
1.946m 1.987m 400 

1.491 
1.37 

1.211 
1.163 
1.105 
1.060 
1.015 
0.971 

0.897 

422 
511, 333 

s t  1.410 s t  440 
533 
622 

1.160 m 444 
711 
642 

1.016 553, 731 
800 

0.906 555, 751 
840 

2.80 2.79 s 
2.39 m 2.38 vs 
2.28 
1.98 m 1.97 s 
1.82 
1.62 1.61 
1.52 m 1.52 m 
1.40 s 1.395 s 
1.24 
1.21 1.19 
1.14 1.14 

1.06 
1.03 1.03 
0.991 0.988 
0.916 0.912 
0.885 0.886 
0.844 

0.820 844 0.806 
ao----7.79 a o = 7 . 9 5  a o = 7 . 9 3  a s ~ 7 . 8 8  

* No. 11, 4.8% A1-Fe  o x i d i z e d  a t  800~ 20 h r ,  - - 5 5 ~  d e w p o i n t .  
No. 14, 4 .8% A1-Fe  o x i d i z e d  a t  800~ 7 hr ,  0~ d e w p o i n t .  No. 1, 
A S T M  c a r d  No. 2-1420; "/-AlcOa. No.  2, o x i d e  on  p u r e  A1 > 680~ 
in  a i r  [see  Ref .  (4) ] "v-A12Oa. 

% H e a v i l y  t e x t u r e d  l ine .  

Two p r e l i m i n a r y  r u n s  s h o w e d  t h a t  t he  p a r a b o l i c  
b e h a v i o r  c o n t i n u e d  for  a t  l e a s t  20 hr ,  b u t  mos t  of 
the  runs  w e r e  m a d e  on ly  for  7 h r  d u r a t i o n .  The  
effect of va r i ous  H20/H~ gas  r a t io s  on the  p a r a b o l i c  
r a t e  cons t an t  a t  800~ is s h o w n  in Fig.  3. I n c r e a s e d  
w a t e r  con ten t  of t he  gas  b r i n g s  a b o u t  an  i nc rea se  in 
the  r a t e  of ox ida t ion ,  b u t  the  effect is  smal l .  The  
s lope of t h e  l ine  in  Fig .  3 shows  t ha t  t he  p a r a b o l i c  
r a t e  cons t an t  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to the  
H~O/H~ gas r a t i o  to the  + 1 / 7  power .  

T a b l e  I c o m p a r e s  t y p i c a l  e l ec t ron  d i f f r ac t ion  d a t a  
f r o m  s a m p l e s  No. 11 and  No. 14 w i t h  s t a n d a r d  x - r a y  
p o w d e r  p a t t e r n s  for  y-Al~O~. The  d i f f r ac t ion  p a t -  
t e rns  for  a l l  s a m p l e s  i n d i c a t e d  t h a t  t h e  o x i d a t i o n  
p r o d u c t  was  s u b s t a n t i a l l y  t he  s ame  a t  700 ~ 800 ~ 
and  900~ a n d  a t  a l l  t h e  d e w p o i n t s  s tud ied .  The  
p a t t e r n s  for  t he  s a mp le s  he ld  at  700 ~ a n d  800~ for  
7 h r  c o r r e s p o n d e d  to s a m p l e  No. 14, w h i l e  t h e  p a t -  
t e rns  for  t he  s a m p l e s  at  800~ (20 h r )  and  900~ 
r e s e m b l e d  t h a t  of s a m p l e  No. 11. L o n g e r  t i m e s  a t  
t e m p e r a t u r e s  and  i n c r e a s e d  t e m p e r a t u r e s  of o x i d a -  
t ion  i nc r ea sed  the  n u m b e r  and  s h a r p n e s s  of l ines  
a p p e a r i n g  in t he  d i f f rac t ion  p a t t e r n s .  

T a b l e  I I  g ives  a s u m m a r y  of a l l  t he  e x p e r i m e n t a l  
d a t a  i n c l u d i n g  s a m p l e  t r e a t m e n t s ;  p a r a b o l i c  r a t e  
cons tan t ,  k~; t i m e  cons tan t ,  to; a n d  e l e c t r o n  d i f f r ac -  
t ion  resul t s .  S e v e r a l  p r e l i m i n a r y  e x p e r i m e n t s  on the  
d e t e r m i n a t i o n  of t he  ox ide  s t r u c t u r e  h a v e  no t  been  
i n c l u d e d  in th i s  t ab le .  Those  r e su l t s  d id  no t  differ  
f r o m  sa mp le s  9, 11, 14, and  15. In  c e r t a i n  e x p e r i -  
m e n t s  u s ing  d e w p o i n t s  of n o m i n a l l y  --78 ~ and  
- -196~ the  s a m p l e  g a i n e d  m o r e  w e i g h t  t h a n  the  
a m o u n t  of o x y g e n  a v a i l a b l e  in  these  d r y  gases.  The  
w a t e r  con ten t  of the  h y d r o g e n  could  no t  be  r e d u c e d  
to a d e w p o i n t  as low as - -78~  in the  a p p a r a t u s  

used .  
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Table II. Summary of experimental data 
IOC 700  

~ 
800 900 

T r e a t m e n t  kp to R e m a r k s  
Sam-  A l l  r u n s  a t  800~ t ~g2 ra in-  (E lec t ron  

ple  excep t  w h e r e  n o t e d  cm 4 m i n  u tes  d i f f rac t ion)  

4 As polished 2/0 
paper, acetone- 
toluene rinse - -  - -  No oxide present  

11 --55 ~ dewpoint  H2 ao = 7.79 A 
20 hr;  200 cc /min  - -  - -  Spinel 

17 --55 ~ dewpoint  Ha 
6 hr; 200 cc /min  0.44 35 - -  

19 --55 ~ dewpoint  H2 
6 hr;  200 cc /min  0.55 70 - -  

24 --40~ dewpoint  Ha 
6�89 hr; 200 cc/min 0.50 60 

16 --35*C dewpoint Ha 
7 hr; 200 cc /min  1.0 50 - -  

627 --20~ dewpoint  Ha 
8 hr; 200 cc /min  1.04 60 - -  

23 --20~ dewpoint  Ha 
7�89 hr; 200 cc /min  0.89 100 

14 0~ dewpoint  H~ ao = 7.95 A 
7 hr; 200 cc /min  1.1 35 Spinel 

20 0~ dewpoint  Ha 
7�89 hr; 200 cc /min  0.96 125 

15 Furnace  at 900~ 
--55 ~ dewpoint  Ha Spinel 
5 hr; 125 cc /min  - -  - -  ao = 7.84 A 

21 Furnace  at 900~ 
0~ dewpoint  Ha 
4 hr;  200 cc /min  18.4 50 - -  

9 Furnace  at 700~ 
0~ dewpoint  H~ Spinel  
5�89 hr; 160 cc /min  - -  - -  ao = 7.98 A 

22 Furnace  at 700~ 
0~ dewpoint  H~ 
7~/~ hr; 200 cc /min  0.033 15 

The t e m p e r a t u r e  dependence  of the parabol ic  ra te  
cons tan t  w i th  0~ dewpo in t  h y d r o g e n  gas can be 
g iven  by  the  equa t i on  

[ 7 2 0 0 0 ]  gg ~ 
kp = 4.0 >< 101' exp R T  J cm'  m---in [3] 

This equa t ion  was  d e t e r m i n e d  f rom the plot  shown 
in  Fig. 4, which  shows the  t e m p e r a t u r e  dependence  
of k~ on a semilog plot. The e r ro r  in  the  exper i -  
m e n t a l  ac t iva t ion  ene rgy  is abou t  ----_2 kca l /mole .  
Uhl ig  (8) has po in ted  out  t ha t  ac t iva t ion  energies  
m a y  be h igher  above the  Cur ie  t e m p e r a t u r e  in  some 
alloys in  which  the  r a t e - c o n t r o l l i n g  ox ida t ion  step 
is a surface  reac t ion  at the  m e t a l / o x i d e  in terface .  
However ,  w h e n  diffusion t h rough  the  oxide film is 
ra te  control l ing,  magne t i c  effects a re  no t  impor t an t .  

Discussion 
The resul t s  of this s tudy  have  severa l  th ings  in  

common  wi th  the  ox ida t ion  of pu re  A1. P res ton  and  
B i r c u m s h a w  (4),  Brouck6re  (5) ,  Haas (6) ,  and  
Ke l l e r  and  Edwards  (7) repor t  T-AI~O~ wi th  sp ine l  
s t ruc tu res  h a v i n g  a u n i t  cell of abou t  7.9A. G u l -  
b r a n s e n  and  Wysong  (3) have  t a k e n  mic roba lance  
weighings  at var ious  t e m p e r a t u r e s  and  oxygen  pres -  
sures and  have  found  a sl ight  increase  in  the  p a r a -  
bolic ra te  cons tan t  wi th  i nc reas ing  oxygen  pressure  
(0.76, 7.6 m m  Hg) ,  bu t  the i r  t e m p e r a t u r e  coefficient 
was  unce r t a in .  P re s ton  and  B i r c u m s h a w  (4) repor t  
r ec rys ta l l i za t ion  of y-AlaO8 at  t e m p e r a t u r e s  in  ex-  

!1. 0 

. =  

(11 / 

/ 

LI I.O 0.9  0.8 
,o__3 3 

"K 

Fig. 4. Temperature dependence of the parabolic rate con- 
stant kp (O~ dewpoint gas). 

cess of 680~ whi le  Brouck6re  (5) repor ts  an  
amorphous  and  c rys ta l l ine  m i x t u r e  of ~,-AI~O~ wi th  
a t e n d e n c y  toward  epi taxy,  the cube faces be ing  
n o r m a l  to the  g rowth  direct ion.  

The resul t s  of this  i nves t iga t ion  show tha t  the  
in i t i a l  s tage of ox ida t ion  is d i f ferent  f rom the  p a r a -  
bolic ra te  which  becomes opera t ive  af ter  1 or 2 hr  
of oxidat ion.  This effect m a y  be due to one or more  
of the fol lowing:  solut ion of oxygen  in  the  alloy, 
nuc l ea t ion  and  growth  of oxide patches  before  film 
coverage is complete,  or g rowth  of an  amorphous  
oxide which  becomes c rys ta l l ine  u p o n  ho ld ing  at  the  
ox ida t ion  t empera tu re .  Because of the observed ap-  
pea rance  of n e w  l ines  and  s h a r p e n i n g  of the  (400) 
and  (440) l ines u p o n  ho ld ing  at t empera tu re ,  the  
l a t t e r  e x p l a n a t i o n  appears  p laus ib le .  

A s s u m i n g  tha t  the s to ichiometr ic  oxide composi -  
t ion  is n e a r l y  m a i n t a i n e d ,  one can a t t e mp t  to ac- 
count  for the observed  p ressure  dependence  of the  
ox ida t ion  ra te  by  pos tu l a t ing  fast  surface  equ i l ib r i a  
at  the  oxide in ter faces  and  tha t  the fi lm grows by  
diffusion processes w i t h i n  it. Severa l  defect  equa -  
t ions can be w r i t t e n  for the  ox ide /gas  in terface .  
These a~e of the  type  g iven  be low:  

3H.~O = 3Ha + A1203 § 2[~,+++ + 613o- [4] 
or 

3 0  = AI~O~ + 2[],,+++ + 6[~o- [5]* 

In Eq. [4] the concentration of aluminum ion va- 
cancies varies with H~.O/Ha gas ratio to a positive 
fractional power, +3/8. This type of pressure de- 
pendence would correspond to a cation deficient 
p-type semiconductor. On the other hand, if ~-AI~O8 
is an n-type semiconductor having anion vacancies 
which permit anions to diffuse inward during oxide 
growth, possible equilibria at the gas/oxide inter- 
face can be written as follows: 

* E q u a t i o n s  [5], [7], and  [9] m a y  be t a k e n  as r e p r e s e n t a t i v e  os 
t h e  fas t  e q u i l i b r i a  a t  t he  a l l o y / o x i d e  in te r face .  I n  Eqs.  [4]-[7]  d i f -  
f u s i o n  f luxes  w i l l  be  a p p r o x i m a t e l y  d e p e n d e n t  on t he  c o n c e n t r a t i o n  
d i f fe rences  of vacanc i e s  pe r  u n i t  v o l u m e  a t  t he  i n n e r  and  o u t e r  
in te r faces ,  d i v i d e d  b y  t he  i n s t a n t a n e o u s  f i lm th ickness .  I n  Eqs.  
[8] a n d  [9] d i f fus ion  f luxes  w i l l  be  d e t e r m i n e d  by  c o n c e n t r a t i o n  
d i f fe rences  of  i n t e r s t i t i a l  m e t a l  ions.  
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H=O + Do-- + 2e-~ = H= [6]  
o r  

O + []o-- + 2e-~ ---- n i l  [7]  

In  Eq. [6]  the  c o n c e n t r a t i o n  of an ion  vacanc ie s  
v a r i e s  w i t h  H~O/H~ gas  r a t i o  to  t h e  - - 1 / 3  p o w e r ;  e, 
is an  excess  or  de fec t  e lec t ron .  

I f  1 , -a lumina  is an  n - t y p e  s e m i c o n d u c t o r  (9)  w i t h  
excess  m e t a l  ions  and  e l ec t rons  in  i n t e r s t i t i a l  pos i -  
t ions,  t h e  fo l lowing  e q u i l i b r i a  a t  t he  g a s / o x i d e  in -  
t e r f ace  m i g h t  a p p l y  

2AL +++ + 6e,- + 3H~O --~ ALO~ + 3H~ [8] 
o r  

2AIs ++ + 6e( + 3 0  = ALO3 [9] 

The concentration of excess metal ions in Eq. [8] 
would be dependent on the H~O/H2 gas ratio to the 
--% power. 

Because of the small positive pressure effect on 
the rate of formation of ?-A130~, it is supposed that 
this structure has both cation and anion vacancies. 
Growth must proceed by countercurrent diffusion 
of cations outward and anions inward through the 
oxide film. This kind of a structure would corre- 
spond to a transition-type semiconductor with a 
probable excess of cation vacancies and electron 
defects. The measured pressure effect agrees gen- 
erally w i t h  t h e  s m a l l  pos i t i ve  effect  d e m o n s t r a t e d  
b y  G u l b r a n s e n  and  W y s o n g  (3) .  

The  l a r g e  v a l u e  of t he  e x p e r i m e n t a l  h e a t  of ac -  
t i v a t i o n  is in  a g r e e m e n t  w i t h  t he  a b o v e  c o n s i d e r -  
a t ions .  A t  l ea s t  fou r  d i s t i nc t  p rocesses  a re  i n v o l v e d  
in the  g r o w t h  of t he  ox ide  g e n e r a t i o n  and  d i f fus ion  
of an ion  vacanc i e s  and  of c a t i on  vacanc ies .  I f  t he  
n a t u r e  of t he  o x i d a t i o n  p r o d u c t  v a r i e d  w i t h  t e m -  
p e r a t u r e ,  one  w o u l d  no t  e x p e c t  t he  l i n e a r  r e l a t i o n  
in Fig.  4 to hold.  T h a t  t he  e l ec t ron  d i f f rac t ion  p a t -  
t e rns  w e r e  i den t i ca l  for  a l l  t e m p e r a t u r e s  is f u r t h e r  

p roof  t h a t  the  o x i d a t i o n  p r o d u c t  in  a l l  e x p e r i m e n t s  
was e s sen t i a l l y  the  same.  

Summary 
1. A l u m i n u m  in sol id  so lu t ion  in  i ron  was  ox i -  

d ized  s e l ec t i ve ly  w i t h  d a m p  h y d r o g e n  a t  700 ~  
900~ 

2. M i c r o b a l a n c e  w e i g h t  ga in  d a t a  fo l l owed  a 
p a r a b o l i c  t i m e  l a w  a f t e r  an  in i t i a l  t i m e  lag.  

3. The  su r f ace  o x i d a t i o n  p r o d u c t  w a s  iden t i f i ed  
by  e l e c t r o n  d i f f rac t ion  to be  the  c r y s t a l l i n e  spinel ,  
7-AI~O~. 

4. The parabolic rate constants varied approxi- 
mately linearly with H~O/II~ gas ratio to the ~-i/7 
power. 

5. The experimental activation energy for the 
over-all oxidation reaction was 72 kcal/mole. 
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Particle Size and Efficiency of Electrolurninescent Zinc Sulfide 
Phosphors 
W. Lehmann 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The br ightness  and the electr ic  power  absorpt ion  of an e lec t ro luminescent  
ZnS phosphor  depend on the mean  par t ic le  size of the phosphor.  For  constant  
amounts  of phosphor  by  weight  exci ted under  ident ical  conditions, decreasing 
par t ic le  size causes s t rongly  decreased br ightness  at  low voltages. However ,  at  
high vol tages  the  br ightness  remains  unchanged  or tends to increase. At  all  
voltages,  the  electr ic  power  absorpt ion  is p ropor t iona l  to the par t ic le  size. The 
efficiency, i.e., the ra t io  of br ightness  to power  absorpt ion,  increases wi th  
decreas ing par t ic le  size. Wi th  fine par t ic les  of a green emi t t ing  phosphor,  a 
luminous efficiency of 14 lpw of a complete  cell (corresponding to 18-19 lpw 
of the phosphor  i tself)  could be measured.  

E x p e r i m e n t a l  d a t a  on the  d e p e n d e n c e  of t he  e m i s -  
s ion i n t e n s i t y  of e l e c t r o l u m i n e s c e n c e  on the  m e a n  
p a r t i c l e  size of zinc sulf ide  p h o s p h o r s  w e r e  p r e -  
s en t ed  r e c e n t l y  b y  G o l d b e r g  (1 ) .  S i m i l a r  e x p e r i -  

mer i t s  have  also been  m a d e  in our  l a b o r a t o r y  in -  
c lud ing ,  h o w e v e r ,  in a d d i t i o n  the  d e p e n d e n c e  of t h e  
e lec t r i c  p o w e r  a b s o r p t i o n  on the  m e a n  p a r t i c l e  size. 
A s t a n d a r d ,  g r e e n - e m i t t i n g  ZnS:Cu ,C1  p h o s p h o r  
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APPLIED VOLTAGE (IN VOLT5 R.M.S.) 
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Fig. l. Dependence of the electro]uminescent brightness, 
L, on the exciting voltage, V, for several phosphor fractions 
of different mean particle diameter. 

was  s e p a r a t e d  b y  r e p e a t e d  s e d i m e n t a t i o n  in a lcohol  
in to  s e v e r a l  f r ac t ions  of d i f fe ren t  m e a n  p a r t i c l e  
sizes. The  d i s t r i b u t i o n  of the  p a r t i c l e  d i a m e t e r s  of 
each  f r ac t i on  was  d e t e r m i n e d  mic roscop ica l l y .  The  
r e s u l t i n g  a r i t h m e t i c  m e a n s  of t he  d i a m e t e r s  and  
t h e i r  s t a n d a r d  dev i a t i ons  w e r e :  6 -- 2t~; 8 • 3t~; 10 
• 4tL; 15 • 6t~; 20 • 6t~. These  n u m b e r s  i n d i c a t e  t h a t  
t he  p a r t i c l e  size d i s t r i b u t i o n s  of  t h e  f r ac t ions  o v e r -  
l ap  cons ide r ab ly .  A s h a r p e r  sepa ra t ion ,  i.e., s m a l l e r  
s t a n d a r d  dev ia t ion ,  would ,  of course ,  be  h i g h l y  d e -  
s i r a b l e  b u t  cou ld  no t  be  o b t a i n e d  w i t h o u t  los ing  too 
m u c h  phospho r .  A l l  f r ac t ions  cons i s t ed  m a i n l y  of 
s e p a r a t e d ,  s imp le  c r y s t a l s  and  con t a ined  p r a c t i c a l l y  
no a g g l o m e r a t e s .  The  e l e c t r o l u m i n e s c e n c e  of these  
f r ac t ions  was  m e a s u r e d  in  t he  u s u a l  t y p e  of cas to r  

~.~Z ~~ 

0 

z 

-_o2 

3 ~ 5 I0 20 30 40 
MEAN PARWCLE ~A~TER ( iN~)  

Fig. 2. Dependences of the two constants Lo and Vo in the 
equation k = ko exp [--(Vo/VW ~] on the mean particle 
diameter. 

oil  cell ,  a l w a y s  e m p l o y i n g  the  s a m e  cel l  g e o m e t r y  
a n d  the  s a m e  a m o u n t  of p h o s p h o r  b y  w e i g h t  in  t he  
cell .  P r e c a u t i o n s  w e r e  t a k e n  to i n su re  t h a t  t he  geo-  
m e t r i c a l  a r r a n g e m e n t  of t he  p h o s p h o r  p a r t i c l e s  in 
t he  l i qu id  d i e l ec t r i c  of the  cell ,  i.e., b r i d g e  f o r m a t i o n  
(3 ) ,  was  s t ab le  and  d id  not  f a l s i fy  t he  m e a s u r e -  
ments .  

F i g u r e  1 shows  the  d e p e n d e n c e  of t h e  emiss ion  
in t ens i ty ,  L, of t he  c o m p l e t e  cel ls  on the  a p p l i e d  
vo l tage ,  V, p l o t t e d  as log L as a func t ion  of V -~.  
This  f igure  is q u i t e  in a g r e e m e n t  w i t h  G o l d b e r g ' s  
resu l t s .  The  s t r a i g h t  l ines  in  Fig .  1 a p p r o a c h i n g  the  
e x p e r i m e n t a l  po in t s  r e p r e s e n t  t he  f a m i l i a r  e x p r e s -  
s ion (2)  

L = Lo exp  [ - - ( V o / V )  v~] [1]  

w h e r e  Lo and  Vo a re  cons tan ts .  F i g u r e  2 shows  the  
e x p e r i m e n t a l  d e p e n d e n c e  of Lo and  Vo on the  m e a n  
p a r t i c l e  size, a, p l o t t e d  on l o g - l o g  scales.  The  po in t s  
t h e r e  seem to be  g r o u p e d  a r o u n d  the  s t r a i g h t  l ines  
r e p r e s e n t i n g  the  r e l a t i o n s h i p s  

Lo = A / a  ~ [2a]  
and  

Vo = B / a  [2b]  

w h e r e  A and  B a r e  two  cons tan t s  i n d e p e n d e n t  of 
t he  p a r t i c l e  d i a m e t e r .  W h i l e  Eq. [2b]  is in a g r e e -  
m e n t  w i t h  G o l d b e r g ' s  resu l t s ,  he  o b t a i n e d  an  e x -  
p o n e n t  of 3 for  a in  [2a] .  The  r ea son  for  th is  d i s -  
a g r e e m e n t  m a y  be  the  f ini te  p a r t i c l e  size d i s t r i b u -  
t ions  of a l l  f r ac t ions  i n v e s t i g a t e d  so far .  

The  d e p e n d e n c e  of t he  e l ec t r i c  p o w e r  abso rp t ion ,  
W, on the  m e a n  p a r t i c l e  size was  d e t e r m i n e d  b y  
m e a s u r i n g  the  capac i t ance ,  C, a n d  the  loss angle ,  ~b, 
of t he  c o m p l e t e  cel l  a n d  c a l c u l a t i n g  

W = 2~rfV~C sin ~b [3]  

w h e r e  f a n d  V a re  the  f r e q u e n c y  and  vo l tage ,  r e -  
spec t ive ly .  De ta i l s  of th is  t e c h n i q u e  a r e  d e s c r i b e d  
in  an  e a r l i e r  p u b l i c a t i o n  (3) .  Con t ro l  m e a s u r e m e n t s  
of s i m i l a r  cel ls  in  two  d i f fe ren t  ways ,  w i t h  an  i m -  
p e d a n c e  b r i d g e  and  w i t h  an  e lec t ron ic  w a t t m e t e r ,  
gave  the  s a m e  r e su l t s  as t he  m e a s u r e m e n t s  w i t h  t he  
a b o v e  loss ang le  me thod ,  so t h a t  i t  is b e l i e v e d  t h a t  
th is  m e t h o d  g ives  r e l i a b l e  resu l t s .  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  d e p e n d e n c i e s  of 
the  capac i t ance ,  C, and  the  loss angle ,  ~b, a re  g iven  
in  Fig .  3. C a n d  r bo th  i n c r e a s e  w i t h  i nc r ea s ing  
p a r t i c l e  size at  f in i te  e x c i t i n g  vo l tages ,  V. As  V a p -  
p r o a c h e s  zero,  C a p p r o a c h e s  a cons t an t  v a l u e  i n d e -  
p e n d e n t  of t he  p a r t i c l e  size, w h i l e  @ a p p r o a c h e s  v a l -  
ues  close to zero.  The  t e r m  C sin @ in Eq. [3]  is t h a t  
cel l  p r o p e r t y  w h i c h  is r e s p o n s i b l e  for  t he  e l ec t r i c  
p o w e r  a b s o r p t i o n  ( the  o t h e r  two  fac to rs  in  [3] ,  f 
and  V 2, a r e  no t  cel l  p r o p e r t i e s ) .  I t  was  f o u n d  t h a t  
t he  t e r m  C sin ~ is a lmos t  p r o p o r t i o n a l  to t h e  m e a n  
p a r t i c l e  d i a m e t e r ,  a. This  is s h o w n  in Fig .  4 w h e r e  
t he  r a t i o  C sin @/a is p l o t t e d  as  a func t ion  of t h e  
exc i t i ng  vo l tage ,  V. This  r e s u l t  is s o m e w h a t  p e c u l i a r  
since,  in  a l l  cases,  t he  s ame  a m o u n t  of p h o s p h o r  was  
u sed  in  t he  cells .  The  cel ls  c on t a in ing  the  fine p a r -  
t i c les  h a v e  a l o w e r  p o w e r  consumpt ion ,  a l t h o u g h  
t h e y  con ta in  m a n y  m o r e  p a r t i c l e s  t h a n  the  cel ls  
c o n t a i n i n g  t h e  coarse  pa r t i c l e s .  
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dielectric loss angle, r of the complete cell on the exciting 
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t ic le d iameter .  

The efficiency of electroluminescence is essen- 
tially the ratio of the emission intensity, L, to the 
electric power absorption, W. The emission inten- 
sity, L, is not very strongly dependent on the mean 
particle size in the region of moderate and higher 
exciting voltages (Fig. 1). The electric power ab- 
sorption, however, decreases with decreasing mean 
particle diameter (Fig. 4). Consequently, the effi- 
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Fig. 5. Dependence of the luminous efficiency of electro- 
)uminescence on the exciting voltage for several phosphor 
fractions of different mean particle diameter. 

ciency ~ = L / W  increases with decreasing mean 
particle diameter. Experimental  results are shown 
in Fig. 5. The highest luminous efficiency of electro- 
luminescence observed so far in this way is 14 lpw. 
This is, however, the luminous efficiency of the 
complete cell. Estimating the energy and radiation 
losses in constructional parts of the cell (especially 
the reabsorption of light emitted from the phosphor 
in the cell electrodes), this value of 14 lpw corre- 
sponds to about 18 to 19 lpw for the efficiency of the 
phosphor itself. This is considerably above the theo- 
retical maxima of 12 lpw predicted by Bowtell and 
Bate (4) and of 14 lpw calculated by Zalm (5). 
Furthermore,  it is not believed that this value of 18 
to 19 lpw is the upper limit of what  is obtainable. 

The peak efficiencies of Fig. 5 are replotted in 
Fig. 6 on a log-log basis. The experimental points 
are grouped around a straight line of slope --~/2 
corresponding to a dependence 

~1 . . . .  = clali2 

where c is a constant. Any quantitative foundation 
for this relationship is still missing. 

Results essentially similar to those described here 
for a green-emitt ing ZnS: Cu,C1 phosphor have also 
been obtained for a yel low-emitt ing ZnS:Cu,Mn 
phosphor. 
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Fig. 6. Dependence of the peak electroluminescence effici- 
ency on the mean particle diameter of the phosphor. 
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A q u a l i t a t i v e  e x p l a n a t i o n  of a l l  r e su l t s  m i g h t  be  
poss ib le  w i t h  the  f a m i l i a r  b a r r i e r  m o d e l  for  e l ec -  
t r o luminescence ,  a s s u m i n g  t h a t  t he  exc i t a t i on  m e c h -  
a n i s m  occurs  p r i m a r i l y  n e a r  t he  su r face  w h i l e  t he  
e lec t r i c  p o w e r  a b s o r p t i o n  is m a i n l y  a b u l k  p r o p e r t y  
of the  p h o s p h o r  pa r t i c l e s .  A dec rease  of t he  p a r t i c l e  
size inc reases  the  su r f ace  to v o l u m e  ra t io  and  hence  
shou ld  i nc rea se  the  efficiency. H o w e v e r ,  q u a n t i t a t i v e  
a g r e e m e n t  of th is  m o d e l  w i t h  the  e x p e r i m e n t a l  d a t a  
has  no t  y e t  been  ob ta ined .  More  e x p e r i m e n t s  shou ld  
be  m a d e  on p h o s p h o r s  h a v i n g  s t i l l  m o r e  u n i f o r m  
p a r t i c l e  sizes in o r d e r  to o b t a i n  m o r e  i n f o r m a t i o n  
abou t  these  ques t ions .  

Manuscr ip t  received May 12, 1958. This paper  was 
p repa red  for de l ive ry  before  the New York  Meeting, 
Apr i l  27-May 1, 1958. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the June  1959 JOURNAL. 
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Gold in Silicon 

G. Bemski and J. D. Struthers 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Heat  t r ea tmen t  of silicon, both  p - t y p e  and n- type ,  to t empera tu res  in excess 
of 900~ f requen t ly  resul ts  in a decrease of l i fe t ime and is sometimes accom- 
panied by an increase  in resis t ivi ty.  In the present  exper iments ,  gold has been 
found to be in t roduced dur ing  such hea t  t rea tments  in concentrat ions  sufficient 
to account for the observed changes in the  electr ical  character is t ics .  Gold has 
been observed on the surfaces of all  the silicon samples  examined  so far.  
Heat  t rea tments  in the t empe ra tu r e  range  1100~176 resul t  in a concentra-  
t ion of gold in the  bu lk  ma te r i a l  of about  101' a t . / cm ~. A film of n ickel  or 
copper  on the silicon surface dur ing  the hea t  t r ea tment  has a ge t ter ing  act ion 
for  gold. Heat  t r ea tmen t  in vacuum can also be effective in the  remova l  of gold. 

Recen t ly ,  the  g r o w t h  of  s i l icon s ing le  c r y s t a l s  
w i t h  a h igh  m i n o r i t y  c a r r i e r  l i f e t i m e  has  become  
poss ib le .  H o w e v e r ,  in s u b s e q u e n t  h e a t  t r e a t m e n t s  to 
t e m p e r a t u r e s  above  900~ the  l i f e t i m e  is f r e q u e n t l y  
d e g r a d e d .  A t  t e m p e r a t u r e s  above  l l 0 0 ~  the  d e g r a -  
d a t i o n  of l i f e t i m e  is s o m e t i m e s  a c c o m p a n i e d  b y  the  
i n t r o d u c t i o n  of donor  leve ls  in  p - t y p e  and  accep to r  
l eve l s  in  n - t y p e  Si, r e s u l t i n g  in an  i nc rea se  of r e -  
s i s t iv i ty .  

These  effects could  be  due  to e i t he r  s t r u c t u r a l  or  
c h e m i c a l  impe r f ec t i ons .  I t  has  been  d e m o n s t r a t e d  
t h a t  S i  can  be  h e a t e d  to h igh  t e m p e r a t u r e s  u n d e r  
p r o p e r  cond i t ions  ( in  f loat ing zone e q u i p m e n t ) ,  
even  fo l l owed  b y  a fas t  cool ing  cycle,  w i t h o u t  s ig -  
n i f i can t ly  d e g r a d i n g  the  l i f e t i m e  (1) .  This  e x p e r i -  
m e n t  is a s t r ong  i nd i ca t i on  t h a t  t he  d ra s t i c  l i f e t i m e  
d e g r a d a t i o n s  n o r m a l l y  e n c o u n t e r e d  m u s t  be  due  to 
c h e m i c a l  impur i t i e s .  

In  t he  p r e s e n t  e x p e r i m e n t s ,  n e u t r o n  a c t i v a t i o n  
m e a s u r e m e n t s  w e r e  used  in an a t t e m p t  to c o r r e l a t e  
the  e l e c t r i c a l  effects  e n c o u n t e r e d  in h e a t - t r e a t e d  Si 
w i t h  p a r t i c u l a r  c h e m i c a l  impur i t i e s .  

Experimental 
The  e l ec t r i ca l  effects in h e a t - t r e a t e d  Si, t ha t  is, 

the  change  in c a r r i e r  d e n s i t y  a n d  the  c h a n g e  in l i fe -  
t ime ,  w e r e  s t u d i e d  b y  s t a n d a r d  t echn iques .  The  
change  in  c a r r i e r  d e n s i t y  was  o b t a i n e d  f r o m  H a l l  
effect m e a s u r e m e n t s  and  f rom r e s i s t i v i t y  m e a s u r e -  

m e n t s  as a f u n c t i o n  of t e m p e r a t u r e .  The  l i f e t ime  was  
m e a s u r e d  b y  t h e  i n j e c t i o n - e x t r a c t i o n  m e t h o d  (2) .  

F o r  t he  n e u t r o n  a c t i v a t i o n  ana lys i s  the  s a m p l e s  
w e r e  i r r a d i a t e d  in  the  B r o o k h a v e n  N a t i o n a l  L a b -  
o r a t o r y  Reac tor .  Ene rg ie s  and  d e c a y  r a t e s  w e r e  
m e a s u r e d  us ing  a s ingle  c ha nne l  s c in t i l l a t i on  spec -  
t r o m e t e r .  Be ta  p a r t i c l e  ene rg i e s  w e r e  m e a s u r e d  b y  
the  a l u m i n u m  a b s o r b e r  t echn ique ,  and  d e c a y  ra t e s  
b y  c o n v e n t i o n a l  G e i g e r - M f i l l e r  coun t ing  me thods .  
In  a f ew  cases, r a d i o c h e m i c a l  s e p a r a t i o n s  w e r e  m a d e  
b y  a d d i n g  i n a c t i v e  c a r r i e r s  to conf i rm the  conc lu -  
s ions o b t a i n e d  on the  bas i s  of t he  m e a s u r e d  h a l f - l i f e  
and  ene rg ie s  of the  o b s e r v e d  r ad i a t i ons .  

H e a t  t r e a t m e n t s  of t he  s a m p l e s  w e r e  p e r f o r m e d  in 
t h r e e  d i f f e ren t  v a c u u m  s ta t ions  as w e l l  as in  t h r e e  
d i f fe ren t  S e n t r y  ovens  in a He  a t m o s p h e r e .  The  
d i f fe ren t  sys t ems  w e r e  used  in o r d e r  to m i n i m i z e  the  
p o s s i b i l i t y  of i n t r o d u c i n g  i m p u r i t i e s  due  to a con-  
t a m i n a t i o n  of a n y  one p a r t i c u l a r  sys tem.  The  r e su l t s  
ob ta ined ,  howeve r ,  w e r e  i n d e p e n d e n t  of t h e  sys -  
t e m  used .  

Results 
Surface contamination oy si l icon.--It  has  b e e n  ob -  

s e r v e d  t h a t  Si  w a f e r s  cu t  f r o m  p u l l e d  c rys t a l s ,  a f t e r  
n e u t r o n  i r r ad i a t i on ,  s h o w e d  an  i nduc e d  r a d i o a c t i v -  
i t y  o t h e r  t h a n  the  Si  ac t iv i ty ,  or  an  a c t i v i t y  due  to 
t he  d o n o r  or  accep to r  impur i t i e s .  A t y p i c a l  a u t o -  
r a d i o g r a p h  is s h o w n  in Fig.  1. The  s p o t t y  a p p e a r a n c e  
of t he  r a d i o a c t i v e  cen te r s  on the  su r f ace  is no t i ce -  
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Fig. 1. Autoradiograph of an unheated Si sample (not 
etched af ter  irradiation). 

able in most samples. The act iv i ty  is confined to 
the surface only; a f te r  a sl ight  surface etch of the  
i r r ad ia ted  sample, the ac t iv i ty  drops by orders  of 
magni tude.  

The unknown act iv i ty  could be identif ied as Au1% 
which is the  isotope obtained on neut ron  act ivat ion 
from the s table isotope Au ~. This identif ication was 
obtained f rom the be ta  decay ha l f - l i f e  of approx i -  
ma te ly  65 hr, the fl energy of 0.9 m.e.v., and the 7 
energy of 0.4 m.e.v. A radiochemical  separa t ion  con- 
firmed this finding. 

Severa l  exper iments  have been pe r fo rmed  in 
order  to find a surface t r ea tmen t  not  giving rise to 
Au contaminat ion.  Pr ior  to i r radia t ion ,  the fol low- 
ing cleansing procedures  have been used on the va r i -  
ous wafers:  (a) 48% HF (Baker )  fol lowed by  a 
rinse in cold deionized water ,  (b)  70% HNO~ 
(Baker )  fol lowed by  a r inse in cold deionized water ,  
(c) HNO3WHF,  (d)  aqua regia,  (e) boi led de-  
ionized water ,  (f) lapped and r insed in cold de-  
ionized water ,  and (g) HF, dr ied by  evaporat ion.  
Af te r  all  these procedures ,  an average Au concen- 
t ra t ion  of 10 TM to l f f  ~ Au a t . / cm ~ was observed.  

Even a crys ta l  which has been pulled,  then b roken  
off at  the seed, and hand led  wi th  filter paper  only 
showed Au contaminat ion  at the surface af ter  i r -  
radiat ion.  Po lycrys ta l l ine  Si ma te r i a l  (du Pon t ) ,  
in the form of crystal l i tes ,  has also been subjected to 
neut ron  i r rad ia t ion  and showed a Au concentrat ion 
on the surface exceeding 10 TM Au a t . / cm ~. The A1 foil, 
used for wrapp ing  t h e  Si samples,  showed no Au 
ac t iv i ty  on i r radiat ion.  This proves tha t  the Au was 
not in t roduced dur ing  the handl ing  procedures.  

Volume contamination.--As ment ioned above, the 
ac t iv i ty  observed on the surface d isappears  af ter  
sl ight etching. From this, one can es t imate  that  the 
Au concentrat ion in the crystal ,  as grown, is less 
than  10 TM a t . / cm ~. 

Gold is known to have  a compara t ive ly  h igh-  
diffusion constant  and a h igh-sol id  solubi l i ty  in Si 
(3, 4);  therefore,  one expects  a Au contaminat ion  
on the surface to diffuse into the bu lk  of the ma te -  
r ial  upon heating.  Silicon wafers  heated to t e m p e r a -  
tures above l l 0 0 ~  have  been analyzed  by  the neu-  
t ron act ivat ion technique.  Af ter  removing a surface 
l aye r  to e l iminate  ac t iv i ty  located at  the  surface, 
the sample  stil l  showed a /3 and ~, ac t iv i ty  un i form 
throughout  the  volume. F igure  2 shows an auto-  
rad iograph  of a hea ted  and etched sample.  F igure  3 
compares  the /3 decay observed in a gold-doped 
crys ta l  wi th  the/3  decay observed in a hea t - t r e a t e d  
sample.  One sees tha t  the ha l f - l i fe  in both samples 
is identical .  The/3 and ~ energies were  also identical .  

Fig. 2. Autoradiograph of a p-type Si sample heated to 
1300~ (etched af ter  irradiation). ,o.] 
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Fig. 3. Beta decay in a gold-doped Si crystal and in a heat- 
treated Si sample. 

These findings confirm tha t  Au had diffused into the 
sample  dur ing the heat ing cycle. The concentrat ion 
of Au as found by  this analysis  is of the  order  of 101' 
a t . / cm 3 and can be accounted for by  the surface con- 
cent ra t ion  of Au as measured  pr ior  to heating.  Dif-  
ferent  samples  gave s imi lar  results.  

The hole concentra t ion has been measured  by  the 
Hal l  effect on severa l  p - t y p e  silicon samples of a 
res is t iv i ty  of 20 ohm-cm or higher.  F igure  4 shows 
the hole concentrat ion thus found as a function of 
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t e m p e r a t u r e  before  and  af ter  hea t ing .  In  this p a r -  
t i cu la r  case the samples  were  hea ted  fol: 1 hr  at 
1250~ Resul ts  were  s imi la r  in  samples  hea ted  in  
air  or in  a v a c u u m  of 10 -5 m m  Hg. The data  in  Fig. 
4 indica te  an  i n t r o d u c t i o n  of donors  in  a concen t r a -  
t ion  of 101~ a t . / c m  ~ wi th  a n  ene rgy  level  at 0.34 ev 
f rom the  va lence  band .  This  level  can be observed  
on ly  in  fa i r ly  h igh  res i s t iv i ty  Si in  which  the  con-  
cen t r a t i on  of the added  donor  is l a rge r  t h a n  the 
or ig ina l  acceptor  concen t ra t ion .  A m o n g  the  k n o w n  
e lec t r ica l ly  act ive  impur i t i e s  in  Si on ly  Au, w i th  a 
donor  level  at  0.35 ev f rom the  va lence  band,  comes 
w i t h i n  e x p e r i m e n t a l  e r ror  of the  donor  ene rgy  ob-  
served here.  

As s ta ted  e l sewhere  (5) ,  the room t e m p e r a t u r e  
cap ture  cross sect ion for m i n o r i t y  car r ie rs  on Au  
levels  in  Si is of the  order  of 10 -1~ cm "~. This impl ies  
tha t  a A u  concen t r a t i on  of 10 ~' a t . / c m  ~ wi l l  resu l t  
in  a room t e m p e r a t u r e  l i fe t ime in  p - t y p e  s i l icon up 
to res is t iv i t ies  of 100 o h m - c m  of less t h a n  1 /~sec. A 
room t empera tu re ,  l o w - i n j e c t i o n  l i f e t ime  of 0.2 
~sec was  observed  in  the  sample  shown  in  Fig. 4. 
If one a t t r i bu t e s  this  l i fe t ime to r e c o m b i n a t i o n  by  
Au  centers  only,  one also ob ta ins  a A u  concen t ra t ion  
of the order  of 101~ a t . / c m  ~. 

The a g r e e m e n t  in  the  concen t ra t ions  ob ta ined  
f rom the n e u t r o n  ac t iva t ion  analysis ,  the  Ha l l  effect, 
and  the  l i fe t ime m e a s u r e m e n t  indica tes  tha t  A u  is 
the  m a j o r  c o n t a m i n a n t  respons ib le  for the  e lect r ical  
effects observed  in  these samples.  

Techniques to avoid gold contamination in silicon. 
- - T w o  techn iques  have  been  repor ted  p rev ious ly  
which  lead to an  increase  in  l i fe t ime d u r i n g  a hea t  
t r e a t m e n t  and  in  which  one would  suspect  chemica l  
impur i t i e s  to p lay  a role. 

Baker  and  Bemski  (6) found  tha t  v a c u u m  hea t  
t r e a t m e n t  can pa r t i a l l y  res tore  the  m i n o r i t y  car r ie r  
l i f e t ime  in  a degraded  sil icon sample.  They  sus-  
pected tha t  chemical  impur i t i e s  diffused out  of the  
b u l k  of the  Si d u r i n g  such a t r e a tmen t .  

S i l v e r m a n  and  S ing le ton  (7) are r epor t ing  t h a t  
the l i fe t ime d u r i n g  hea t  t r e a t m e n t  can be cons ider -  
ab ly  increased  by  p l a t i ng  the surface  of the  Si w i th  
Ni, p r ior  to the  hea t ing  cycle. Nickel  forms a l iqu id  
al loy on the  surface of the  Si at e leva ted  t e m p e r a -  
tures .  As has been  shown  p rev ious ly  for  a s imi la r  
sys tem [ A u - G e  l iqu idus  on Ge (8 ) ] ,  such a l iqu idus  
can  act as a ge t te r  for a th i rd  c o m p o n e n t  if the  
d i s t r i b u t i o n  coefficient i n  the  t e r n a r y  a l loy d i lu te  
in  the th i rd  c o m p o n e n t  is s igni f icant ly  less t h a n  
un i ty .  This is the case for a Ni -  (or C u - )  Si a l loy 
wi th  A u  as the  d i lu te  th i rd  componen t  (9) .  Such 
get ters  can effect ively p r e v e n t  Au  f rom en t e r i ng  the  
Si and  they  can  r emove  A u  p rev ious ly  in t roduced.  

Ge t t e r ing  of Au  by  a l iqu idus  l aye r  has been  ob-  
served w h e r e b y  the A u  was ident if ied by  the  n e u -  
t ron  ac t iva t ion  analysis .  Copper,  as wel l  as Ni, was 
used for the  fo rma t ion  of the  ge t t e r ing  l iqu idus  
layer .  Two Si samples  have  been  hea ted  to 1250~ 
for 1 h r  in  an  open tube  furnace .  One sample  "A"  
had  a Cu fi lm on its surfaces whi le  the  other  s am-  
ple  "B" had  unp ro t ec t ed  surfaces.  Af te r  n e u t r o n  
ac t iva t ion  and  e tch ing  these  samples  gave a u t o r a -  
d iographs  as shown  in  Fig. 5. It  is a p p a r e n t  tha t  
sample  A shows essen t ia l ly  no A u  concen t r a t i on  

Fig. 5. Autoradiographs of Si samples heated to 1100~ 
(a) in the presence of a Cu f i lm on the surfaces; (b) wi thout  
f i lms on the surfaces. (Etched af ter  irradiat ion.) 

(less t h a n  101~ at . /cm~),  whi le  sample  B shows a 
s t rong  Au concen t r a t i on  ca lcu la ted  to be 5 x  101' 
a t . / c m  ~. 

The resul t s  of a typica l  expe r imen t ,  i l l u s t r a t i ng  
the r e mova l  of A u  f rom the  bulk ,  are  shown  in  
Fig. 6. Curve  A shows the res i s t iv i ty  which  has 
been  m e a s u r e d  as a f unc t i on  of t e m p e r a t u r e  on 
samples  f rom a gold-doped,  p - t y p e  Si c rys ta l  wi th  
5 x 101' Au  a t . / c m  ~. The 0.34 ev level  is seen. Curve  
B was  ob ta ined  on a sample  which  had  been  n icke l  
p la ted  and  hea ted  for 2 hr  at  l l 0 0 ~  These two 
curves  indica te  tha t  the A u  donor  level  had  d isap-  
peared.  Curve  C was  ob ta ined  on a sample  af ter  
v a c u u m  hea t  t r e a t m e n t  and  resembles  cu rve  B. A n  
ac t iva t ion  analys is  showed a p p r o x i m a t e l y  an  80% 
decrease in  the  A u  c onc e n t r a t i on  in  the  samples  B 
a nd  C as compared  wi th  A. 

Conclusions 
The e xpe r i me n t s  so fa r  ind ica te  tha t  A u  is one of 

the m a j o r  e lec t r ica l ly  act ive e l ements  which  are  i n -  
t roduced  in  Si d u r i n g  hea t  t r e a tmen t .  Gold  concen-  
t r a t ions  found  in  the m a t e r i a l  s tud ied  are  sufficient 
to account  for the  changes  of res i s t iv i ty  a nd  l i fe-  
t ime.  Gold c o n t a m i n a t i o n  on the  surface  of the  Si 
as wel l  as Au  in  the  b u l k  of the  Si can  be r emoved  
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effec t ive ly ,  p r e f e r a b l y  b y  a N i - S i  l i qu idus  on the  
su r f ace  of t he  s a m p l e s  or  b y  a v a c u u m  h e a t  t r e a t -  
ment .  The  c rys t a l s  as g r o w n  show no A u  in t he  
bu lk .  This  is eas i ly  u n d e r s t a n d a b l e  s ince  t he  l i qu id  
Si  m u s t  ac t  as a s t r ong  g e t t e r  ( d i s t r i b u t i o n  coeffi- 
c ien t  for  A u  a p p r o x i m a t e l y  10-~). The  su r f ace  f i lm 
of A u  o b s e r v e d  on the  g r o w n  c rys t a l s  m u s t  h a v e  
been  depos i t ed  a f t e r  t he  m a t e r i a l  sol idif ied.  The  A u  
o b s e r v e d  on e t c h e d  m a t e r i a l  m u s t  h a v e  i ts  o r ig in  in 
t h e  chemica l s  used.  One  can  t h e r e f o r e  conc lude  t h a t  
spec ia l  p r e c a u t i o n s  wi l l  be  n e c e s s a r y  to r e d u c e  the  
A u  c o n t a m i n a t i o n  to l eve l s  b e l o w  those  e n c o u n -  
t e r e d  here ,  w h i c h  c o r r e s p o n d  to a p p r o x i m a t e l y  0.001 
of a m o n o l a y e r .  
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ABSTRACT 

Af te r  a silicon crys ta l  has been grown, contaminat ion  pr ior  to and dur ing  
the diffusion process is considered a significant cause of l i fe t ime degradat ion.  
If, p r ior  to diffusion, a sui table  get ter ing  agent  is fo rmed on the surface of 
a sil icon slice, then  the resu l tan t  average  l i fe t ime is app rox ima te ly  an  order  
of magni tude  grea te r  than  tha t  in an un t rea ted  slice f rom the  same crys ta l  
subjec ted  to the  same process. I t  is be l ieved that  a meta l - s i l i con  l iquid phase  
es tabl ished on the silicon surface get ters  recombina t ion  centers  f rom wi th in  
the  bu lk  of the  mater ia l ,  t he reby  preserv ing  the l i fet ime.  Nickel,  si lver,  or 
b i smuth  has been  independen t ly  appl ied  wi th  comparab le  results .  

In  the  course  of  s i l icon dev ice  f ab r i ca t ion ,  an  o u t -  
s t a n d i n g  p r o b l e m  has  been  the  m a i n t e n a n c e  of a 
m i n i m u m  l i f e t i m e  a f t e r  t h e  c o n v e n t i o n a l  h i g h - t e m -  
p e r a t u r e  hea t  t r e a t m e n t ,  a t  1000~ or  a b o v e  for  an  
h o u r  or  more .  I f  t he  m i n i m u m  l i f e t i m e  can  be  r e -  
t a i n e d  a f t e r  p rocess ing ,  the  l i f e t i m e - d e p e n d e n t  e lec -  
t r i c a l  c h a r a c t e r i s t i c s  a r e  assured .  W e  h a v e  i n v e s t i -  
g a t e d  th is  p r o b l e m  in connec t ion  w i t h  diffused,  
h i g h - v o l t a g e ,  c o n d u c t i v i t y - m o d u l a t e d  rect i f iers .  
A f t e r  p roces s ing  the  d iodes ,  l i f e t imes  e q u a l  to  or  
g r e a t e r  t h a n  1 ~sec h a v e  been  o b t a i n e d  in 20-60 
o h m - c m  Si  (n -  or p - t y p e )  t h r o u g h  the  g e t t e r i n g  
ac t ion  of a m e t a l - s i l i c o n  l i qu id  p h a s e  on the  su r face  
of t h e  m a t e r i a l .  Nickel ,  s i lver ,  or  b i s m u t h  has  been  
used  w i t h  equa l  success.  W i t h o u t  th is  t echn ique ,  t he  
l i f e t i m e  is o f t en  d e g r a d e d  to  less  t h a n  a few t e n t h s  
of a mic rosecond .  

Experimental 
The  gene ra ]  c h a r a c t e r i s t i c s  d e s i r a b l e  for  th is  l i q -  

u i d  p h a s e  m e t a l - s i l i c o n  g e t t e r i n g  ac t ion  m a y  b e  
p o s t u l a t e d  as fo l lows.  

( a )  The  eu tec t i c  t e m p e r a t u r e  shou ld  be  low 
enough  to fo rm a l i qu id  p h a s e  on t h e  sur face ,  p e r -  
m i t t i n g  d i f fus ion  and  s e g r e g a t i o n  of t he  i m p u r i t y .  

(b )  The  m e t a l  v a p o r  p r e s s u r e  shou ld  be  suffi- 

c i en t ly  l ow a t  the  d i f fus ion t e m p e r a t u r e  to assure  
e s t a b l i s h m e n t  of a p e r m a n e n t  l i qu id  p h a s e  on the  
sur face .  

(c)  The  g e t t e r i n g  process  shou ld  h a v e  no d i s -  
c e r n i b l e  e l ec t r i ca l  effect  on the  dev ice  o t h e r  t h a n  
p r e s e r v i n g  t h e  l i f e t ime .  

I t  has  been  f o u n d  t ha t  t he  m e t a l  can  be  a p p l i e d  
to t he  Si  su r face  b y  a n y  of t he  fo l l owing  m e t h o d s :  
(a )  e lec t ro less  p la t ing ,  (b)  e l ec t rop l a t i ng ,  (c)  v a c -  
u u m  depos i t ion ,  (d)  b u l k  m e t a l  in  i n t i m a t e  con tac t  
w i t h  sur face ,  (e)  m i x i n g  the  m e t a l  p o w d e r  w i t h  t h e  
" p a i n t - o n "  d i f fusant ,  or  (~) m i x i n g  a r e d u c i b l e  
m e t a l  c o m p o u n d  w i t h  t he  p a i n t - o n  di f fusant .  

The  mos t  c o n v e n i e n t  of t he  a b o v e  m e t h o d s  was  
the  m i x i n g  of a r e d u c i b l e  m e t a l  c o m p o u n d  w i t h  a 
p a i n t - o n  d i f fusant .  This  p r o c e d u r e  cons i s ted  of m i x -  
ing  2 g of NiCO~ in a so lu t ion  of 5 g of P20~ a n d  
100 cc of 2 - m e t h o x y e t h a n o l .  This  m i x t u r e  was  a p -  
p l i e d  u n i f o r m l y  onto  t h e  Si  su r f ace  w i t h  a c l ean  
c a m e l ' s  h a i r  b ru sh .  The  spec imens ,  p l a c e d  on  a 
su i t ab l e  q u a r t z  t r ay ,  w e r e  i n s e r t e d  into  a r e s i s t a n c e -  
h e a t e d  f u r n a c e  h a v i n g  a q u a r t z  t u b e  open  to t he  a i r  
and  m a i n t a i n e d  a t  1250~ for  16 hr .  A cool ing  p e -  
r iod  fo l l owed  a t  t he  r a t e  of 1 0 ~  u n t i l  400~ 
a f t e r  w h i c h  the  spec imens  w e r e  r e m o v e d  f r o m  the  
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Fig. 1. Relative values of l i fet ime as a function of injec- 
t ion level. 

fu rnace .  (This  s low cooling,  o r i g i n a l l y  cons ide red  
benef ic ia l  to l i f e t ime ,  w i l l  be  s h o w n  u n n e c e s s a r y  in  
a l a t e r  sec t ion . )  U n d e r  such  condi t ions ,  a 1 .5-mi l  
d i f fus ion d e p t h  of the  p h o s p h o r u s  was  ob ta ined .  The  
l i f e t ime  was  t hen  m e a s u r e d  b y  the  i n j e c t i o n - e x -  
t r a c t i o n  t e c h n i q u e  of K i n g s t o n  (1) .  

I t  is i m p o r t a n t  to s t ress  the  i n t e r p r e t a t i o n  of  l i f e -  
t i m e  va lue s  m e a s u r e d  b y  this  t echn ique .  One m u s t  
be  a w a r e  of the  l i f e t i m e  d e p e n d e n c e  on bo th  (a )  the  
i n j ec t ion  l eve l  and  (b )  the  compos i t i on  of the  m a t e -  
r ia l .  F i g u r e  1 is a p lo t  of e x p e r i m e n t a l  d a t a  modi f ied  
a f t e r  the  o r i g i n a l  equa t ions  p r o p o s e d  b y  S h o c k l e y  
and  R e a d  (2) .  Here ,  t he  e q u a t i o n  is in  t e r m s  of ~o 
( l i f e t ime  a t  zero i n j ec t ion  l eve l )  and  ~| ( t he  s lope  
in  t he  l i n e a r  p o r t i o n  of t he  c u r v e ) .  The  r e l a t i v e  
va lue s  of r a r e  p l o t t e d  as func t ion  of ~n/po ( i n j ec t i on  
l e v e l ) .  I t  is n o t e w o r t h y  t h a t  a l l  o t h e r  o b s e r v a t i o n s  
for  T w e r e  s t a n d a r d i z e d  a t  a f o r w a r d  c u r r e n t  v a l u e  
such t h a t  $n/po was  a p p r o x i m a t e l y  8, w h i c h  is w e l l  
b e y o n d  s a tu r a t i on .  This  cu rve  does  not  i nc lude  the  
co r rec t ion  a r i s ing  f r o m  the  r a t i o  of t he  w i d t h  of t he  
c o n d u c t i v i t y  m o d u l a t e d  r eg ion  to t he  d i f fus ion 
l eng th  (3) .  Such  a co r r ec t i on  w o u l d  inc rease  t h e  
v a l u e  of t he  t r u e  l i f e t ime  r e l a t i v e  to the  o b s e r v e d  
l i fe t ime .  E m p h a s i s  is, t he re fo re ,  p l a c e d  no t  so m u c h  
on the  a b s o l u t e  v a l u e  of r, b u t  r a t h e r  on the  r e l a t i v e  
va lue s  of t he  t r e a t e d  and  the  u n t r e a t e d  spec imens  
w h e n  m e a s u r e d  a t  t he  same  in j ec t ion  l eve l  for  a 
p a r t i c u l a r  base  wid th .  

K e e p i n g  these  cond i t ions  in mind ,  i t  can  be  s h o w n  
t h a t  w i t h i n  c e r t a i n  l i m i t a t i o n s  t he  p r e s e r v a t i o n  of 
l i f e t ime  is i n d e p e n d e n t  of: (a )  m a t e r i a l  p r e p a r a -  
t ion,  (b)  cool ing cycle,  (c)  t he  use  of p r o t e c t i v e  
cove r ing  on bo th  sur faces ,  (d )  t h e  m a t e r i a l  u sed  in 
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Fig. 2. Comparison of l i fet ime distributions between f loat-  
ing zone and pulled Si crystals. 

the  s u r f a c e - g e t t e r i n g  l iqu id  p h a s e  (spec i f ica l ly :  Ni, 
Ag,  or  Bi ) ,  a n d  ( e ) t h e  p r e v i o u s  h e a t - t r e a t m e n t  
h i s t o r y  be fo re  the  f inal  s t age  in  w h i c h  the  l i qu id  
phase  m e c h a n i s m  is used.  

In  the  first  e x p e r i m e n t ,  two  c rys t a l s  w e r e  d o p e d  
to t h e  s ame  r e s i s t i v i t y  r a n g e  and  c o n d u c t i v i t y  type .  
The  f irst  was  g r o w n  b y  the  f loat ing zone t echn ique .  
The  o r ig ina l  l i f e t i m e  was  m e a s u r e d  b y  the  H a y n e s -  
H o r n b e c k  t e c h n i q u e  at  500-300 ~sec. The  second,  
g r o w n  f r o m  a q u a r t z  c r u c i b l e  b y  t h e  Czoch ra l sk i  
t echnique ,  gave  a l i f e t i m e  b e t w e e n  50 and  20 /~sec. 
The  two  c r y s t a l  sec t ions  w e r e  cut  a long  the  g r o w t h  
axis .  The  first  g roup  of h a l f - s l i c e s  w e r e  n i c k e l -  
p l a t e d  and  t h e i r  a d j a c e n t  h a l f - s l i c e s  w e r e  le f t  as 
contro ls .  A l l  w e r e  s u b j e c t e d  s i m u l t a n e o u s l y  to t he  
p r e v i o u s l y  d e s c r i b e d  hea t  t r e a t m e n t .  F i g u r e  2 shows  
t ha t  the  Ni  was  e q u a l l y  ef fec t ive  for  bo th  t y p e s  of 
m a t e r i a l ,  w h e r e a s  t he  con t ro l s  w e r e  e q u a l l y  d e -  
g raded .  

In  the  n e x t  e x p e r i m e n t ,  s l ices f r o m  the  s ame  
Czoch ra l sk i  c r y s t a l  w e r e  cut  in hal f .  The  first  g roup  
of ha l f - s l i c e s  was  t r e a t e d  w i t h  Ni; the  second  was  
used  as  contro ls .  A l l  spec imens  w e r e  s u b j e c t e d  to 
the  p r e v i o u s l y  d e s c r i b e d  t r e a t m e n t  e x c e p t  t h a t  a t  
the  end  of the  h e a t i n g  i n t e rva l ,  t h e y  w e r e  q u e n c h e d  
f rom a t e m p e r a t u r e  of 1250 ~ to 60~ b y  d r o p p i n g  
t h e m  in to  a s i l icone oi l  ba th .  This  change  of t e m -  
p e r a t u r e  was  a c c o m p l i s h e d  in  a p p r o x i m a t e l y  5 sec. 
F i g u r e  3 shows  t ha t  the  a v e r a g e  l i f e t i m e  of t he  
n i c k e l - p l a t e d  spec imens  is a f ac to r  of 10 g r e a t e r  
t h a n  t h a t  of t he  controls .  As  a r e su l t  of th is  e x p e r i -  
ment ,  the  p r e v i o u s  l e n g t h y  cool ing  cyc le  has  been  
c o n s i d e r a b l y  s h o r t e n e d  w i t h o u t  sacr i f ic ing a n y  of 
the  e l e c t r i c a l  r e q u i r e m e n t s  of t he  device .  

These  o b s e r v a t i o n s  on quench ing  (Fig .  3) com-  
p a r e d  w i t h  s low cool ing  a t  1 0 ~  (Fig .  2) i n d i -  
ca te  t ha t  a m e t a l - s i l i c o n  su r f ace  l i qu id  p h a s e  c o m -  
p l e t e l y  obscures  w h a t e v e r  benef ic ia l  effects t he  l a t -  
t e r  p r o c e d u r e  m a y  offer u n d e r  these  c i r cums tances .  
No a p p a r e n t  a d v a n t a g e  is ga ined  b y  c o m b i n i n g  the  
s low cool ing  r a t e  w i t h  t h e  m e t a l - s i l i c o n  l i qu id  
phase .  

The  ques t ion  has  a r i s en  c onc e rn ing  the  necess i ty  
of m a s k i n g  the  e n t i r e  Si su r f ace  w i t h  Ni  to p r e v e n t  
e n t r y  of c o n t a m i n a n t s .  The  n e x t  e x p e r i m e n t  i n d i -  
ca tes  t ha t  th is  p r e c a u t i o n  is u n w a r r a n t e d .  O n l y  a 
s ingle  su r face  cove red  w i t h  t he  g e t t e r i n g  agen t  is 
sufficient  to p r e s e r v e  t h e  l i f e t ime .  F i g u r e  4 is a com-  
p a r i s o n  of un i t s  se l ec ted  and  p roces sed  in t he  s ame  
m a n n e r  as in the  first  e x p e r i m e n t ,  b u t  d i v i d e d  in to  
t h r e e  g roups :  n i cke l  on one su r face ;  n i cke l  on two  
sur faces ;  a n d  a cont ro l .  These  r e su l t s  a r e  of p r a c -  
t i ca l  i m p o r t a n c e  w h e n  one is r e s t r i c t e d  to s ing le -  
su r f ace  t r e a t m e n t  b y  the  n a t u r e  of the  f a b r i c a t i o n  

p roc e du re .  
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3. Lifetimes after diffusion and quenching 
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Fig. 4. Comparison of lifetimes for single and double sur- 
face treatments. 

To show tha t  Ni is not unique in this surface-  
ge t ter ing  action, slices f rom the same crys ta l  were  
t r ea ted  independent ly  wi th  Ag or Bi. Si lver  was ap-  
pl ied using an electroless chemipla t ing  bath, con- 
sisting of 4 g AgNO3, 0.4 cc HF, and 100 cc H_.O. 
Bismuth was in t roduced in the  form of 2 g of Bi~O3 
mixed with  the prev ious ly  ment ioned pa in t -on  dif-  
fusant.  F igure  5 indicates  that  all  three metals,  
which conform to the previous ly  descr ibed charac-  
teristics,  give subs tan t ia l ly  the same dis t r ibut ion  
groups. 

The last  exper iment  was devised to show how the 
l ifetime, when  purpose ly  degraded  beforehand,  can 
be recovered by subsequent  Ni p la t ing  on the sur-  
face and reheat ing  above the eutectic tempera ture .  
The resul ts  are  seen in Fig. 6. A slice was divided 
into three  sections. The first was given the p re -  
viously descr ibed diffusion heat  cycle, then nickel -  
p la ted  and rehea ted  for 2 hr at 1250~ The second 
was subjected to the same conditions as the first, 
wi thout  any Ni. The th i rd  was used as a control  
dur ing first diffusion only. This exper imen t  demon-  
s trates  that,  regardless  of the previous  his tory of 
heat  t rea tment ,  l i fe t ime can sti l l  be p rese rved  if a 
meta l - s i l i con  l iquid phase  is es tabl ished dur ing or 
af ter  the final heat  t r ea tmen t  in which the t empera -  
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Fig. 5. Comparison of l ifetimes preserved by various metals 
forming eutectic on Si surface. 
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Fig. 6. Comparison of l ifetimes on Si purposely degraded 
before final heat treatment. 

ture  at  some t ime must  be grea te r  than  the eutectic 
t empera ture .  This per iod of heat ing has been as 
l i t t le  as 1 hr. 

Discussion 

The deter iora t ion  of l i fe t ime as descr ibed in the 
previous  exper iments  is a t t r ibu ted  to surface con- 
t amina t ion  resul t ing  from (a) the processing steps 
p r io r  to heat ing and (b) the ensuing h i g h - t e m p e r -  
a ture  cycle in the re la t ive ly  unclean furnace  en- 
vironment .  A significant exper iment  demons t ra t ing  
the effect of these conditions has been successfully 
pe r fo rmed  by Theuerer ,  et al. (4).  A single c rys ta l  
of silicon was grown by the floating zone process. 
The room t empera tu re  l i fe t ime as measured  by the 
Haynes -Hornbeck  (5) technique was 500-300 ~sec. 
The surface was then etched with  CP-8,1 r insed with 
deionized water ,  and dried. Af te r  reheat ing  the 
sample at l l 00~  for 1 hr  in the floating zone ap-  
paratus ,  the l i fe t ime was remeasured  and found to 
be degraded  to less than 3 /~sec. However,  when the 
same heat  t r ea tmen t  was per formed  wi thout  touch-  
ing or t rea t ing  the crys ta l  in any  manner ,  the or ig-  
inal  order  of magni tude  was retained.  In an inde-  
pendent  exper iment ,  wa te r  o rd inar i ly  used to cool 
the floating zone envelope was e l iminated;  the in-  
ter ior  surface of the quartz  chamber  was a l lowed to 
reach an e levated  t empe ra tu r e  dur ing heat  t r e a t -  
ment,  causing the same degree of degradat ion.  In 
both cases the silicon surface was exposed to suffi- 
cient chemical  contamina t ion  to de te r iora te  the l i fe-  
time. The known contaminants  adverse ly  affecting 
l i fe t ime have been identified as Au, Fe, Cu, and Mn, 
as shown independent ly  by  Carlson (6) and others 
(7 ,8 ) .  

Severa l  techniques have been proposed previous ly  
to control  the degrada t ion  of l ifetime. They are:  (a) 
slow cooling in a gaseous ambient ,  as or ig inal ly  pro-  
posed by Bemski  (9);  (b) heat ing and cooling 
under  special condit ions in vacuum, as suggested by 
Baker  (10);  and (c) the use of a sur face-ge t te r ing  
l iquid phase as discussed by  Trousil  (11) and by 
Logan and Schwar tz  (12). 

There are two possible mechanisms associated 
wi th  this last  technique.  Consider the case of Ni on 
the surface of Si. One possibi l i ty  is that  Ni, a fast 
diffuser, r ap id ly  permea tes  the bu lk  of the ma te r i a l  
at  the e leva ted  diffusion t empera tu re .  Once wi th in  
the  lattice,  the Ni neutra l izes  the recombinat ion  
centers  in such a manner  as to reduce the capture  
cross section, subsequent ly  improving  the l ifet ime. 

An a t t empt  to ver i fy  this  hypothesis  exper i -  
men ta l ly  was made by  Buehler  (13). A crys ta l  as 
grown by the Czochralski  technique (14) was 
s ta r ted  in the normal  manner .  Af te r  the first half  
had been solidified, Ni was added to the r ema inde r  
of the melt,  doping the second half  of the  crystal .  
The resis t ivi t ies  and l i fet imes af ter  growth  did not 
change rad ica l ly  from the top to the bottom. Af ter  
heat  t rea tment ,  the l i fe t ime was degraded  to the  
same extent  in both halves. The results,  however,  
were  inconclusive because of the  uncer ta in ty  con- 
cerning the actual  concentra t ion of Ni successfully 
in t roduced into the latt ice.  

1 5 H N O a : 3  H F  
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To i n s u r e  t he  m a x i m u m  c o n c e n t r a t i o n  of Ni  in  
the  m a t e r i a l ,  a s e p a r a t e  e x p e r i m e n t  was  des igned  
w h e r e b y  a t h in  f i lm of t he  m e t a l  was  d e p o s i t e d  on 
the  su r f ace  and  t h e n  d i f fused  a t  T N 1200~ for  1 hr .  
The  l a y e r  con t a in ing  the  excess  Ni  was  r e m o v e d  b y  
l app ing ,  e tch ing ,  r ins ing ,  a n d  d r y i n g .  The  s a m p l e  
was  t hen  r e h e a t e d  to see if  the  l i f e t i m e  could  be  
p r e s e r v e d  e f fec t ive ly  b y  the  Ni  w i t h i n  t he  la t t i ce .  
H o w e v e r ,  t he  l i f e t imes  m e a s u r e d  a f t e r  th i s  hea t  
t r e a t m e n t  w e r e  suff ic ient ly  d e g r a d e d  to show no 
benef ic ia l  effects f rom Ni e m p l o y e d  in th is  m a n n e r .  

A n o t h e r  poss ib le  ro le  of Ni  is t h a t  i t  f o rms  a ge t -  
t e r i n g  l iqu id  p h a s e  on  t h e  su r f ace  of the  Si. This  is 
ana logous  to  t he  ac t ion  of a t h i n  f i lm of A u  on Ge, 
d e s c r i b e d  b y  L o g a n  a n d  S c h w a r t z  (12) .  In  t h e  l a t t e r  
s i t ua t ion  t h e  r e c o m b i n a t i o n  cen t e r  (Cu)  diffuses t o -  
w a r d  the  A u - G e  l iqu id  phase ,  d e p l e t i n g  i ts  concen -  
t r a t i o n  in  t he  sol id  Ge  and  t h e r e b y  i m p r o v i n g  l i f e -  
t ime.  L o g a n  and  T h u r m o n d  (15) de sc r ibe  cond i t ions  
u n d e r  w h i c h  the  c o n c e n t r a t i o n  of  r e c o m b i n a t i o n  
cen te r s  can  be  con t ro l l ed  us ing  th is  g e t t e r i n g  t e c h -  
n ique .  S i m i l a r l y ,  t he  N i - S i  s y s t e m  is in  a l i qu id  s t a t e  
a t  t he  d i f fus ion  t e m p e r a t u r e .  The  e q u a l l y  f a s t - d i f -  
fus ing  r e c o m b i n a t i o n  cen te r s  m i g r a t e  t o w a r d  the  
l i qu id  p h a s e  on the  sur face .  If, as  in  t h e  case  of  A u  
in Si, i ts  e f fec t ive  s e g r e g a t i o n  coefficient is smal l ,  
th is  i m p u r i t y  becomes  t r a p p e d  in  t he  l i qu id  s ink  
w h e r e  i t  r e m a i n s  as t h e  t e m p e r a t u r e  is l owered .  
W h e n  the  e x p e r i m e n t  was  r e p e a t e d  at  t e m p e r a t u r e s  
b e l o w  the  N i - S i  eu tec t ic ,  the  r e su l t s  w e r e  no t  suc-  
cessful .  A n o t h e r  s u r f a c e - g e t t e r i n g  ac t ion  i n v o l v i n g  
d i f fus ion  a n d  v a p o r i z a t i o n  of t he  r e c o m b i n a t i o n  
cen t e r  ( A u )  is d e s c r i b e d  in t he  a c c o m p a n y i n g  p a p e r  
(16) b y  B e m s k i  a n d  S t r u t h e r s .  

Conclusions 
I t  is b e l i e v e d  t h a t  t he  o b s e r v a t i o n s  r e p o r t e d  h e r e  

g ive  s t rong  s u p p o r t  to a s u r f a c e - g e t t e r i n g  m e c h -  

a n i s m  w h e r e b y  f a s t - d i f f u s i n g  r e c o m b i n a t i o n  cen -  
t e r s  (i.e., Au,  Cu, Fe,  or  Mn)  m a y  be  e f fec t ive ly  
s e g r e g a t e d  f r o m  w i t h i n  t he  v o l u m e  of Si. This  ac -  
t ion,  i t  is fel t ,  has  been  r e s p o n s i b l e  for  i nc r ea s ing  
l i f e t i m e  b y  an  o r d e r  of m a g n i t u d e  or  m o r e  u n d e r  t he  
p r e v i o u s l y  d e s c r i b e d  cond i t ions  of h i g h - i n j e c t i o n  
l eve l  in  r e l a t i v e l y  h i g h - r e s i s t i v i t y  s i l icon m a t e r i a l .  

Manuscr ip t  received March  3, 1958. This paper  was 
p repa red  for de l ivery  before  the  Buffalo Meeting, Oct. 
6-10, 1957. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1959 JOURNAL. 
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ABSTRACT 

Molybdenum clad on one side wi th  a luminum,  or a luminum-s i l i con  eutectic, 
has been used to form s t ruc tu ra l ly  sound ohmic contacts  to p - t y p e  silicon, 
a l though a flux was necessary when the A1-Si eu tec t ic -c lad  ma te r i a l  was used. 
The des i red  a luminum-s i l i con  solid solut ion can be formed before  a subs tant ia l  
amount  of a luminum reacts  wi th  the molybdenum.  The coefficients of the rmal  
expansion are  sufficiently wel l  matched  so tha t  the  sil icon wafe r  does not  
crack dur ing  fabricat ion,  and only min ima l  al loy pene t ra t ion  into the  silicon 
is observed wi th  the eutec t ic -c lad  mater ia l .  

Nickel  and i ron-base  meta ls  were  found to be unsat isfactory,  and process 
t roubles  wi th  ind ium ru led  out  its choice as a bonding agent.  Mater ia ls  p ro -  
duced by  c ladding wi th  e lec t ropla t ing  processes, vacuum evaporat ion,  d i rec t  
sintering,  or d ipping operat ions,  e i ther  wi th  or wi thout  a d ipping flux, were  
unsa t i s fac tory  and only ro l l - c l ad  products  could be  used successfully.  

The  n e c e s s i t y  for  m a k i n g  s t r u c t u r a l l y  sound  non -  
r e c t i f y i n g  con tac t s  to t he  v a r i o u s  reg ions  of a s e m i -  
c o n d u c t o r  dev ice  is an  eve r  r e c u r r i n g  p r o b l e m .  The  

c h e m i c a l l y  depos i t ed  or  e lec t ro less  n i cke l  p l a t e  as 
d e s c r i b e d  b y  S u l l i v a n  and  E i g l e r  (1)  has  been  d e -  
v e l o p e d  for  m a k i n g  b r o a d  a r e a  con tac t s  to l a p p e d  
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s i l icon su r faces  and  can  be a d a p t e d  r e a d i l y  for  use  
on e t ched  n - t y p e  Si  surfaces .  H o w e v e r ,  m a n y  d e -  
v ices  i nc lud ing  t r a n s i s t o r s  canno t  be  m a d e  w i t h o u t  
us ing  one  or  m o r e  c o n t r o l l e d  a r e a  contac ts ,  and  at  
l eas t  one a l l oy  or  b o n d e d  con tac t  has  been  n e c e s s a r y  
on a l l  j u n c t i o n  t r ans i s to r s .  

L o w - r e s i s t a n c e  s t r u c t u r a l  bonds  h a v e  been  m a d e  
to e t ched  n - t y p e  Si us ing  an  S b - d o p e d  A u  bond,  b u t  
t he  low d i s t r i b u t i o n  coefficients of accep to r s  in to  Si  
f r o m  A u  so lu t ions  (2)  p r o d u c e d  a h i g h - r e s i s t a n c e  
l aye r .  

S a t i s f a c t o r y  n o n s t r u c t u r a l  con tac t s  h a v e  been  
m a d e  to e t ched  Si  su r f aces  b y  a l l o y i n g  w i t h  a fine 
w i r e  (3)  or  a th in  f i lm of v a c u u m - e v a p o r a t e d  A1 
(4) .  Th ick  A1 sec t ions  induce  c r a c k i n g  because  of a 
m i s m a t c h  in the  t h e r m a l  coefficient  of l i nea r  e x p a n -  
sion. P e t e r s o n  and  McConv i l l e  (5)  h a v e  u sed  Mo 
w i r e  on w h i c h  a l a y e r  of A1 has  been  e l e c t r o p l a t e d  
for  m a k i n g  a l loy  junc t ions  to n - t y p e  Si, w i t h  t he  a id  
of a p o s t - a l l o y  etch.  H e n k e l s  (6)  u sed  a Si-A1 
eu tec t ic  foi l  to dope  the  n - t y p e  Si  in f o r m i n g  flat 
p - n  junc t ions ,  and  the  foi l  is fused  to a Mo or  Ta 
b a c k i n g  p l a t e  d u r i n g  the  a l l o y i n g  cycle.  A p o s t - a l -  
l o y i n g  e tch  is used.  

A t h o u g h  the  o b j e c t i v e  of th is  r e s e a r c h  was  l i m -  
i t ed  to t he  f o r m a t i o n  of ohmic  con tac t s  on e t ched  
p - t y p e  Si, i t  was  f o u n d  t h a t  a l loy  j unc t i ons  w h i c h  
w e r e  q u i t e  s a t i s f a c t o r y  as e m i t t e r s  cou ld  also be  p r o -  
duced,  even  w i t h o u t  a p o s t - a l l o y i n g  etch.  S i m i l a r l y ,  
t h e r e  is no i n h e r e n t  r ea son  w h i c h  w o u l d  p r e v e n t  the  
f o r m a t i o n  of good con tac t s  to l a p p e d  or  s a n d -  
b l a s t e d  s i l icon surfaces .  

ExperimentQI 
Test Specimen 

The  tes t  s p e c i m e n  w h i c h  was  used  to e v a l u a t e  the  
v a r i o u s  base  p l a t e  m a t e r i a l s  is shown  s c h e m a t i c a l l y  

Fig. 1. Sealed diode test specimen used for evaluation of 
base plate materials: 1, Si wafer with diffused junction; 2, 
glass; 3, gold-plated can; 4, embossed alloy-clad base plate; 
5, Au-Sb electroplate on this pin; 6, Sn-Ag eutectic solder; 
7, Kovar eyelet; 8, Mo pins. 
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in Fig .  1. I t  c o m p r i s e d  an  n - t y p e  Si  w a f e r  h a v i n g  
(111) m a j o r  faces,  in to  one face  of w h i c h  bo ron  had  
been  d i f fused  to f o r m  a p+-n junc t ion .  The  p - l a y e r ,  
h a v i n g  a t h i cknes s  of a b o u t  0.001 in. and  a su r f ace  
c o n c e n t r a t i o n  of a b o u t  10 ~ b o r o n  a t o m s / c m  ~, was  
p l a c e d  in con tac t  w i t h  t he  a l l o y - c l a d  base  p l a t e  
w h i c h  in t u r n  h a d  been  s p o t - w e l d e d  onto t he  s u p e r -  
s t r u c t u r e  of a s o l d e r - t y p e ,  s y m m e t r i c a l  f o u r - p i n  
t r a n s i s t o r  heade r .  One  w i r e  of the  h e a d e r  w h i c h  was  
e l e c t r o p l a t e d  w i t h  A u - S b  a l l oy  was  ben t  a r o u n d  to 
ho ld  the  Si w a f e r  s e c u r e l y  aga in s t  t he  base  p la te ,  
and  a s a t i s f a c t o r y  ohmic  con tac t  to t h e  n - t y p e  r e -  
g ion  was  o b t a i n e d  d u r i n g  t h e  a l l o y i n g  cycle.  A f t e r  
t he  a l l o y i n g  cycle,  the  s u p e r s t r u c t u r e  cou ld  be  
sea l ed  to p r o t e c t  t he  su r faces  f r o m  s u b s e q u e n t  con-  
t a m i n a t i n g  inf luences,  if des i red ,  b y  d r o p p i n g  a can  
in to  the  so lde r  t r o u g h  of the  heade r .  W i t h  th is  s t r uc -  
ture ,  a un i t i z ed  m a t e r i a l  was  s i m p l e r  to use  in t he  
f a b r i c a t i o n  p r o c e d u r e  i n s t ead  of a s e p a r a t e  so lde r  
a l loy  and  b a c k i n g  p la te .  

Base Plate Material 
A v a r i e t y  of base  p l a t e  m a t e r i a l s  was  o b t a i n e d  

and  eva lua t ed .  
The  p e r t i n e n t  v a r i a b l e s  w h i c h  c h a r a c t e r i z e  t he  

base  p l a t e  m a t e r i a l  can be  class i f ied into  t h r e e  c a t e -  
gor ies ;  first,  compos i t i on  of t he  base  m e t a l ;  second,  
compos i t i on  of the  c l a d d i n g  m a t e r i a l ;  and  th i rd ,  
t e c h n i q u e  of a p p l y i n g  the  c l a d d i n g  m a t e r i a l  to t he  
base  me ta l .  

Base  m e t a l s  of Fe,  Ni,  a n d  Mo w e r e  i nves t iga t ed ,  
us ing  p u r e  A1 as t he  a l l o y i n g  f i lm m a t e r i a l .  A l u m i -  
n u m - c l a d  F e  and  Ni  w e r e  a v a i l a b l e  f r o m  c o m m e r -  
c ia l  sources ;  m o l y b d e n u m  samp le s  w e r e  m a d e  to 
specif icat ion.  

W h e n e v e r  F e  was  used,  the  r e v e r s e  c u r r e n t  of t he  
d iodes  was  i n t o l e r a b l y  h igh .  A t y p i c a l  c u r r e n t - v o l t -  
age  c h a r a c t e r i s t i c  is shown  b y  d iode  A in  Fig .  2. 
This  r e su l t  is cons i s t en t  w i t h  o b s e r v a t i o n s  b y  Bern-  
ski  (7)  t h a t  the  m i n o r i t y  c a r r i e r  l i f e t i m e  in Si  is 
r e d u c e d  w h e n  s m a l l  t r a ce s  of F e  a re  a d d e d  to t he  
s y s t e m  a t  h igh  t e m p e r a t u r e s .  The  F e  could  be  ac t ing  
as a r e c o m b i n a t i o n - g e n e r a t i o n  cen t e r  in t he  space  
cha rge  region .  Good  u n i f o r m  m e c h a n i c a l  b o n d s  w e r e  
no t  fo rmed ,  and  o t h e r  F e - c o n t a i n i n g  base  m e t a l s  
such  as K o v a r  w e r e  not  cons idered .  

The  b o n d i n g  to Si w i t h  A l - c l a d  Ni  was  e r ra t i c .  
Good  bonds  w e r e  i n v a r i a b l y  a c c o m p a n i e d  b y  c r a c k -  
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ing  of the  Si  w a f e r s  and  hence  poo r  e l e c t r i c a l  c h a r -  
ac ter i s t ics ,  because  of the  m i s m a t c h  in the  coeffi- 
c ien ts  of t h e r m a l  expans ion .  N icke l  was  also r e -  
j ec ted .  

Occas iona l ly ,  h o w e v e r ,  s a t i s f a c t o r y  bonds  and  
e l ec t r i ca l  c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  us ing  e a r l y  
s amp le s  of A l - c l a d  Mo, so Mo was  chosen  for  f u r t h e r  
i nves t iga t ion .  O t h e r  me ta l s ,  such  as  t ungs t en ,  h a v -  
ing  coefficients of e x p a n s i o n  r e l a t i v e l y  close to Si  
could  j u s t  as we l l  h a v e  been  used.  H o w e v e r ,  Mo is 
r e a d i l y  a v a i l a b l e  and  has  sufficient  d u c t i l i t y  to p e r -  
mi t  f o r m i n g  and  m a n i p u l a t i o n  in  t he  f a b r i c a t i o n  of 
p i e c e - p a r t s  for  s e m i c o n d u c t o r  dev ice  s t ruc tu res .  

Cladding Film Compositions 

Since  the  c l a d d i n g  f i lm m u s t  con ta in  accep to rs ,  
t he  choice  is a lmos t  a u t o m a t i c a l l y  l i m i t e d  to A1 or  
In  in  t h e i r  p u r e  forms,  and  G a  can  be  u sed  on ly  
w i t h  a c a r r i e r  a l loy.  In  our  e x p e r i e n c e  A u  is no t  
a s a t i s f a c t o r y  c a r r i e r  a l loy  because  of the  f o r m a -  
t ion  of t he  h i g h - r e s i s t a n c e  f i lm? 

I n d i u m  no t  on ly  r eac t s  w i t h  t he  m o l y b d e n u m - t o -  
m o l y b d e n u m  we lds  w h i c h  w e r e  used  to f a b r i c a t e  
t he  tes t  spec imen  b u t  also imposes  a m a x i m u m  
o p e r a t i n g  t e m p e r a t u r e  on the  dev ice  of we l l  b e l o w  
150~ consequen t ly ,  i t  was  no t  cons ide r ed  f u r t h e r .  

Reac t ions  b e t w e e n  the  A1 and  the  t r a n s i t i o n  m e t -  
als  w e r e  o b s e r v e d  in  t he  p r e l i m i n a r y  w o r k .  These  
e l e m e n t s  a l l  r eac t  c h e m i c a l l y  w i t h  A1 b e l o w  i ts  
m e l t i n g  p o i n t  (660~ to fo rm c o m p l e x  chemica l  
c o m p o u n d s  w h i c h  e f fec t ive ly  p r e c i p i t a t e  the  A1 f rom 
the  sy s t em so t ha t  i t  is not  a v a i l a b l e  to fo rm a sol id  
so lu t ion  a l l oy  w i t h  t he  si l icon.  In  effect,  t he  A1 is 
in t he  cen t e r  of a s a n d w i c h  w i t h  Mo on one s ide  and  
Si  on the  o t h e r  side. V e r y  s t ab l e  c o m p o u n d s  of the  
f o r m  AluM a re  k n o w n  to exis t ,  so t h a t  a t  e q u i l i b -  
r i u m  the  A1 m a y  no t  be  a v a i l a b l e  to dope  the  Si. 
P e r h a p s  as an  overs impl i f i ca t ion ,  i t  can  be  t h o u g h t  
of as a r e v e r s i b l e  r e a c t i o n  on the  Si  s ide  w h i c h  is 
c o m p e t i n g  w i t h  an  i r r e v e r s i b l e  r e a c t i o n  on the  Mo 
s ide  for  t he  u t i l i z a t i o n  of t he  A1. 

A1 + Si ~ - A 1 S i  (So l id  so lu t ion)  de s i r ed  [1]  

x -A1  + M ~ A L M  ( P r e c i p i t a t e )  u n d e s i r e d  [2]  

w h e r e  M is Fe,  Ni, Mo, or  s i m i l a r  e l ement .  

S ince  i t  a p p e a r e d  t h a t  A1 was  n e c e s s a r y  for  good 
contacts ,  t he  p r e c i p i t a t i o n  or  d i f fus ion  of t he  A1 in to  
the  base  p l a t e  h a d  to be  o v e r c o m e  to p e r m i t  the  fo r -  
m a t i o n  of an  a l l oy  bond  to Si  be fo re  a l l  the  A1 was  
p r e c i p i t a t e d .  This  could  be  done  e i t h e r  b y  i n t e r p o s -  
ing  a b a r r i e r  b e t w e e n  the  Si  and  the  ba se  m e t a l  to 
r e t a r d  the  p r e c i p i t a t i o n  r e a c t i o n  or  b y  a d d i n g  a n -  
o t h e r  c o m p o n e n t  to dep re s s  the  m e l t i n g  t e m p e r a t u r e  
a n d / o r  l o w e r  t he  A1 concen t ra t ion .  S i l ve r  was  f o u n d  
to be  s a t i s f a c t o r y  as a t h i r d  componen t ,  b u t  the  
o v e r - a l l  r e su l t s  w e r e  no t  as good  as  those  t h a t  w e r e  
o b t a i n e d  w i t h  t h e  A l - c l a d  c o m b i n a t i o n s  w h i c h  wi l l  
be d i scussed  in de ta i l .  

Fig. 3. Longitudinal cross section of attempted bond to Si 
using fluxed and AI-dipped Mo strip. 1, Mo sheet; 2, AI 
diffused away from here; 3, Si wafer. Magnification 200X 
before reduction for publication. 

ing, (b)  v a c u u m  e v a p o r a t i o n ,  (c)  d i r ec t  s in te r ing ,  
and  (d )  d i p p i n g  into  m o l t e n  A1 w i t h o u t  a flux, w e r e  
n o n a d h e r e n t  and  could  be  p e e l e d  off. F i l m s  a p p l i e d  
by  d i p p i n g  Mo sheets  in to  m o l t e n  A1 a f t e r  t r e a t m e n t  
w i th  a sod ium p o t a s s i u m  a l u m i n u m  f luor ide  f lux 
w e r e  n o n r e p r o d u c i b l e ,  b u t  v e r y  a d h e r e n t ;  in fact ,  
the  i n t i m a c y  of con tac t  was  so good t h a t  t h e  A1 a p -  
p a r e n t l y  r e a c t e d  w i t h  the  Mo be fo re  the  A1-Si  bond  
could  be  fo rmed .  A cross  sec t ion  of an  a t t e m p t e d  
bond  to Si  us ing  th is  m a t e r i a l  is shown  in Fig .  3. 
P o r t i o n s  of the  Si  su r face  de f in i t e ly  h a v e  been  d i s -  
solved,  bu t  t h e r e  is no t r ace  of t he  A1. The  th in  f i lm 
t h a t  is v i s ib l e  on the  Mo su r f ace  is p r o b a b l y  r e s i d -  
ua l  Si t h a t  has  b e e n  depos i t ed  t h e r e  as t he  A1 d i f -  
funed into  the  i n t e r i o r  of t he  Mo. 

Rolled-On A luminum 
S a m p l e s  of Mo shee t  h a v i n g  a p u r e  A1 f i lm ro l l ed  

onto one s ide  w e r e  p r e p a r e d  to speci f ica t ions  ~ for  
eva lua t i on .  These  c o m p r i s e d  0.005 in. Mo sheets  
h a v i n g  0.0005 in. of p u r e  A1 ro l l ed  onto one s ide  and  
w e r e  f o r m e d  as t he  r e su l t  of  a s u b s t a n t i a l  t h i ckness  
r e d u c t i o n  to p r o m o t e  the  f o r m a t i o n  of a tomic  bonds  
b e t w e e n  n e w l y  f o r m e d  A1-Mo in te r faces .  S p e c t r o -  
c h e m i c a l  ana lyse s  showed  the  m a t e r i a l s  to be  v e r y  
pure .  

e F r o m  Kasse l  I ndus t r i e s ,  Inc. ,  P.O. Box  432, E n g l e w o o d ,  N. J .  
( A l u m i n u m  fi lm con ta in s  I/2% s i l i con) ,  and  G e n e r a l  P l a t e  D i v i s i o n ,  

Meta l s  and  Con t ro l s  Corp. ,  A t t l e b o r o ,  Mass.  

Aluminum Cladding Processes 

Most  p rocesses  a v a i l a b l e  for  c l a d d i n g  Mo w i t h  
A1 also fo rm a th in  ox ide  fi lm at  t he  A1-Mo i n t e r -  
face. A l u m i n u m  films, o b t a i n e d  b y  (a)  e l e c t r o p l a t -  

1 I n  r e v i e w i n g  th i s  m a n u s c r i p t ,  M. T a n e n b a u m  r epo r t s  t h a t  he  has  
been  able  to m a k e  satisfactory contacts to  p - t y p e  Si  u s i n g  A u  
d o p e d  w i t h  B or  Ga.  

Fig. 4. Longitudinal cross section of bond to Si using AI- 
clad Mo. 1, Mo sheet; 2, unalloyed AI; 3, AI-Si eutectic; 4, 
Si wafer. Magnification 1500X before reduction for publica- 
tion. 
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D u r i n g  a l loy ing ,  the  A1 f i lm d i sso lves  enough  of 
t he  Si  w a f e r  to fo rm an  A1-Si  eutec t ic .  A m i c r o -  
scopic  cross  sec t ion  of an  a l l o y e d  s t r u c t u r e  is shown  
in Fig.  4. 

S e v e r a l  d i s t inc t  phases  a r e  d i s t i n g u i s h a b l e  in the  
p h o t o m i c r o g r a p h .  The  Si  w a f e r  has  been  d i s so lved  
at  d i sc re t e  r eg ions  ove r  t he  surface ,  b u t  the  w e t t i n g  
and  p e n e t r a t i o n  a r e  no t  un i fo rm.  D u r i n g  the  so l id i -  
f icat ion of the  a l loy,  some of t he  Si  r e d e p o s i t e d  on 
the  Si sur face ,  and  some c r y s t a l l i t e s  of Si r e m a i n e d  
s u s p e n d e d  in t he  A l - r i c h  phase .  The  g r a i n y  p o r t i o n  
of the  A1 r eg ion  is t he  A1-Si  eutec t ic ,  and  a p p a r e n t l y  
the  A1 in t he  i m m e d i a t e  v i c i n i t y  of the  Mo su r f ace  
was  not  me l t ed .  A t  t he  s ame  t i m e  the  A1 th i ckness  
is suff ic ient ly  th in  to avo id  c r a c k i n g  of the  Si w h e n  
a l l o y i n g  is c a r r i e d  out  a t  t e m p e r a t u r e s  a r o u n d  580 ~ 
610~ A t  l o w e r  t e m p e r a t u r e s  no m e c h a n i c a l  b o n d -  
ing  occurs ,  w h i l e  A1 p r e c i p i t a t i o n  becomes  a p r o b -  
l e m  a t  h i g h e r  t e m p e r a t u r e s .  

T y p i c a l  s m a l l  a r e a  p - n  j u n c t i o n  c h a r a c t e r i s t i c s  
a r e  s h o w n  b y  d iodes  B and  C in Fig.  2. The  d i f f e r -  
ences in  r e v e r s e  c u r r e n t  a r o u n d  0.1 ~a a re  t h o u g h t  
to a r i se  f rom v a r y i n g  deg ree s  of b a c k g r o u n d  con-  
t a m i n a t i o n  f r o m  the  process .  M i n o r i t y  c a r r i e r  l i f e -  
t imes  (8)  m e a s u r e d  on these  d iodes  b y  a j u n c t i o n  
r e c o v e r y  m e t h o d  w e r e  found  to be  in the  r a n g e  of 
f rom 50 to 100 m~ sec. 

Penetration Control: 
Silicon-Aluminum-Clad Molybdenum 

A l t h o u g h  these  r e su l t s  w e r e  qu i t e  s a t i s f a c t o r y  and  
r e p r o d u c i b l e ,  the  p e n e t r a t i o n  into  t he  Si  w a f e r  m i g h t  
be  u n d e s i r a b l e  for  some app l i ca t ions .  W i t h  a 0.0005 
in. t h i c k  f i lm of A1 as t he  a l l o y i n g  agent ,  t he  d e p t h  
of p e n e t r a t i o n  into  t he  Si  a t  600~ w o u l d  be  a b o u t  
0.0001 in. This  p e n e t r a t i o n  could  be  r e d u c e d  b y  
us ing  a Si-A1 eu tec t ic  as t h e  a l l o y i n g  m e d i u m .  A c -  
co rd ing ly ,  a compos i t e  s t r u c t u r e  was  m a d e  to spec i -  
f icat ion b y  the  r o l l i n g - o n  process  d e s c r i b e d  p r e v i -  
o u s l y f  I t  c o m p r i s e d  a Mo shee t  0.008 in. t h i c k  onto 
one s ide  of w h i c h  an  A1 f i lm 0.0005 in. t h i c k  con-  
t a i n ing  n o m i n a l l y  12% Si  had  been  app l ied .  D u r i n g  
ro l l ing ,  the  Mo d e v e l o p e d  a m i c a l i k e  s t r i a t e d  s t r u c -  
ture ,  and  s e p a r a t i o n s  w e r e  o b s e r v e d  ins ide  the  Mo 
sheet .  In  a l l  p r o b a b i l i t y  th is  ro l l i ng  t e x t u r e  is not  
i n h e r e n t  in  t he  m a t e r i a l  and  cou ld  be  e l i m i n a t e d ,  as 
i t  was  not  p r e s e n t  on the  p u r e  A l - c l a d  m a t e r i a l .  

The  a l l o y i n g  c h a r a c t e r i s t i c s  of th is  m a t e r i a l  w e r e  
f o u n d  to be  s u b s t a n t i a l l y  d i f fe ren t  f rom the  p u r e  A1 
m a t e r i a l .  I t  was  i m p o s s i b l e  to f o r m  an  a l loy  b o n d  
b e t w e e n  the  A1-Si  and  the  Si even  b y  h e a t i n g  to t e m -  
p e r a t u r e s  in excess  of 700~ These  o b s e r v a t i o n s  
w e r e  c o r r o b o r a t e d  in the  w o r k  w i t h  the  A g  c a r r i e r  
a l loy.  W h e n  as l i t t l e  as 4% Si  was  a d d e d  to a Ag-A1 
eu tec t ic  so lu t ion ,  t h e  r e s u l t i n g  a l l oy  w o u l d  no t  w e t  
s p o n t a n e o u s l y  to the  Si  wafe r s .  

E x p e r i m e n t s  w i t h  A1-Si  c lad  Mo w e r e  c a r r i e d  out  
in a d i f f e ren t  f u r n a c e  us ing  flat  p l a t e s  i n s t ead  of t he  
f o r m e d  p l a t e s  as  s h o w n  in Fig .  1; h o w e v e r ,  t he  con-  
s i s t ency  of t he  r e su l t s  w i t h  the  a l loys  con ta in ing  Si  
seems  to i nd i ca t e  t ha t  t he  tes t  s p e c i m e n  conf igura -  
t ion and  a l l o y i n g  f u r n a c e  a r e  of s e c o n d a r y  i m p o r -  
tance .  S ince  the  su r f ace  p r o p e r t i e s  of the  s y s t e m  a r e  

~ F r o m  Kassel  Indust r ies ,  Inc.,  P.O. Box 432, Englewood,  N. J.  

p - T Y P E  S I L I C O N  597 

Fig. 5. Cross section of bond to Si using Mo sheet clad with 
AI-Si eutectic. 1, Mo sheet; 2, AI-Si eutectic; 3, Si wafer. 
Magnification 500X before reduction for publication. 

such t h a t  w e t t i n g  w o u l d  not  occur  spon t aneous ly ,  
t he  use  of a f lux w a s  ind ica ted .  

Wetting 
By us ing  v a r i o u s  f luxes i t  was  poss ib l e  to ob ta in  

u n i f o r m  w e t t i n g  of the  A 1 - S i - c l a d  Mo to t he  Si 
s l ices w i t h  a m i n i m u m  of  p e n e t r a t i o n .  In  a l l  cases  
the  f luxes used  w e r e  m a d e  f r o m  e l e m e n t s  w h i c h  
e i t he r  w e r e  accep to r s  in Si  or  w e r e  s u b s t a n t i a l l y  
iner t ,  e l e c t ron i ca l l y ,  L i t h i u m ,  for  e x a m p l e ,  was  
avo ided  s ince  i t  acts  as a donor  w h e n  i n t r o d u c e d  
i n t e r s t i t i a l l y  in to  Si  (9) .  A l t h o u g h  s e v e r a l  f lux ing  
agen t s  w e r e  t r ied ,  the  be s t  r e su l t s  s e e m e d  to be  ob -  
t a i n e d  by  p a i n t i n g  the  eu tec t i c  f i lm w i t h  a d i l u t e  
so lu t ion  of bor i c  ac id  in d e n a t u r e d  a lcoho l  i m m e d i -  
a t e l y  p r i o r  to a s s e m b l i n g  the  w a f e r  s t ack  fo r  a l loy ing .  
A n h y d r o u s  e t h y l  s o d a m i d e  was  also used  success -  
fu l ly ,  b u t  i ts  e f fec t iveness  d e c r e a s e d  as t h e  so lu t ion  
a b s o r b e d  m o i s t u r e  f rom the  a t m o s p h e r e .  

A p h o t o m i c r o g r a p h  of a bor ic  a c i d - f l u x e d  bond  is 
s h o w n  in Fig.  5. The  a l l o y i n g  was  c a r r i e d  out  a t  
a b o u t  675~176 in an  a t m o s p h e r e  of a n h y d r o u s ,  
deox id i zed  N.~ for  an  a l l o y i n g  t ime  of 5-10 min.  A t  
l o w e r  t e m p e r a t u r e s  an a p p a r e n t  bond  fo rms  s ince  
the  bor ic  ox ide  acts  as a g l a s sy  cement ,  bu t  t he  bond  
can be  r u p t u r e d  b y  bo i l ing  in  w a t e r  for  a f ew  m i n -  
utes.  Bonds  m a d e  in  the  a l l o y i n g  t e m p e r a t u r e  r a n g e  
w e r e  m e c h a n i c a l l y  sound,  a n d  on r u p t u r e ,  e i t h e r  
the  Mo was  s e p a r a t e d  or  t he  Si  was  p u l l e d  out  of t he  
Si w a f e r  in t he  v i c i n i t y  of the  bond.  

In m a k i n g  r e l a t i v e l y  l a r g e  a r e a  contac ts ,  i t  is d e -  
s i r ab l e  t ha t  the  spec imen  shou ld  be  cooled  a t  a r a t e  
no g r e a t e r  t h a n  a b o u t  5~  If  s u b s t a n t i a l l y  
f a s t e r  cool ing  r a t e s  a r e  used,  t he  d i f f e r en t i a l  t h e r -  
m a l  e x p a n s i o n s  of the  s y s t e m  a re  suff ic ient ly  g r e a t  
to induce  c r a c k i n g  in  t he  Si  wafe r s .  O b s e r v a t i o n s  
m a d e  at  t he  co rne r s  of t he  spec imens  ( s i l i c o n - e u t e c -  
t i c - f lux  i n t e r f ace s )  i n d i c a t e  t h a t  the  w e t t i n g  ang le  
has  been  r e d u c e d  c o n s i d e r a b l y  in c o m p a r i s o n  w i t h  
t he  S i - A l - g a s  in te r faces .  

These  d iodes  d id  no t  have  e l ec t r i ca l  c h a r a c t e r -  
is t ics  qu i t e  as good as those  shown  in Fig.  1, p r e -  
s u m a b l y  because  i t  was  not  poss ib le  u n d e r  t he  e x -  
p e r i m e n t a l  cond i t ions  used  to s t ab i l i ze  t he  a m b i e n t  
a t m o s p h e r e  a r o u n d  the  j u n c t i o n  w i t h  a h e r m e t i c  
seal  s u b s e q u e n t  to the  t ime  of a l loy ing .  

Conclusion 
W a f e r s  of p - t y p e  Si  h a v e  been  b o n d e d  success -  

f u l l y  to a l l o y - c l a d  Mo to f o r m  s t r u c t u r a l l y  s o u n d  
ohmic  contac ts .  M o l y b d e n u m  has  been  used  as t he  
base  p l a t e  m a t e r i a l  because  i ts  coefficient in l i n e a r  
e x p a n s i o n  is r e a s o n a b l y  w e l l - m a t c h e d  to t h a t  of  Si  
and  in t roduces  no de l e t e r i ous  e l e m e n t s  in to  t he  p - n  
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j u n c t i o n  s t ruc tu re  d u r i n g  processing.  Bond ing  agents  
of pu re  A1 or A1-Si eutect ic  were  appl ied  to the  Mo 
sheet  by  ro l l ing  accompanied  by  a subs t an t i a l  t h i ck -  
ness r educ t ion  to p romote  the  fo rma t ion  of a tomic 
bonds  b e t w e e n  n e w l y  fo rmed  A1-Mo interfaces .  The 
Si b o n d i n g  t e m p e r a t u r e  cycle m u s t  be car r ied  out  in  
e i ther  an  ine r t  or r educ ing  a tmosphere .  The m a x i -  
m u m  t e m p e r a t u r e  is l imi t ed  by  the  reac t ion  of A1 
wi th  the  Mo, and  the  cooling ra te  is l imi t ed  by  the 
necess i ty  for r e l i ev ing  stresses in  the  b imeta l l i c  
s t ruc tu re  w i thou t  i n d u c i n g  f rac ture .  W h e n  Si is 
added to the  A1 b o n d i n g  mate r ia l ,  cons ide rab ly  
more  s t r i ngen t  a l loy ing  condi t ions  m u s t  be  used to 
ob ta in  a sa t i s fac tory  bond.  
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Electrolytic Reduction of Cyanamide 
II. The Nature of the Reduction of Cyanamide and Formamidine 
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ABSTRACT 

Two consecutive steps in the electrolytic reduct ion of cyanamide have 
different natures  from the viewpoint  of organic electrode process. The first 
step is catalytic and the second step is voltage-controlled. Therefore, the most 
active cathode for one step may not be the most effective for another. Tin was 
an effective cathode for the over-al l  reduct ion process. 

In  the course of the reduction of formamidine  to methylamine  and ammonia,  
the existence of methylenediamine  as second intermediate  was verified. 

On the e lect rolyt ic  r educ t ion  of c y a n a m i d e  the  
i sola t ion  of f o r m a m i d i n e  as i n t e r m e d i a t e  an d  the 
conf i rmat ion  of m e t h y l a m i n e  and  a m m o n i a  as f inal  
p roducts  was  repor ted  ( I ) .  I n  the  p resen t  work,  the  
effect of ca thode  ma te r i a l s  and  o ther  e lect rolyt ic  
condi t ions  on the y ie ld  of each p roduc t  was studied.  
Also, the r educ t ion  of f o r m a m i d i n e  at  va r ious  ca th-  
odes was inves t iga ted  in  order  to c lar i fy  the  o v e r - a l l  
r educ t ion  mechan i sm.  The resul ts  are repor ted  here  
a long wi th  some u n u s u a l  p h e n o m e n a  observed  in  
the course of this s tudy.  

Experimental 
The appa ra tu s  used was  the  same as t ha t  a l r eady  

descr ibed (1) .  However ,  the cell was  covered in  
order  to measu re  the  H evolut ion.  

Crys ta l l ine  c y a n a m i d e  was  f resh ly  p r epa red  f rom 
commerc ia l  ca lc ium c y a n a m i d e  by  an  improved  

p rocedure  (2) ,  and  its p u r i t y  was d e t e r m i n e d  by  
the  usua l  me thod  (as s i lver  c y a n a m i d e )  before  use. 

F o r m a m i d i n e  sul fa te  was  p r epa red  by  the  ca t a :  
lyt ic  r educ t ion  of c y a n a m i d e  w i th  Pd  ca ta lys t  (3) ,  
mp  156~176 

Separation of the reduction products of cyan- 
amide.--The separa t ion  of each p roduc t  was  car r ied  
out  more  r ig id ly  t h a n  p rev ious ly  (1) .  

Af t e r  reduct ion ,  the  ca tholy te  ( abou t  110-120 cc) 
was  neu t r a l i zed  w i th  a smal l  a m o u n t  of H~SO~ (or 
NHs) and  d i lu ted  to 200 cc; 10 cc was used as the  
d e t e r m i n a t i o n  of u n c o n v e r t e d  cyanamide .  The re -  
m a i n i n g  pa r t  was  evapora ted  to d ryness  at  50 ~ 
60~ u n d e r  d imin i shed  p ressure  a nd  the  res idue  
was  dr ied  for 24 h r  in  a v a c u u m - d e s i c c a t o r  over  
P205. This  was  ex t rac ted  twice w i th  50 cc i sopropyl  
alcohol to r emove  u n c o n v e r t e d  cyanamide .  The  res-  
idue  was  aga in  ex t rac ted  twice  w i th  50 cc absolu te  
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methanol .  The final  res idue  was dr ied  at  100~ and  
weighed  ( a m m o n i u m  su l fa te ) .  

The  m e t h a n o l  ex t rac t  1 was evapora ted  to d ryness  
and  the  res idue  was  dissolved in  100 cc water .  Then,  
a su i tab le  a m o u n t  of picric  acid (2% excess based 
on conver ted  c y a n a m i d e )  was added to it, the  m i x -  
tu re  was w a r m e d  to m a k e  a clear  solut ion,  a nd  a l -  
lowed to cool overn ight .  The  prec ip i ta te  was f i l tered 
off, washed  wi th  50 cc water ,  and  dried.  T h e n  it was 
purif ied by  ex t r ac t ion  wi th  abso lu te  e ther  to r e -  
move  free picric acid, d r ied  a t  100~ and  weighed  
( f o r m a m i d i n e  p ic ra te ) .  So lub i l i ty  correc t ion  was 
applied.  

Af te r  r e m o v i n g  the  dissolved picric acid by  acidi -  
f ication wi th  HC1 and  ex t rac t ion  w i th  ether,  the 
f i l t ra te  was  concen t ra t ed  to 100 cc. The  concen t ra t e  
of i sopropyl  alcohol ex t rac t  was  added  to it, a nd  the  
m i x t u r e  was  poured  in to  a K j e l d a h l  flask and  
hea ted  w i th  20 g NaOH/50  cc wa te r  solut ion.  
M e t h y l a m i n e  was  dis t i l led  into N-HC1 and  the re -  
su l t ing  so lu t ion  (100 cc) was evapora ted  to d r y -  
ness and  a l lowed to s t and  in  a v a c u u m  desiccator  
over  P:O~ overn ight .  The  res idue  was ex t rac ted  
twice wi th  50 cc b u t a n o l  a t  50~ The b u t a n o l  ex-  
t rac t  was  concen t ra t ed  to 10 cc and  a l lowed to s t and  
in  an  ice box. M e t h y l a m i n e  hydroch lo r ide  crys ta ls  
which  separa ted  out  were  f i l tered off, d r ied  at  
100~ and  weighed.  Some m e t h y l a m i n e  hydroch lo -  
r ide  was recovered  f rom the  m i x t u r e  of the f i l t rate  
and  the  wash.  

D e t e r m i n a t i o n  was no t  car r ied  out  for n o n n i t r o -  
geneous  hydro ly t i c  p roducts  of i n t e r m e d i a t e  com- 
pounds ,  such as formic  acid and  fo rmaldehyde .  

Separation oi the reduction products of ~ormami- 
dine.---After reduct ion ,  the ca tho ly te  (110-120 cc) 
was  neu t r a l i z ed  w i th  a smal l  a m o u n t  of H2SO, (or 
NH~), evapora ted  to d ryness  a t  50~176  u n d e r  
d imin i shed  pressure ,  and  the  r e s idue  was dr ied  for 
24 hr  in  a v a c u u m  desiccator  over  P~O5. This  was  
ref luxed twice  w i th  50 cc abso lu te  me thano l ,  and  
the inso lub le  res idue  was f i l tered off f rom the  hot  
solut ion.  The  res idue  was  dr ied  at 100~ and  
weighed  ( a m m o n i u m  su l fa te ) .  

The  m e t h a n o l  ex t rac t  was  w o r k e d  up  to separa te  
u n c o n v e r t e d  f o r m a m i d i n e  as p icra te  and  then  to 
collect  m e t h y l a m i n e  hydroch lo r ide  j u s t  as in  the 
separa t ion  of the  r educ t ion  products  of cyanamide .  
However ,  i n  the  case, 25 g picric  acid was  added  
wi th  50 cc w a t e r  to 100 cc aqueous  so lu t ion  m a d e  
f rom the  evapora t i on  res idue  of the  m e t h a n o l  ex-  
t r ac t  for the  sepa ra t ion  of u n c o n v e r t e d  f o r m a m i -  
dine. 

As for n o n n i t r o g e n e o u s  hydro ly t i c  p roducts  of 
s t a r t ing  m a t e r i a l  and  the  i n t e r m e d i a t e  product ,  the  
d e t e r m i n a t i o n  of f o rma ldehyde  wi th  formic  acid 
was car r ied  out  in  some cases as descr ibed la ter .  

Results and Discussion 

Reduction of Cyanamide 

The y ie ld  of each r educ t ion  p roduc t  at va r ious  
cathode ma te r i a l s  is shown  in  Table  I. 

1 I n  t h e  ease o~ t h e  r e d u c t i o n  a t  Pd ,  t he  m e t h a n o l  ex t r ac t  was  
c o n c e n t r a t e d  and  a l l o w e d  to  cool to  g i v e  f o r m a m i d i n e  su l fa te .  A f t e r  
s e p a r a t i n g  these  crys ta ls ,  t h e  f i l t ra te  wa s  d i l u t e d  to 100 cc w i t h  
w a t e r  a n d  w o r k e d  u p  by  t he  s ame  p rocedure .  

ELECTROLYTIC REDUCTION OF CYANAMIDE 

Table I 

599 

A n o d e :  P t ;  a n o l y t e :  60 ee 5% I-I~SO~; e a t h o l y t e :  10.9 g c y a n a m i d e  
( p u r i t y :  96-98%) i n  i0{~ ee 8% (NHD~SOd. p H  range a d j u s t e d  a t  
2-7 by a d d i n g  s m a l l  a m o u n t  of HeSO4 d u r i n g  t he  e lec t ro lys i s ;  t e m p :  
12~ c u r r e n t  d e n s i t y :  5 amp /d in2 ;  a m o u n t  of c u r r e n t :  38 
a m p - h r  (6 f a r a d a y s / m o l e )  

Yie ld  
C y a n a m i d e  F o r m a m i d i n e  M e t h y l a m i n e  

R u n  c o n v e r t e d  p i c r a t e  HC1 (NHa) 2SO~ 
No. C a t h o d e  g % g % g % g 

1 Sn 5.1 
2, Pb 1.9 

3 Hg 2.8 

4 Cu 3.1 
5 Pd black 8.7 

on Pd. 

53 4.1 13 0.7 9 2.7 
20 near ly  - -  0.2 7 0.9 

zero 
30 near ly  - -  near ly  - -  1.0 

zero zero 
32 0.30 1.5 0 - -  0.8 
90 sulfate* 52 0 - -  3.7 

8.3 
~p ic ra t e  

7.0 

* Of t he  to ta l  y i e l d  of f o r m a m i d i n e ,  8.3 g was  o b t a i n e d  as su l f a t e  
and  7.0 g was  o b t a i n e d  as p icra te .  

The r educ t ion  of c y a n a m i d e  occurred  at a l l  ca th -  
odes used (1) .  I t  was  conf i rmed tha t  Sn  was  an  
effective cathode m a t e r i a l  for ove r - a l l  r educ t ion  
process. Pb  a nd  Hg, which  have  a h igh  H ove rvo l t -  
age, were  no t  so effective in  this  reduct ion .  Espe-  
c ia l ly  at  Hg, m e t h y l a m i n e  was scarcely  ob ta ined  
and  a m m o n i a  was the  on ly  n i t rogeneous  product .  
It  was  not iced  tha t  f o r m a m i d i n e  was no t  ob ta ined  
at  these  two cathodes.  This  is due  to the  effect ive-  
ness of these  cathodes on the  r educ t ion  of f o r m a m i -  
d ine  as descr ibed below. Cu, a low H overvo l tage  
metal ,  was also an  act ive cathode l eav ing  a smal l  
a m o u n t  of f o r m a m i d i n e  as product .  Pd  b lack  ca th-  
ode was  seen to be ve ry  effective for the fo rma t ion  
of fo rmamid ine .  However ,  at  Pd, m e t h y l a m i n e  
could no t  be  ob ta ined  at  all. 

Current efficiency at various cathodes.--Since 
severa l  p roducts  were  ob ta ined  in  the  r e duc t i on  of 
cyanamide ,  H evo lu t ion  at the  cathodes was  meas -  
u r ed  to observe  the  differences in  c u r r e n t  efficiency 
of the  cathodes (except  Hg2). The m e a s u r e m e n t  
was ca r r i ed  out  a t  i n t e rva l s  of severa l  m i n u t e s  t i l l  
the  theore t ica l  a m o u n t  of c u r r e n t  (6 f a r a d a y s /  
mole)  was  passed. Resul t s  a re  shown in  Fig.  1. 

P a l l a d i u m  was the  most  effective f rom the v i ew-  
po in t  of c u r r e n t  efficiency. However ,  even  at Pd, the  
efficiency decreased m a r k e d l y  w i th  t i me ?  At  Sn, the  
efficiency was no t  so h igh  at  the  beg inn ing ,  b u t  it 
was m a i n t a i n e d  at  about  the  same level.  At  Pb, the  
efficiency once reached  to the same level  as at Sn  
bu t  it decreased g rea t ly  af ter  2 h r  ~ and  came down  
to zero af ter  6 hr. At  Cu, the  efficiency was  ve ry  
low and  it  reached to zero at  the end. These ob-  
se rva t ions  coincided wel l  w i th  the  resul t s  in  Tab le  I. 

Influence of pH and current density on current 
efficiency at t in cathode.--The in f luence  of pH and  
c u r r e n t  dens i ty  on c u r r e n t  efficiency was  t h e n  ex -  
a m i n e d  at the Sn  cathode for a typ ica l  run .  Resul t s  
are  shown in  Fig. 2. 

2 A t  Hg,  accu ra t e  m e a s u r e m e n t  was  di f f icul t  due  to  t h e  f o r m a t i o n  
of a m m o n i u m  a m a l g a m .  

Th is  m i g h t  be  due  to  po i sonous  ac t ion  of  c y a n a m i d e  on t he  
ea t a ly t e  a c t i v i t y  of Pal. 

4 I t  m a y  be poss ib le  t h a t  t h i s  is  due  to the  f o r m a t i o n  of a n  in -  
so lub l e  f i lm on  t he  ca thode  surface ,  r e s u l t i n g  f r o m  t h e  a c t i o n  of  
c y a n a m i d c  w i t h  lead.  



600 JOURNAL OF THE ELECTROCHEMICAL SOCIETY October 1958 

Ioo 

70 

~ 6o 

�9 ~- . ~ .  ( 4 )  o,V  _=. 
1 2 ~ 4 5 6 7 8 9 iO 

~ e  ~ a h r .  

Fig. 1. Current eff ic iency at various cathodes (reduction of 
cyonomide): 1, Pd; 2, Sn; 3, Pb; 4, Cu; conditions: same as 
in Table I. 

~~ 

S 

w ~o 

~o 

0 
1 E ~ 4 5 6 7 8 g 1 2 5 4 5 

pH CUrrent d e n s i t y  (amp/d~2) 

Fig. 2. Ef fect  o f  pH and cur rent  densi ty  on cur rent  e f f i -  
ciency at Sn (reduction of  cyonamide); conditions: some as 
in Table 1. 

The change  of pH f rom 1 to 8 had  no effect on the  
c u r r e n t  efficiency. As for the inf luence  of cu r r e n t  
densi ty,  the  efficiency had a t e n d e n c y  to decrease 
s l ight ly  wi th  inc reas ing  c u r r e n t  dens i ty  f rom 1 to 
5 a m p / d i n  ~. 

Reduction of Formamidine 

The yie ld  of each r educ t ion  p roduc t  at va r ious  
cathode ma te r i a l s  is shown  in  Tab le  II. 

C o n t r a r y  to cyanamide ,  the r educ t ion  of fo rm-  
amid ine  was found  to occur on ly  at  cathodes h a v -  
ing  a h igh H overvo l t age  such as Sn, Pb,  or Hg. The 
yie ld  of m e t h y l a m i n e  based on f o r m a m i d i n e  con-  
ve r ted  was  the highest  at Sn, a l though  it was r e l a -  
t ive ly  small .  A large a m o u n t  of a m m o n i a  was  
fo rmed  at eve ry  cathode.  Especia l ly  at  Hg, the  
larges t  a m o u n t  of a m m o n i a  was  ob ta ined  wi th  a 
v e r y  smal l  a m o u n t  of m e t h y l a m i n e .  I t  was i n t e r -  
es t ing  to no te  tha t  a fa i r ly  la rge  a m o u n t  (40%)  of 

Table II 

A n o d e :  Pt ;  a n o l y t e :  60 cc 5% HeSO,; e a t h o l y t e :  10.0 g f o r m a m i d i n e  
su l f a t e  in  100 cc w a t e r  (a lmos t  n e u t r a l ) ,  p H  r a n g e  a d j u s t e d  a t  2-7* 
by  a d d i n g  s m a l l  a m o u n t  of H~SO4 d u r i n g  the  e lec t ro lys i s ;  t e m p :  
12~176 c u r r e n t  d e n s i t y :  5 a m p / d m  'z 

Yie ld  
A m o u n t  F o r m a m i d i n e  M e t h y l a m i n e  

R u n  of c u r r e n t  u n c o n v e r t e d  HC1 (NHD 2SO~ 
No. Ca thode  a m p - h r  % g % g R e m a r k s  

1 Sn 57.5 43 0.8 18 6.2 
2 Pb 57.5t 0 1.1 15 9.0 
3 Hg 17.3 0 0.1 2 11.0 

4 Cu 11.5 65 0 - -  3.6 
5 Pd 11.5 76 0 - -  1.4 

U r o -  

t ropine 
obtained 

* I t  is w e l l  k n o w n  t h a t  f o r m a m i d i n e  is h y d r o l y z e d  v e r y  eas i ly  to 
g ive  a m m o n i a  and  f o r m i c  acid,  e spec ia l ly  in  a l k a l i n e  m e d i u m .  

t I n  the  case of Pb,  t h i s  a m o u n t  was  m o r e  t h a n  e n o u g h  to  con-  
v e r t  a l l  of the  f o r m a m i d i n e .  

h e x a m e t h y l e n e t e t r a m i n e  was found  in  the p roduc t  
at Hg? This is a charac ter i s t ic  of a m e r c u r y  ca th-  
ode and  led us to suppose t ha t  m e t h y l e n e d i a m i n e  
was fo rmed  in  the  course of this  reduct ion .  

At  Pd, which  has the  greates t  ac t iv i ty  t oward  the  
r educ t ion  of c y a n a m i d e  to fo rmamid ine ,  no  r educ -  
t ion  products  were  ob ta ined  which  showed its in -  
ac t iv i ty  toward  fo rmamid ine .  At  Cu, no r educ t ion  
products  were  also ob ta ined  as wel l  as at Pd, bu t  
the a m o u n t  of a m m o n i a  fo rmed  by  hydro lys i s  was  
somewha t  la rger  t h a n  tha t  a t  Pd. 

Current efficiency at various cathodes.--Hydro- 
gen evo lu t ion  at  the cathodes (except  Hg) ~ was 
m e a s u r e d  to observe  the differences in  c u r r e n t  
efficiency of the  cathodes on the r educ t ion  of fo rm-  
amidine .  The v a r i a t i o n  of pH of the  ca tho ly te  was 
m e a s u r e d  by  pH test  pape r  at the  same t ime  be -  
cause it  had  a grea t  inf luence  on c u r r e n t  efficiency. 
The m e a s u r e m e n t  was car r ied  out at i n t e rva l s  of 
severa l  m i n u t e s  t i l l  the  theore t ica l  a m o u n t  of cu r -  
r en t  (4 f r s / m o l e )  was passed. Resul ts  are shown 
in  Fig. 3, 

Lead showed a h igh c u r r e n t  efficiency at  the start ,  
bu t  it decreased w i th  t ime  and  reached a smal l  
va lue  at the e n d /  On the o ther  hand,  at Sn, a 
modera t e  efficiency was m a i n t a i n e d ,  as in  the  re -  
duc t ion  of cyanamide .  A t  Pd, at which  the efficiency 
was the highest  in  the  r educ t ion  of cyanamide ,  a 
definite H absorp t ion  due to the  r educ t ion  was  not  
observed.  At  Cu, p rac t i ca l ly  zero efficiency was  re -  
corded af ter  1 hr. These  observa t ions  coincided wel l  
wi th  the resul ts  in  Tab le  II. 

Influence of pH on current efficiency:~--Using a 
t in  cathode, the inf luence  of pH on c u r r e n t  efficiency 
was s tudied  w h e n  ~ 17 a m p - h r  had  passed (Fig. 4).  

It  was found  tha t  the  c u r r e n t  efficiency g rea t ly  
decreased below pH 2. This was  also observed  at 

5 The  e l ec t ro ly t e  close to t he  ca thode  m i g h t  be  a m m o n i a c a l  a f t e r  
a m m o n i a  had  been  f o r m e d  by  r e d u c t i o n  or  by  hydro lys i s .  

6 A t  Hg,  accu ra t e  m e a s u r e m e n t  was  i m p o s s i b l e  due  to t he  f o r m a -  
t i on  of a m m o n i u m  a m a l g a m ,  b u t  H e v o l u t i o n  cou ld  sca rce ly  be 
o b s e r v e d  d u r i n g  the  r educ t ion .  

v Th i s  m a y  be due  to the  d i s a p p e a r a n c e  of f o r m a m i d i n e .  I t  m a y  
be poss ib le  t h a t  t he  d e c o m p o s i t i o n  of f o r m a m i d i n e  is affected by 
c u r r e n t  t h r o u g h  i ts  d i scharge .  

s The  in f luence  of  c u r r e n t  dens i t y  cou ld  no t  be  m e a s u r e d  due  to 
t he  v a r i a t i o n  of p H  w i t h  the  v a r i a t i o n  of c u r r e n t  dens i ty �9  

9 A t  a b o u t  t h i s  t ime ,  the  v a r i a t i o n  of  p i t  w i t h  c u r r e n t  was  
r e l a t i v e l y  smal l .  
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Fig. 3. Current efficiency at various cathodes (reduction 
of formamidine): 1, Pb; 2, Sn; 3, Pd; 4, Cu; conditions: same 
as in Table 11. 

ac t ive  ca thodes  o the r  t h a n  Sn, as s h o w n  in Fig .  3, 
and  was  a c h a r a c t e r i s t i c  of f o r m a m i d i n e  r educ t ion .  
T h i s  is t he  r ea son  of g r e a t  i r r e g u l a r i t i e s  in c u r r e n t  
e f f i c i ency- t ime  curves  in Fig.  3. 

Formation oS Formaldehyde by Reduction of 
Formamidine; Indirect Confirmation oS 
Methylenediamine as the Intermediate 

In  the  p r e c e d i n g  pape r ,  i t  was  p o i n t e d  out  t h a t  
in the  course  of the  r e d u c t i o n  of c y a n a m i d e  at  Sn, 
f o r m a m i d i n e - - t h e  i n t e r m e d i a t e - - w a s  no t  on ly  r e -  
d u c e d  to m e t h y l a m i n e  and  a m m o n i a ,  b u t  h y d r o -  
l yzed  to a m m o n i a  a n d  fo rmic  acid.  I n  t h a t  case,  t h e  
f o r m a t i o n  of f o r m a l d e h y d e  was  v e r y  s m a l l  and  
b a r e l y  conf i rmed.  H o w e v e r ,  as d e s c r i b e d  above,  the  
r e d u c t i o n  of f o r m a m i d i n e  at  H g  gave  a l a r g e  
a m o u n t  of h e x a m e t h y l e n e t e t r a m i n e  as fo l lows.  

Ten  g r a m s  of f o r m a m i d i n e  su l f a t e  was  r e d u c e d  
a t  Hg  u n d e r  t he  s a m e  cond i t ions  as  in  T a b l e  II .  
A f t e r  13.8 a m p - h r  passed ,  t h e  c a t h o l y t e  was  w o r k e d  
up  acco rd ing  to the  p r o c e d u r e  d e s c r i b e d  a b o v e  to 
t he  m e t h a n o l  e x t r a c t i o n ;  8.8 g a m m o n i u m  su l fa t e  
was  ob ta ined .  The  m e t h a n o l  e x t r a c t  1~ was  t h e n  con-  
c e n t r a t e d  to 30 cc u n d e r  d i m i n i s h e d  p r e s s u r e  and  
a l l o w e d  to s t a n d  u n t i l  i t  r e a c h e d  to r o o m  t e m p e r a -  
tu re .  Some  c rys t a l s  w e r e  s e p a r a t e d  (0.40 g ) .  The  
f i l t r a te  was  aga in  e v a p o r a t e d  to d r y n e s s  to g ive  
f u r t h e r  c rops  of t he  s ame  c rys ta l s .  The  c o m b i n e d  
c r y s t a l s  w e r e  pu r i f i ed  f r o m  m e t h a n o l  b y  d i l u t i o n  of 
a m e t h a n o l i c  so lu t ion  w i t h  e ther ,  y i e l d  1.0 g. The  
c h a r a c t e r i s t i c  HgCI~ c o m p o u n d  was  t hen  p r e p a r e d ,  
m p  225~176 dec. 

lo W h e n  t h e  m e t h a n o l  e x t r a c t  w a s  a l l o w e d  t o  c o o l ,  a s m a l l  a m o u n t  
o f  b r i l l i a n t  c r y s t a l s  w e r e  s e p a r a t e d .  T h i s  w a s  f i l t e r e d  off,  w a s h e d  
w i t h  m e t h a n o l ,  a n d  d r i e d  i n  a d e s i c c a t o r .  Y i e l d  0 .02  g,  m p  2 1 5 ~  
p i e r a t e  m p  1 8 5 ~ 1 7 6  T h e  i d e n t i f i c a t i o n  o f  t h i s  c o m p o u n d  h a s  n o t  
y e t  b e e n  carr i ed  o u t .  
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Fig. 4. Effect of pH on current efficiency at Sn (reduction 
of formamidine); conditions: Same as in Table II. 

The  i so la t ion  of h e x a m e t h y l e n e t e t r a m i n e  sug-  
ges ted  the  f o r m a t i o n  of f o r m a l d e h y d e  in t he  c a t h o -  
lyre .  Moreove r ,  a s m a l l  a m o u n t  of f o r m a l d e h y d e  
was  also r e c o v e r e d  w i t h  fo rmic  ac id  f r o m  the  r e -  
duc t ion  p r o d u c t  a t  Pb.  This  m a y  be due  e i t h e r  (a )  
to t he  h y d r o l y s i s  of m e t h y l e n e d i a m i n e  w h i c h  m a y  
be  the  i n t e r m e d i a t e  f rom f o r m a m i d i n e  to m e t h y l -  
a m i n e  and  a m m o n i a  or  (b )  to the  r e d u c t i o n  of 
fo rmic  ac id  f o r m e d  b y  the  h y d r o l y s i s  of f o r m a m i -  
d ine  i tself .  The  r e d u c t i o n  of fo rmic  ac id  [ c a t h o l y t e :  
6.8 g a m m o n i u m  f o r m a t e  in 100 cc 5% (NH,)~SO,;  
o t h e r  cond i t ions :  t he  s ame  as in T a b l e  I I ]  was  then  
c a r r i e d  out  a t  p H  2-7 at  Sn and  at  Hg. H y d r o g e n  
was  e vo lve d  q u a n t i t a t i v e l y  and  no p r o d u c t s  w e r e  
o b t a i n e d  a f t e r  11.6 a m p - h r  of c u r r e n t  w a s  passed .  

I t  m a y  be  seen, the re fo re ,  t h a t  f o r m a l d e h y d e  was  
f o r m e d  b y  the  h y d r o l y s i s  of m e t h y l e n e d i a m i n e .  To 
conf i rm it, m e t h y l e n e d i a m i n e  was  p r e p a r e d  b y  the  
p r o c e d u r e  of K n u d s e n  (4)  and  t h e  h y d r o l y s i s  and  
the  r e d u c t i o n  of i t  w e r e  c a r r i e d  out.  

M e t h y l e n e d i a m i n e  2HC1, need l e  c r y s t a l  

Anal .  Ca l c ' d  for  CH,N~CL: N, 23.9; C1, 59.6 

F o u n d :  N, 24.0; C1, 60.9 

2.3081 g s a m p l e  in 100 cc w a t e r  ac id i f ied  w i th  2 
cc HC1 was  s u b j e c t e d  to d i s t i l l a t ion .  0.567 g, 98% 
f o r m a l d e h y d e  '~ was  f o u n d  in t he  d i s t i l l a t e  (50 cc)  
b y  the  Na~SO, me thod .  0.648 g, 98% NH,  was  r e -  
cove red  f rom the  r e s idue  as usua l .  

This  i n d i c a t e d  the  q u a n t i t a t i v e  f o r m a t i o n  of 
f o r m a l d e h y d e  and  a m m o n i a  b y  h y d r o l y s i s  as we l l  
as the  a u t h e n t i c i t y  of the  sample .  

Then  the  e l e c t ro ly t i c  r e d u c t i o n  of m e t h y l e n e d i -  
a m i n e  was  c a r r i e d  out  a t  Sn  to conf i rm the  f o r m a -  
t ion  of  m e t h y l a m i n e .  

A f t e r  r educ t ion ,  t he  c a t h o l y t e  (140 cc)  was  ac id i -  
fied w i t h  HC1 and  s u b j e c t e d  to d i s t i l l a t i o n  to  g ive  
120 cc d i s t i l l a t e .  F u r t h e r  d i s t i l l a t i on  of the  r e s idue  
w i t h  30 cc w a t e r  and  3 cc HC1 gave  30 cc second  
d i s t i l l a t e .  F o r m a l d e h y d e  in  t he  c o m b i n e d  d i s t i l l a t e  
was  d e t e r m i n e d  b y  Na~SO, me thod .  The  d i s t i l l a t i o n  
r e s idue  was  d i l u t e d  w i t h  w a t e r  and  e v a p o r a t e d  to 

11 I d e n t i f i e d  a s  d i m e d o n  d e r i v a t i v e ,  m p  1 8 7 ~ 1 7 6  
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Table III 

Anode: Pt  
Anolyte:  60 cc 5% H=SO, 
Catholyte: 5.95 g methylenediamine  2HC1, 8.0 g NH,C1, 

80 cc CH~OH, 50 cc H=O (init ial  pH 1.2). pH* ad- 
justed at 1-7 by adding a small  amount  of HC1. 

Temp: 6~176 
Current  density:  3 a m p / d m  ~ 
Amount  of current :  7 amp-hr% 
Results: Pure  methylamine  HC1 obtained: 0.56 g, 18% 

(based on methylenediamine  used) mp 210~ 
picrate mp 200~ methylguanid ine  picrate was then 
prepared, mp 198~ Formaldehyde (resulted from 
unconver ted methylenediamine  and its hydrolytic 
product) :  0.84 g, 56%. 

* I n  t h e  r e d u c t i o n  of m e t h y l e n e d i a m i n e ,  k e e p i n g  p H  in  a d e s i r -  
a b l e  r a n g e  w a s  v e r y  easy  as c o m p a r e d  w i t h  t h a t  i n  c y a n a m i d e  o r  
f o r m a m i d i n e  r e d u c t i o n .  

t T h e  e l e c t r o l y s i s  w a s  c o n d u c t e d  u n t i l  h y d r o g e n  b e g a n  to e v o l v e  
q u a n t i t a t i v e l y .  

dryness .  The solid, a f ter  d r y i n g  ove rn igh t  in  a vac-  
u u m - d e s i c c a t o r  over  P~O,, was ex t rac ted  w i th  50 cc 
hot bu tano l .  F r o m  the  extract ,  m e t h y l a m i n e  h y d r o -  
chlor ide was collected by  w o r k i n g  up  as descr ibed  
above and  weighed.  

Resul ts  are shown  in  Tab le  III.  
5.95 g m e t h y l e n e d i a m i n e  2HC1 was also reduced  

at Hg and  at Pb  u n d e r  condi t ions  s imi la r  to those in  
Tab le  III. A l though  the  efficiency was  smal le r  t h a n  
tha t  at Sn, the r educ t ion  occurred  to give 0.1 g and  
0.15 g m e t h y l a m i n e  hydroch lo r ide  af ter  6.12 a m p - h r  
and  2.68 a m p - h r  of c u r r e n t  was passed, respec-  
t i v e l y 7  

These resul t s  migh t  be proofs for ex is t ing  m e t h -  
y l e n e d i a m i n e  as the i n t e r m e d i a t e  of the r educ t ion  
of f o rmamid ine .  

Polarographic Measurement ~3 
P o l a r o g r a p h i c  m e a s u r e m e n t  w a s  c a r r i e d  o u t  f o r  

cyanamide  and  f o r m a m i d i n e  in order  to exp la in  the  
resul ts  ob ta ined  by  macroe lec t ro lys i s  more  clearly.  

12 I n  t h e s e  cases ,  f o r m a l d e h y d e  cou ld  n o t  he  o b t a i n e d  f r o m  t h e  
p r o d u c t .  A t  p r e s e n t ,  t h i s  i s  a p r o b l e m  w e  s t i l l  c a n  n o t  u n d e r s t a n d .  

13 T h i s  w a s  carr ied  ou t  b y  T.  S e k i n e  in  o u r  l a b o r a t o r y .  
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Fig. 5 Polarogroms of cyanamide. Concentrat ion of cyana- 
mide: 1, 1.2 m o l e / I ;  2, 2.4 X 10 -1 m a l e / l ;  3, 4.8 X 10 -2 
m o l e / l ;  4, 9.5 • 10 -~ m o l e / l ;  5, 1.9 X 10 -'~ m o l e / l ;  6, 0 
(supporting electrolyte). Supporting electrolyte: 7.456 g 
KCI/1 Sorensen's phosphate buffer solution (pH 6.75); sensi- 
t iv i ty  of galvanometer:  6.58 X 10 -s a m p / m m ;  dropping mer- 
cury electrode: m ~ 1.67 mg/sec, t ~ 2.55 sec (m 2/3 t ~/6 = 
1.65), h --~ 72 cm. 

o 

4 ( ~ ) ~  ///// 
i (~) "'Jr TM 

(s) 
(6) 

"0.4 -0.8 -1.2 -1.6 -~.0 

E in volts (vs. S.C.E.) 

Fig. 6. Polarograms of formamidine sulfate. Concentra- 
tion of formamidine: 1, 3.5 m o l e / l ;  2, 1.2 m o l e / l ;  3, 2.4 
X 10 - 1 m o l e / l ;  4, 4.8 X 10 -2 m o l e / l ;  5, 9.5 X 10-Zmole/1;  
6, 1.9 X 10 -~ m o l e / l ;  7, 0 (supporting electrolyte). Support- 
ing electrolyte: 7.456 g KCI/1 Sorensen's phosphate buffer 
solution (pH 6.75); sensit ivity of galvanometer:  6.58 X 10 -s 
o m p / m m ;  dropping mercury electrode: m ~ 1.67 mg/sec, 
t ~ 2.55 sec (m 2/~ t 1/~ = 1.65), h = 72 am. 

Pola rograms  for c y a n a m i d e  and  f o r m a m i d i n e  
sul fa te  are shown  in  Fig. 5 a nd  Fig.  6. 

C y a n a m i d e :  No dis t inc t  wave  was detec ted  pr ior  
to h y d r o g e n  discharge wave.  The shift  of H wave  to 
a more  posi t ive po ten t i a l  wi th  inc reas ing  concen-  
t r a t ion  of c ya na mi de  was observed.  

F o r m a m i d i n e  sulfa te :  No wave  was detec ted  up  
to the  concen t r a t i on  of 10 -'~ M in Sorensen  buffer  
(pH 6.75). However ,  in  1M solution,  a w a v e  ap-  
peared  at E 1/~, --1.20 v (vs. S.C.E.).  This  is p r o b a b l y  
due to the  r educ t ion  of undissoc ia ted  molecule  of 
fo rmamid ine ,  because  this  wave  d i sappeared  at  pI-I 
2.2 even  in 1M solutions.  1" The shift  of H wave  to a 
more  posi t ive po ten t i a l  w i th  inc reas ing  concen t r a -  
t ion of f o r m a m i d i n e  was also observed.  

Nature of Two Successive Reductions of Cyanamide 
By c ombi n i ng  the resul t s  of these studies,  it  is 

seen tha t  two successive reduc t ions  of c y a n a m i d e  
have  different  na t u r e s  f rom the  v i e w po i n t  of elec- 
t rochemica l  reduct ion .  Tha t  is, the  first step r educ -  
t ion  is an  excep t iona l ly  slow process and  affected 
by  the use of ca thode m a t e r i a l  h a v i n g  ca ta ly t ic  ac-  
t ion. On the  other  hand,  the  second step r educ t ion  
m a y  be a vo l t age -con t ro l l ed  one a nd  affected by  the  
use of cathode m a t e r i a l  h a v i n g  a h igh H over -  
voltage.  Thus  the most  act ive cathode for one step 
m a y  not  be the most  effective for another .  For  the 
ove r - a l l  r educ t ion  process, Sn  was the  on ly  effective 
cathode m a t e r i a l  a mong  the  cathodes used. This 
m a y  be a p r ob l e m in  e lec t ro -o rgan ic  reduct ion .  

Moreover ,  the  second step r educ t ion  was  g rea t ly  
inf luenced by  pH. This is the reason  for the neces-  
s i ty of a d j u s t i ng  the  pH b e t w e e n  2-7 in  order  to 
ca r ry  out  the r educ t ion  of c y a n a m i d e  to the f inal  
state. 

These ga ined suppor t  f rom the  resul t s  of po la ro-  
graphic  m e a s u r e m e n t .  

Conclusions 
1. The r educ t ion  of c y a n a m i d e  occurred  at Pd  

smooth ly  to give f o r m a m i d i n e  in  a fa ir  yield.  T in  

1~ T h i s  a c c o u n t e d  fo r  no  o c c u r r e n c e  of m a c r o r e d u c t i o n  b e l o w  ~ H  2. 



VoL I05, No. 10 E L E C T R O L Y T I C  R E D U C T I O N  O F  C Y A N A M I D E  

seems to have  a mediocre  ac t iv i ty  t oward  this  r e -  
duct ion,  bu t  the  r educ t ion  could proceed beyond  
the f o r m a m i d i n e  level  to m e t h y l a m i n e  and  a m -  
monia .  Lead and  m e r c u r y  were  not  so effective for 
this  reduct ion .  

2. The reduc t ion  of fo rmamid ine ,  on the  other  
hand,  was  effected by  the  use of cathodes h a v i n g  a 
h igh H overvol tage,  such as Sn, Pb,  Hg. 

3. For  the over -aU reduc t ion  process, Sn  was the  
on ly  effective cathode m a t e r i a l  among  the  cathodes 
used  in  this  s tudy.  

4. The  fo rma t ion  of a l a rge  a m o u n t  of fo rma l -  
dehyde  at Hg suggested the exis tence  of m e t h y l e n e -  
d i amine  as second in t e rmed ia t e .  This  was f u r t he r  
suppor ted  b y  the  fact tha t  m e t h y l e n e d i a m i n e  gave 
m e t h y l a m i n e  by  the  reduc t ion  at Sn and  other  ca th-  
odes. The comple te  m e c h a n i s m  is as follows. 

2H 2H 
NI-I~CN ~ NH2. C H = N H  - > 

2H 
NH2. CH=. NH~ > NH~ -F CHsNH~ 
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Main  side reac t ions  are 

2H~O 
NH,,. C H = N H  > 2NH, + HCOOH 

H20 
NH~. CH~. NH= ------> 2NH, + HCHO 

Low yield  of the  final p roducts  was seen to be 
due to the hydro lys i s  of two i n t e r m e d i a t e  com-  
pounds .  

Manuscript  received Oct. 24, 1957. This paper was 
prepared for del ivery before the Buffalo Meeting, 
Oct. 6-10, 1957. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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The Measurement of Magnetic Fields in Aluminum 
Reduction Furnaces 
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ABSTRACT 

The efficient operation of a luminum reduction furnaces of capacities greater 
than about  50 KA is affected by electromagnetic forces acting in the molten 
bath. Measurement  of the magnetic fields which give rise to these forces is 
made difficult because of the high tempera ture  and corrosive na tu re  of the 
molten bath. A technique is described which overcomes these difficulties. 
Results are given of measurements  made in the baths of furnaces operating 
at 100 KA with  different conductor layouts. It  is shown how conductor layout  
design affects the magnetic  characteristics of the furnace. 

E lec t romagne t i c  forces ac t ing  in  the  mo l t en  bath ,  
i.e., both  me ta l  and  electrolyte ,  of an  a l u m i n u m  
reduc t ion  fu rnace  are k n o w n  to affect the  p e r f o r m -  
ance of the  fu rnace  and  reduce  its c u r r e n t  efficiency 
(1, 2). P a r t i c u l a r l y  is this so in  la rge  fu rnaces  oper-  
a t ing  at  cu r r en t s  above 50 KA. Briefly, the i r  effect 
is to set the  b a t h  in  mo t ion  and  displace the  m o l t e n  
me ta l  layer ,  thus  upse t t i ng  those s table  condi t ions  
which  are k n o w n  to be essent ia l  for efficient opera -  
t ion.  The  forces can be d iv ided  in to  two m a i n  ca te-  
gories: those tha t  arise f rom the  in t e rac t ion  be -  
tween  the  ver t ica l  componen t  of the c u r r e n t  and  
the  hor izon ta l  c o m p o n e n t  of the  magne t i c  fields in  
the  bath ,  and  those tha t  arise f rom the  i n t e r ac t i on  
b e t w e e n  the hor izon ta l  componen t  of the c u r r e n t  in  
the  m o l t e n  m e t a l  and  the  ve r t i ca i  a n d  hor i zon ta i  
componen t s  of the magne t i c  fields. To reduce  the 
effect of e lec t romagne t ic  forces it  is necessary  to r e -  
duce  as m u c h  as possible and  m a k e  su i t ab ly  s y m -  
met r i ca l  the  magne t i c  fields in  the ba th  and  to r e -  

duce the  hor izon ta l  c o m p o n e n t  of the  c u r r e n t  in  the  
me ta l  layer.  The magne t i c  fields can be reduced  and  
made  su i t ab ly  s y m m e t r i c a l  by  var ious  a r r a n g e m e n t s  
of b u s b a r s  a nd  b y  m a g n e t i c  shie lding,  such as the  
methods  devised by  E l e k t r oke mi sk  (3 ,4 ) .  S imi l -  
arly,  the hor izon ta l  c ompone n t  of the  c u r r e n t  in  the 
m o l t e n  me t a l  l aye r  can  be r educed  by  var ious  de-  
signs of c u r r e n t  feed and  col lect ion such  as, for i n -  
stance,  the  methods  of c u r r e n t  col lect ion devised by  
T h a y e r  (5) or E l e k t r o k e m i s k  (6) .  

A n  exact  ca lcu la t ion  of the  magne t i c  fields i n  the  
ba th  of a fu rnace  is m a d e  e x t r e m e l y  difficult by  
s a tu r a t i on  a nd  t e m p e r a t u r e  effects in  the  steel  par t s  
of a fu rnace  and  steel s t ruc tu res  close to it. For  this  
reason,  a des ign based on ca lcu la t ions  a lone  m a y  
fa l l  far  shor t  of ach iev ing  m i n i m u m  magne t i c  fields 
in  the  bath.  The use of scale models  such as de-  
scr ibed by BSckman  (7) overcomes m a n y  of the 
difficulties. However  h a v i n g  la id  down  an  exper i -  
m e n t a l  fu rnace  in  the  f u r n a c e r o o m  to a des ign 
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based on calcula t ion,  pe rhaps  a ided b y  m e a s u r e -  
men t s  on a model,  a knowledge  of the ex t en t  to 
which  a r educ t ion  in  the  magne t i c  fields in  the  ba th  
has been  achieved can be ga ined  only  by  m e a s u r e -  
ment .  At  this  stage, m e a s u r e m e n t s  of the fields in  
the ba th  wi l l  po in t  the way  to modif icat ions  tha t  
can be t r ied  out  on an  e x p e r i m e n t a l  scale before  
s t anda rd i z ing  the design. Such m e a s u r e m e n t s  p r e -  
sent  fo rmidab le  difficulties owing  to the e x t r e m e l y  
corrosive n a t u r e  of the  e lec t ro ly te  and  the t e m p e r a -  
tu re  of the  ba th  which  approaches  1000~ 

Method of Measurement 
The difficulties of m e a s u r i n g  field s t r eng th  in  a 

h igh ly  corrosive fluid at  a h igh t e m p e r a t u r e  can  be 
overcome by  us ing  a su i t ab ly  pro tec ted  search coil. 
However ,  the necessa ry  d e t e r m i n a t i o n  of field d i -  
rec t ion  by  the  same means  is far  f rom s t r a igh t fo r -  
ward .  I t  was decided, therefore ,  to use an en t i r e ly  
di f ferent  me thod  to m e a s u r e  this  quan t i ty .  A me a ns  
was sought  of i n t roduc ing  into the  mo l t en  ba th  a 
soft  i ron  need le  t ha t  would  first of all  be free to 
a l ign  i tself  wi th  the field d i rec t ion  and  then  set in  
tha t  d i rec t ion  so tha t  on r emova l  f rom the ba th  it 
ind ica ted  the  field di rect ion,  wi th  respect  to p r ede -  
t e r m i n e d  axes of reference,  at  the po in t  at  which  
it was  p laced  in  the  bath .  To achieve this, a smal l  
soft i ron  rod was suspended  at its cen te r  in  an  a lu -  
m i n u m  cy l inde r  a t t ached  to an  a l u m i n u m  rod 
(Fig. 1). The cy l inder  con ta ined  a syn the t ic  r es in  in  
the  l iqu id  state. This  was  placed at  the bo t tom of a 
g raph i te  t ube  sealed at  the bo t tom end, and  a l u m i n a  
was packed  round  it  to act  as t h e r m a l  insu la t ion .  
The end  of the t ube  con ta in ing  the cy l inde r  was 
t hen  inse r t ed  u n d e r  the  anode  of a work ing  fu r na c e  
so tha t  the soft i ron  rod was f ree ly  suspended  at  
the po in t  at  which  the m e a s u r e m e n t  was r equ i r ed  
and  could take  up the d i rec t ion  of the field at  tha t  
point .  Af t e r  a p r e d e t e r m i n e d  t ime  and  at  a p r e d e -  
t e r m i n e d  t empe ra tu r e ,  the res in  set hard,  f ixing in  
space the  soft i ron  rod. The cy l inder  con ta in ing  the 
rod was t hen  r emoved  and  the field d i rec t ion  ob-  

Fig. 1. Apparatus for measuring magnetic f ield directions 
in furnace baths. The suspension of the soft iron rod, its 
a luminum cylinder, and the rod set in the solid resin after 
removal from a furnace bath are shown. The thermocouple 
which serves to control the t ime of immersion in the bath is 
also shown, 
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Fig. 2. Apparatus for measuring magnetic f ield directions 
in furnace baths set up beside a 100 KA furnace. To the 
base of the a luminum cylinders are attached asbestos disks to 
keep the cylinders central in the graphite tube which is shown 
inserted under the anode. A protected search coil is inserted 
into the tube to measure field strength. 

t a ined  by  m e a s u r i n g  the  d i rec t ion  of the rod em-  
bedded  in  solid resin.  The  axis  of the  cy l inde r  was  
used as a reference,  its d i rec t ion  wi th  respect  to the 
fu rnace  h a v i n g  been  noted  w h e n  the cy l inde r  was  
in  posi t ion in  the furnace .  F igu re  1 shows the  a lu -  
m i n u m  cyl inder ,  the  suspended  soft i ron rod and  
the rmocoup le  for m e a s u r i n g  the t e m p e r a t u r e  rise. 
To the left  is a soft i ron rod set in  the solid resin.  
F igu re  2 shows the a ppa r a t u s  inse r ted  u n d e r  the  
anode of a w or k i ng  furnace .  

The a l u m i n u m  cy l inder  used to con ta in  the res in  
is a p p r o x i m a t e l y  2.5 cm d i ame te r  by  4 cm deep 
and  is bored  out  w i th  a s l ight  t aper  to fac i l i ta te  the  
r e mova l  of the  solid res in  shape. In to  the  top of the  
l id  of the cy l inder  is screwed an  a l u m i n u m  rod 
which  p ro t rudes  f rom the top of the g raph i te  t ube  
w h e n  the  cy l inder  is in  pos i t ion  (Fig. 2). I t  has a 
po in te r  a t tached  to it which  is a l igned  wi th  a m a r k  
on the  cyl inder .  The lower  end  of the  g raph i te  t ube  
is shown  in  Fig. 3. The  rod is he ld  c e n t r a l l y  in  the  
t ube  by  a s lot ted S i n d a n y o  cap f i t t ing in to  the  top 
of the  tube.  The  res in  chosen was  the type  tha t  r e -  
qui res  a ca ta lys t  and  accelera tor  to set it. The ca ta-  
lys t  was added some hours  before  the  res in  was r e -  
qu i red ;  the accelera tor  was s t i r red  into the  res in  in  
the  cy l inder  before  a s sembl ing  the  appa ra tu s  to 
m a k e  a m e a s u r e m e n t .  Whi le  p lac ing  the  g raph i te  
t ube  in  posi t ion in  the furnace ,  care was  t a k e n  to be 
sure  tha t  the t ube  was  not  m a k i n g  contact  wi th  the  
anode.  W h e n  the  cy l inde r  reached  the  t e m p e r a t u r e  
at  which  it  was k n o w n  the res in  would  be set hard,  
abou t  3 rain af ter  inser t ion ,  the cy l inder  was re -  
moved  and  i m m e d i a t e l y  placed aga ins t  a c u r r e n t  
c a r ry ing  b u s b a r  so tha t  the  soft i ron rod wou ld  be 
obvious ly  dis lodged if the res in  had  fa i led  to set. 

F ie ld  s t reng ths  were  m e a s u r e d  in  the ba th  wi th  
t h e r m a l l y  in su la t ed  search coils used wi th  a flux 
me t e r  which  had a fu l l  scale deflection of 7 x 10 ~ 
l ine  tu rns .  Two coil sizes have  been  found  necessary  
to me a su r e  sufficiently accura te ly  the  r a nge  of field 
s t r eng ths  found  in  the  ba ths  of fu rnaces  r a n g i n g  
f rom about  40 K A  to 100 KA. Both  coils m e a s u r e d  
a p p r o x i m a t e l y  8 cm x 1 cm x 1 cm. One car r ied  350 
t u r n s  and  the other  200 t u r n s  of fine e na me l l e d  cop- 
per  wire.  F igure  3 shows the  detai ls  of cons t ruc t ion  
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Fig. 3. Details of construction of a protected search coil 

of the coils. The coil fo rmer  and  a t t a c h m e n t s  are 
made  of S indanyo .  A copper rod is screwed into the 
top of the coil assembly.  The  whole  a s sembly  is 
m o u n t e d  in  a ceramic  cy l indr ica l  shea th  packed  
wi th  a lumina .  On ro t a t ing  the copper  rod about  its 
axis the  coil and  its p ro tec t ive  shea th  ro ta te  to-  
gether.  The sheath  was made  s l ight ly  smal le r  t h a n  
the  g raph i te  tube  used for ho ld ing  the field d i rec-  
t ion m e a s u r i n g  appara tus .  The  copper  rod p ro -  
t rudes  f rom the end of the  g raph i te  tube  w h e n  the  
sheath  is r es t ing  on the  closed end  of the  tube.  To 
m a k e  a m e a s u r e m e n t  of the field s t r eng th  in  the  
ba th  of a furnace ,  the g raph i te  tube  is p laced in  the 
fu rnace  so tha t  the cen te r  of the  coil coincides wi th  
a po in t  at which  the  field d i rec t ion  has been  me a s -  
ured.  The  coil is t hen  ro ta ted  t h rough  180 ~ b y  
twis t ing  the copper rod. For  the sake of accuracy  
it is best  to find, by  rap id  t r ia l  and  error,  before  
m a k i n g  a m e a s u r e m e n t ,  tha t  pos i t ion  of the  coil 
wi th  respect  to its axis  of ro ta t ion  which  gives a 
m a x i m u m  deflection on the flux meter .  This  posi t ion 
m u s t  be no ted  so tha t  the d i rec t ion  of the compo-  
n e n t  of the field m e a s u r e d  is known.  Thus,  k n o w i n g  
the tota l  field direct ion,  the tota l  field s t r eng th  can 
be calculated.  To m a k e  ro ta t ion  of the coil a s imple  
and  accura te  operat ion,  a c i rcu la r  scale was  fitted 
to the copper  rod. This scale fit ted in to  the  top of 
the g raph i te  tube  which  had cut  into it  r e fe rence  
marks .  The scale also served to keep the  copper rod 
cen t r a l  in  the  g raph i t e  tube.  A h a n d l e  was fit ted to 
the end  of the rod p r o t r u d i n g  f rom the  g raph i t e  
tube.  

The t h e r m a l  i n su l a t i on  of the  search coils de-  
scr ibed was sufficient to p e r m i t  m e a s u r e m e n t s  to be 
made  at severa l  poin ts  i n  a fu rnace  before  h a v i n g  
to cool the  coils. For  this  reason,  a l though  the  i n -  
su la t ion  could be i m p r o v e d  upon,  it  was  no t  found  

Fig. 4. Diagram of the three kinds of conductor layout of 
furnaces measured. 

necessary  to do so. The the rmocoup le  shown  in  
Fig. 3 was used to d e t e r m i n e  w h e n  the coil was 
ge t t ing  too hot. A t e m p e r a t u r e  of 250~ was found  
to be a su i t ab le  l imi t  to work  to. The increase  in  re -  
s is tance of the coils did no t  app rec i ab ly  increase  the 
dr i f t  ra te  of the flux me t e r  used. 

The methods  descr ibed above refer  to m e a s u r e -  
me n t s  at points  in  the  mo l t en  b a t h  which  can be  
reached  by  in se r t i ng  a g raph i t e  t ube  u n d e r  the  
anode.  M e a s u r e m e n t s  can be made  on fu rnaces  wi th  
p r e b a k e d  anodes  by  i n se r t i ng  the t ube  f rom above 
b e t w e e n  the anode  blocks. A l t e rna t i ve ly ,  in  the  case 
of Soderberg  anodes,  the t ube  can  be passed d o w n  
th rough  holes in the  anode.  These can  be made  by  
b a k i n g  in  a steel  t ube  fed f rom above into the  soft 
paste  so tha t  it is g r a dua l l y  t a k e n  d o w n  to the 
w o r k i n g  face as the  anode is consumed.  

Results Obtained on 100 KA Furnaces 
The field s t reng ths  and  d i rec t ions  have  been  

m e a s u r e d  in  the  mo l t en  ba ths  of severa l  designs of 
furnaces .  F igu re  5 shows some resul t s  ob ta ined  on 
three  100 K A  furnaces  wi th  di f ferent  conduc tor  l a y -  
outs. F igu re  4 indicates  in  p r inc ip le  the  th ree  k inds  
of conduc tor  layouts  chosen. F u r n a c e  A has the  c u r -  
r en t  fed to the anode  at one end  a nd  collected f rom 
the cathode to busba r s  on e i ther  side of the  furnace .  
These busba r s  therefore  ca r ry  t ape r ing  cu r ren t s  
bu i l d ing  up to 50 K A  each at  the end opposi te  to 
tha t  at  which  the c u r r e n t  is fed to the anode.  This  
a r r a n g e m e n t  has been  t e rmed  " s ing le -ended . "  In  
f u r na c e  B the  c u r r e n t  is d iv ided  equal ly ,  50 K A  
be ing  fed to each end  of the  anode.  The  c u r r e n t  is 
collected half  w a y  down  each side of the cathode 
so tha t  there  is a b u s b a r  e x t e n d i n g  ha l f  w a y  down 
each side of the  cathode ca r ry ing  50 KA.  This  a r -  
r a n g e m e n t  has been  t e rmed  " d o u b l e - e n d e d . "  F u r -  
nace  C has the  same ca thode  a r r a n g e m e n t  as fu r -  
nace  A bu t  the  c u r r e n t  is fed in  equa l  a m o u n t s  to 
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four  points  of the t w i n  anode b u s b a r  f rom busba r s  
fed f rom one end, pos i t ioned on e i ther  side of the  
anode some dis tance  above it. The poin ts  at  which  
the  anode  is fed d iv ide  the  anode at  the q u a r t e r  
and  t h r e e - q u a r t e r  po in ts  a long its length .  This 
a r r a n g e m e n t  has been  t e rmed  " fou r -po in t . "  

The  d o u b l e - e n d e d  a r r a n g e m e n t ,  wi th  var ious  p ro -  
por t ions  of c u r r e n t  fed to each end, is a s imple  a nd  
w e l l - k n o w n  means  of r educ ing  the  fields at one end  
of the fu rnace  and  m a k i n g  the  fields in  the ba th  
more  symmet r ica l .  I t  also helps  to reduce  hor izonta l  
cu r ren t s  in  the  metal .  The f o u r - p o i n t  a r r a n g e m e n t  
was des igned to improve  fu r t he r  the s y m m e t r y  of 
the fields in  the ba th  and  at  the same t ime  to re -  
duce the fields at  the  ends of the  ba th  which  were  
k n o w n  to be respons ib le  for u n s t a b l e  work in g  con-  
dit ions.  It  was  also des igned to reduce  the  ver t i ca l  
componen t s  of the  field in  the  ba th .  This  l a t t e r  com- 
p o n e n t  in te rac t s  wi th  hor izon ta l  cu r ren t s  in  the  
me ta l  which  can h a v e  a ve ry  h igh c u r r e n t  densi ty ,  
p a r t i c u l a r l y  w h e n  the d i s t r i bu t ion  of cu r r en t  in  the  
cathode or anode  is t e m p o r a r i l y  upset .  By r educ ing  
the  ver t i ca l  componen t  of the field, those ba th  con-  
di t ions  essent ia l  to efficient opera t ion  are less easi ly  
d i s tu rbed  by  t e m p o r a r y  upsets  in  c u r r e n t  d i s t r i bu -  
t ion. 

The th ick  a r rows  in  Fig. 5 show the d i rec t ion  of 
field in  the  hor izon ta l  plane.  The t h in  a r rows  are 
vectors  r ep re sen t i ng  those e lec t romagne t i c  forces 
ac t ing  at the  po in ts  of m e a s u r e m e n t  which  are  due  
to the  in t e rac t ion  b e t w e e n  the hor izon ta l  componen t  
of the magne t i c  field and  the  ver t i ca l  cur ren t .  I t  has 
been  assumed,  w h e n  ca lcu la t ing  these vectors,  tha t  
the  c u r r e n t  d i s t r i bu t ion  in  the  cathode and  anode 

is e v e r y w h e r e  u n i f o r m  and  t h a t  the  c u r r e n t  is 
e v e r y w h e r e  ver t ical .  It  wi l l  be apprec ia ted  tha t  the  
vector  p ic tu re  so p resen ted  gives a genera l  idea of 
the disposi t ion of those forces due to the hor izonta l  
field and  the  ver t ica l  c u r r e n t  ac t ing  in  the  me ta l  
l aye r  of a fu rnace  in  good condi t ion.  This p ic tu re  
wi l l  be a l te red  w h e n e v e r  the  c u r r e n t  d i s t r i bu t ion  
in  the anode  or ca thode becomes uneven ,  to an  ex -  
t en t  de pe nde n t  upon  the degree  of upse t  of c u r r e n t  
d i s t r ibu t ion .  

It  can be seen f rom Fig. 5 tha t  the forces as-  
sociated w i th  the  d o u b l e - e n d e d  a r r a n g e m e n t  are 
more  su i t ab ly  symme t r i c a l  t h a n  those associated 
wi th  the  s i ng l e - ended  a r r a n g e m e n t ,  in  tha t  they  act 
more  t oward  the cen te r  of the furnace ,  t e n d i n g  to 
confine the me ta l  l aye r  w i t h i n  the  shadow of the 
anode.  This is achieved to a s l ight ly  be t t e r  degree 
by  the  f o u r - p o i n t  a r r a n g e m e n t .  The figures shown 
opposi te  to the a r rows  in  Fig. 5 give the s t r eng th  
in  gauss of the ve r t i ca l  c ompone n t  of the  field at the  
points .  The forces a r i s ing  f rom the in t e rac t ion  be -  
tween  the  ver t i ca l  c ompone n t  of the  magne t i c  field 
a nd  hor izon ta l  cu r ren t s  cannot ,  of course, be cal-  
cu la ted  wi thou t  a knowledge  of the  hor izon ta l  cu r -  
rents .  I t  should be stressed tha t  these  l a t t e r  forces 
wi l l  on ly  ser ious ly  upset  fu rnace  condi t ions  and  
hence  affect p e r f o r m a n c e  w h e n  there  are  l a rge  
hor izon ta l  cu r r en t s  in  the  me t a l  due to u n e v e n  cur -  
r en t  d i s t r i bu t i on  in  the  anode or cathode. Such  cur -  

Table l* 

B u s b a r  P o i n t  of H F 
a r r a n g e m e n t  m e a s u r e m e n t  (gauss) (gauss) ~9 ~ 

D~rr o~ Curren~ in /~ne~ 

L ; - - - > -  f l  
t'P 50" ~" 

F U r N a C E  A ~IN~,LE ENDs 

m .4" "7 = "~2 Ib) 

r ) (J) (J) 

FURNACE ~ DO~BLE ENDE l~, 

) "  0 9 

, 

r q) {J) 

F~RH~,C~ C FOUIr PO~N'~ 

Fig. 5. Magnetic field measurements made beneath the 
edge of the anode in the molten metal layers of the three 
kinds of 100 KA furnaces shown in Fig. 4. The numbers 
represent the vertical components of the field in gauss. Where 
there is a * the conventional direction of this component is 
out of the paper (or upward in the furnace). Heavy arrows 
represent field direction in the horizontal plane; thin arrows 
are vectors representing those electromagnetic forces acting 
horizontally in the molten metal, which are due to the inter- 
action between the horizontal field and the vertical current. 

a 178 (101) 186 17 
b 166 (101) 166 0 
c 58 (86) 64 24 
d 73 (70) 78 20 
e 54 (58) 54 5 

Single-ended f 42 (37) 44 17 
g 63 (37) 63 0 
h 69 (58) 74 22 
i 64 (70) 81 38 
j 49 (86) 66 42 

a 106 (65) 115 22 
b 98 (65) 99 10 
c 69 (60) 76 25 
d 68 (56) 69 6 
e 79 (60) 79 3 

Double-ended f 107 (65) 124 30 
g 113 (65) 113 0 
h 96 (60) 96 0 
i 92 (56) 97 17 
j 67 (60) 73 27 

a 74 74 0 
b 67 67 8 
c 85 85 6 
d 96 96 0 
e 94 94 2 

Four-poin t  f 51 51 4 
g 56 58 16 
h 69 70 10 
i 76 81 20 
j 62 62 10 

* F i e l d  s t r e n g t h s  a re  g i v e n  to  t he  nea r e s t  w h o l e  n u m b e r  a n d  
t h e r e f o r e  in  some cases s m a l l  v a l u e s  of 8 do no t  s h o w  a d i f fe rence  
b e t w e e n  the  h o r i z o n t a l  (H) and  to t a l  (F) f ield b u t  t he  co r r e spond -  
i ng  v e r t i c a l  c o m p o n e n t  is  g i v e n  in  Fig .  5. The  n u m b e r s  in  p a r e n -  
thes i s  a re  c a l c u l a t e d  h o r i z o n t a l  f ie ld  s t r e n g t h s .  
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r en t s  a r e  no t  p r e d i c t a b l e  and  t h e r e f o r e  a g e n e r a l  
p a t t e r n  of t he  forces  canno t  be  ob ta ined .  H o w e v e r ,  
i t  can be  seen  t h a t  i t  is of g r e a t  i m p o r t a n c e  to r e -  
duce  as m u c h  as poss ib le  t he  v e r t i c a l  c o m p o n e n t  of 
the  m a g n e t i c  fields.  I t  w i l l  be  no t i c ed  t h a t  t he  f o u r -  
po in t  a r r a n g e m e n t  ach ieves  a r e d u c t i o n  in  th is  com-  
ponen t .  

T a b l e  I comple t e s  t h e  i n f o r m a t i o n  b y  g iv ing  t h e  
s t r e n g t h  in  gauss  of the  t o t a l  f ie ld F and  t h e  h o r i -  
zon ta l  c o m p o n e n t  H m e a s u r e d  at  t he  po in t s  i n d i -  
ca ted  in Fig .  5. The  ang le / )  t h a t  t he  f ield m a k e s  w i t h  
t h e  h o r i z o n t a l  a t  these  po in t s  is also g iven.  A l l  t he  
po in t s  of m e a s u r e m e n t  shown  a re  in t h e  m o l t e n  
m e t a l  l a y e r  ju s t  ins ide  the  edge  of the  anode.  F o r  
compar i son ,  t he  c a l c u l a t e d  ho r i zon t a l  c o m p o n e n t s  of 
t he  m a g n e t i c  field at  t h e  po in t s  of m e a s u r e m e n t  a r e  
g iven  for  t he  s i n g l e - e n d e d  and  d o u b l e - e n d e d  f u r -  
naces.  These  v a l u e s  a r e  shown  in p a r e n t h e s e s  n e x t  
to t he  m e a s u r e d  va lues .  The  ca l cu la t ions  w e r e  m a d e  
b y  the  u s u a l  m e t h o d  for  fields due  to f in i te  con-  
duc tors ,  t a k i n g  into  account  t a p e r i n g  c u r r e n t s  
w h e r e  app l i cab le .  A l l o w a n c e  w a s  m a d e  in the  ca l -  
cu la t ions  for  t he  s c reen ing  effect of t he  fu rnac e  box  
b a s e d  on m e a s u r e m e n t s  m a d e  on e m p t y  f u r n a c e  
si tes  w i t h  and  w i t h o u t  t he  f u r n a c e  box  in pos i t ion .  

A l a c k  of s y m m e t r y  of t he  m e a s u r e d  fields a b o u t  
the  l o n g i t u d i n a l  ax is  w i l l  be  no t i ced  in each  f u r -  
nace.  This  is due  to a d j a c e n t  l ines  of fu rnaces  and  to 
t he  d i spos i t ion  of n e a r b y  s t ee l  s t ruc tu res .  This  
a s y m m e t r y  emphas i ze s  t h e  n e e d  for  m e a s u r e m e n t s  
of f ields m a d e  in t he  b a t h s  of fu rnaces  t h a t  h a v e  
been  des igned  to ach ieve  ce r t a i n  r educ t i on s  and  
modi f ica t ions  of the  m a g n e t i c  field c h a r a c t e r i s t i c s  in 

t he  ba th .  The  r e su l t s  for  t h e  f o u r - p o i n t  a r r a n g e -  
ment ,  for  e x a m p l e ,  po in t  the  w a y  to f u r t h e r  i m -  
p r o v e m e n t s  in des ign  w h i c h  i t  w o u l d  h a v e  been  i m -  
poss ib le  to fo resee  b y  ca l cu l a t i on  a n d  t h e  need  for  
w h i c h  ar i ses  out  of loca l  cond i t ions  p e c u l i a r  to  t h e  
p a r t i c u l a r  l a y o u t  of the  f u r n a c e r o o m .  I t  is of i n t e r -  
es t  to no te  t h a t  t he  f o u r - p o i n t  a r r a n g e m e n t  d i d  in  
fac t  show the  e x p e c t e d  i m p r o v e m e n t  in t h e  s t a b i l i t y  
of o p e r a t i n g  condi t ions .  
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Destruction of Cyanide Wastes by Electrolytic Chlorination 
J. T. Byrne, W. S. Turnley, and A. K. Williams 

The Dow Chemical Company, Rocky Flats Plant, Denver, Colorado 

ABSTRACT 

By combining the pr inciples  of the  w e l l - k n o w n  processes of a lka l ine  chlor i -  
na t ion  and electrolyt ic  oxidat ion  it has been demons t ra ted  tha t  it  is possible 
to obtain more  effective t r ea tmen t  of concent ra ted  cyanide  wastes.  Rock salt  
is added  to the  was te  solut ion and hypochlor i te  is p roduced  by  electrolysis  in 
the  solution. Complete  des t ruct ion  of cyanide  and des t ruct ion  of most  of the  
cyanate  formed resul ts  a t  the  ra te  of about  0.1 lb cyan ide /kwhr .  P la t ing  meta ls  
can be recovered by  cathodic deposit ion.  Dur ing  the course of the electrolysis,  
the  discharge of cadmium ions at  the  cathode resul ts  in a lower ing  of the  p K  
unt i l  the op t imum value  for  cyanate  oxidat ion  is reached.  Safe ty  hazards  are  
minimized since there  is never  more  than a s l ight  excess of chlor ine present .  
A graphi te  anode can be used wi th  no overvol tage  problems  and wi th  a long 
life expectancy.  

A n u m b e r  of m e t h o d s  for  t r e a t i n g  c y a n i d e  was t e s  
f rom m e t a l  f in ishing ope ra t i ons  h a v e  been  d e -  
sc r ibed  (1, 2) .  W h e n  the  w a t e r  s u p p l y  is no t  a d e -  
q u a t e  for  d i l u t i on  and  v e n t i l a t i o n  l i m i t a t i o n s  do no t  
p e r m i t  v o l a t i l i z a t i o n  of h y d r o g e n  cyan ide ,  t he  mos t  
w i d e l y  used  m e t h o d s  a p p e a r  to be  c h l o r i n a t i o n  and  
e l e c t r o l y t i c  ox ida t ion .  

C h l o r i n a t i o n  is a c c o m p l i s h e d  (3)  e i the r  b y  t h e  
a d d i t i o n  of ch lo r ine  gas or  of h y p o c h l o r i t e s  to the  

w a s t e  s t r eam.  The  first  s t age  of the  d e s t r u c t i o n  
p roceeds  r a p i d l y  b y  the  r e a c t i o n  

CN- + C10---> CNO- + C1- 
or  

CN- + CI~ + 2 O H - ~  2C1- + CNO- + H20 

The  second s tage  i n v o l v i n g  the  o x i d a t i o n  of c y a n a t e  
to ca rbon  d iox ide  and  n i t r o g e n  is c o n s i d e r a b l y  
s lower  



608 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October 1958 

2CNO- -t- 3ClO- -t- H~O --> 2CO~ + N~ -t- 3C1- -t- 2OH- 
o r  

2CNO- + 3C1~ + 4OH- ~ 2CO~ -k N~ -t- 6C1- + 2H.~O 

The s toichiometr ic  reagent  requ i rements  are  2.73 
par t s  of chlorine and 3.08 par t s  of sodium hydrox ide  
per  pa r t  of cyanide for the first stage and an addi -  
t ional  4.09 par t s  of chlorine and 3.08 par t s  of so- 
dium hydrox ide  per  pa r t  of cyanide  for the second 
stage. In practice,  at least  10% excess reagents  are 
added to speed the reactions.  

Ei ther  sodium hypochlor i te  or calcium hypochlo-  
r i te  could be used instead of chlorine gas for this 
process, but  these must  be added as solutions. An 
excessive s ludge of calcium hydrox ide  forms when 
solid calcium hypochlor i te  is used. In cadmium 
cyanide  solutions, the cadmium is p rec ip i ta ted  as a 
carbonate  sludge if e i ther  sodium or calcium hypo-  
chlori te  solution is used. The a lka l ine  chlor inat ion 
process is rap id  and it successfully reduces the cy-  
anide concentrat ion to below 1 ppm. 

Electrolyt ic  oxidat ion of cyanide  has been a t -  
t r ibu ted  (4) p r inc ipa l ly  to oxidat ion by the oxygen 
l ibera ted  at  the anode. The method  produces no 
sludge and p la t ing  meta ls  can be recovered on the 
cathode. Ava i lab le  opera t ing  da ta  are meager ,  but  it  
appears  tha t  the oxidat ion of cyanide to cyanate  
takes place at the ra te  of about 0.3 l b / k w h r  using 
carbon steel electrodes (5).  Select ion of the anode 
presents  a p roblem since steel and nickel  are a t -  
tacked by  cyanide,  and graphi te  has a high over-  
vol tage for oxygen evolution. The method suffers 
the addi t ional  d i sadvantage  (6) tha t  i t  does not r e -  
sult  in complete  destruct ion of the cyanide and ap-  
pa ren t ly  does not des t roy cyanate  at  all. 

Despite the  wide use of a lka l ine  chlor inat ion and 
of e lectrolyt ic  oxidation,  no ment ion has been made 
of the combinat ion of the pr inciples  of these two 
methods to produce a t r ea tment  combining the ad-  
vantages  of each. 

Experimental 

Apparatus.--The l abora to ry  exper iments  were  
carr ied  out using a ba t t e ry  charger  for the source 
and powers ta t  for control  of the appl ied  voltage. In 
the p lant  exper iments  ( runs 4 and 5, Table  I)  a 
150-amp ful l  wave rectifier was used. 

A graphi te  anode rod and a graphi te ,  cadmium, or 
iron cathode rod were  spaced about  ~/4 in. apart .  
The P y r e x  electrolysis  beaker  was equipped wi th  a 
pe r iphera l  cooling coil which main ta ined  the t em-  
pe ra tu re  of the solution at 40~176 dur ing  most  of 
the electrolysis.  Al l  runs were  s t i r red  thoroughly  
dur ing  electrolysis.  The p lan t  exper iments  ( runs 4 
and 5) were  run wi thout  cooling, and the t empera -  
ture  reached about 80~ 

Procedure.--Prior to electrolysis,  each solution 
was analyzed  for cyanide  with  a p - d i m e t h y l a m i n o -  
benzal rhodanine  indicator  (7),  and for cadmium 
using a polarographic  method. The solutions were  
sa tu ra ted  with  sodium chloride by  adding rock salt, 
and the electrolyses were  carr ied  out at  the speci-  
fied vol tage and current .  Dur ing the electrolyses,  
samples were  taken  for cadmium, cyanide,  and 
cyanate  analyses.  The cyanate  analyses  were  pe r -  
formed (8) by decomposing the cyanate  into am-  

i i i 

12 / 

: \ , o \  / 

i00 200 300 400 
TIME, MINUTES 

Fig. ]. Removal of  cyanide, cyanate, and cadmium from 
plat ing solution during electrolyt ic generation of hypochlori te 
at  4 amp, 4.2,5 v, Run No. 9. 0 mg C N - / m l  (exp), 
[ ]  mg CNO- /m l  (exp); A mg Cd++/ml (exp); . . . . . .  
mg C N - / m l  (tbeor. at ] 0 0 %  current eff.); - -  
mg CNO- /m l  (theor. at  100% current elf .) ;  
mg Cd++/m] (theor. at  100% current eff.). 

monia  dur ing a K je ldah l  digestion, dis t i l l ing the 
ammonia,  and developing color wi th  Nessler 's  re -  
agent. 

Result~.--The resul ts  of al l  e lectrolyses  for which 
da ta  are avai lab le  are shown in Table I. Detai led 
studies of runs 9 and 10 were  made by sampling the 
solution at 45-min in tervals  and analyzing for cy-  
anide, cyanate,  and cadmium. Results  are plot ted 
in Fig. 1. These curves show the u l t imate  remova l  
of the cyanide, cyanate,  and cadmium from the 
solution. 

Cadmium proved to be the most sat isfactory cath-  
ode mater ia l .  When graphi te  was used ( run No. 1), 
the cadmium deposit  did not adhere  to the cathode. 
When iron was used, the solution became contami-  
nated with  fer rocyanide  which in ter fered  with  the 
cyanide analysis.  Uniform and adherent  deposits of 
cadmium were obta ined in runs 4 to 11. 

Current  densit ies ranged from 72 to 470 a m p / f t  -~ 
as shown by the areas  and currents  l isted in Table I. 

Measurements  of pH dur ing run 9 showed a de-  
crease from 10.9 at the s tar t  to 9.1 af ter  3.5 hr. The 
pH remained  be tween 8.9 and 9.1 for the remain ing  
4 hr. The ini t ia l  decrease is due to the consumption 
of two equivalents  of hydroxy l  ion per  mole of chlo- 
r ine  in the oxidat ion  of an equivalent  of cyanide  to 
cyanate.  This is only pa r t i a l l y  compensated by the 
product ion of hyd roxy l  ions at the cathode, since 
one- th i rd  of an equivalent  of cadmium is reduced 
per  equivalent  of cyanide. Qual i ta t ive  confirmation 
of this explana t ion  was obta ined f rom a t i t r a t ion  
curve of the p la t ing  solution which showed a pH of 
8.8 in a buffer region af ter  sulfuric acid, in an 
amount  equivalent  to the cadmium, had been added.  

During the oxidat ion of one equivalent  of cyanate  
to carbon dioxide and nitrogen,  4/3 equivalents  of 
hydroxy l  ion are requi red  per  mole of chlorine. This 
would tend to lower  the pH fur ther  if the cyana te  
oxidat ion were  not so slow tha t  an apprec iab le  ex-  
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Table I. Effect of cell conditions on electrolytic chlorination of cyanide 

V o l u m e  I n i t i a l  CN-  F i n a l  CN-  T i m e  E lec t rode  
R u n  No. (ml) (ppm) (ppm) (hr) a rea  (in.~) C a t h o d e  A m p  Vol t  

1 300 1800 10 1.5 2 Graphi te  1 
2 300 1800 12 0.75 2 I ron 4 - -  
3 300 1800 16 0.25 2 I ron 5 
4 2000 55,000 254 7 44 Cadmium 140 9-10 
5a 8000 55,000 8000 2 44 Cadmium 80-150 I0-II 
b 8000 55,000 4200 5 44 Cadmium 80-150 i0- i i  

6 35 55,000 17 3 2 Cadmium 4 4-4.5 
7 35 55,000 38 2 3 Cadmium 4 4-4.5 
8 35 55,000 32 3 6 Cadmium 4 4-4.5 
9 400 11,050 <5 8 3 Cadmium 4 4-4.5 

i0 400 8690 <5 7.5 3 Cadmium 4 4-4.5 

cess of ch lo r ine  ( a n d  h y d r o x y l )  is p r o d u c e d  a t  t he  
e lec t rode .  These  p H  changes  keep  the  s y s t e m  close 
to t he  r e c o m m e n d e d  r anges  of 10-12.5 for  the  o x i d a -  
t ion of c y a n i d e  and  7.5-9 for  the  o x i d a t i o n  of c y a n a t e  
(3 ) .  

Discussion 

Power.--Commercial  h y p o c h l o r i t e  cel ls  p r o d u c e  
a b o u t  0.34 lb (3 eq.)  of  C 1 0 - / k w h r ,  w h i l e  c o m m e r -  
c ia l  ch lo r ine  cel ls  ach i eve  a p r o d u c t i o n  of a b o u t  0.8 
lb  (5 eq.)  of C l J k w h r  (8 ) .  In  the  ch lo r ine  cel l  t he  
p r o d u c t  is c o n t i n u o u s l y  t a k e n  off as gaseous  ch lor ine ,  
b u t  in t he  h y p o c h l o r i t e  cel l  the  p r o d u c t  is he ld  in 
t he  f o r m  of so lub le  h y p o c h l o r i t e  and  the  y i e l d  is 
d i m i n i s h e d  b y  s ide  reac t ions .  

The  o x i d a t i o n  of 1 lb  of  c y a n i d e  to c y a n a t e  r e -  
qu i r e s  2.73 lb  of ch lor ine ,  and  the  o x i d a t i o n  of the  
c y a n a t e  f o r m e d  r e q u i r e s  an  a d d i t i o n a l  4.09 lb of 
ch lor ine .  There fo re ,  if  a l l  t he  ch lo r ine  p r o d u c e d  in a 
ch lo r ine  cel l  w e r e  u sed  for  r e a c t i o n  w i t h  cyan ide ,  i t  
w o u l d  be  poss ib le  to c o n v e r t  0.29 lb  of c y a n i d e  to 
c y a n a t e  p e r  k w h r  and  to c o m p l e t e l y  d e s t r o y  0.12 
l b / k w h r .  

W i t h i n  t he  u n c e r t a i n t y  of t he  c u r r e n t  m e a s u r e -  
ment ,  bo th  runs  9 a n d  10 p r o c e e d e d  a t  the  r a t e  of 
0.08-0.10 lb  of c y a n i d e  d e s t r o y e d  p e r  k w h r  for  the  
first  5 hr .  The  las t  s tages  of c y a n a t e  decompos i t i on  
p r o c e e d e d  m u c h  m o r e  s lowly .  The  t o x i c i t y  of c y a -  
na t e  is r e p o r t e d  (2)  to be  some 1000 t imes  less t h a n  
t h a t  of c y a n i d e  and  so, in mos t  cases,  e s s e n t i a l l y  
c o m p l e t e  d e s t r u c t i o n  of c y a n i d e  and  90%, or  less,  
d e s t r u c t i o n  of c y a n a t e  w o u l d  be sufficient.  

Cell design.--As in  the  c o m m e r c i a l  p r o d u c t i o n  of 
h y p o c h l o r i t e  and  ch lor ine ,  t he  mos t  s a t i s f a c t o r y  
anode  m a t e r i a l  is g r aph i t e .  I f  a p l a t i n g  m e t a l  is to be  
r e c o v e r e d  on the  ca thode ,  a n y  m a t e r i a l  t ha t  accep t s  
a good  p l a t e  of the  p l a t i n g  m e t a l  can be  used  for  a 
ca thode .  

The  e l ec t rodes  shou ld  be  a r r a n g e d  to g ive  a m i n i -  
m u m  a n o d e - c a t h o d e  spacing,  e.g., 1/4 to 1/2 in. is d e -  

s i rab le .  W i t h  th is  spac ing  i t  shou ld  be  poss ib le  to 
p r o d u c e  1000-2000 a m p  b y  a p p l y i n g  3.5 to 4.5 v / c e l l  
w i t h  a c u r r e n t  d e n s i t y  of 100-500 a m p / f t  ~. The  c u r -  
r en t  d e n s i t y  m u s t  be  se lec ted  to p r o d u c e  a n  a d h e r e n t  
c a t h o d e  depos i t  of r e c o v e r a b l e  me ta l .  

Each  cel l  r e q u i r e s  s t i r r i n g  and  an  o p e r a t i n g  t e m -  
p e r a t u r e  b e t w e e n  40 ~ and  50~ H i g h e r  t e m p e r a -  
tu res  f a v o r  t he  f o r m a t i o n  of  c h l o r a t e  r a t h e r  t h a n  
hypoch lo r i t e .  

V e n t i l a t i o n  is n e c e s s a r y  to p r e v e n t  t h e  a c c u m u -  
l a t i on  of h y d r o g e n  and  to r e m o v e  s m a l l  a m o u n t s  of 
toxic  gases  such  as ch lor ine ,  c y a n o g e n  ch lor ide ,  and  
h y d r o g e n  cyan ide .  
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H a w l e y  for  t h e i r  c o n t i n u e d  i n t e r e s t  and  e n c o u r a g e -  
ment .  
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOVP~AL. 
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Reaction of Hydrogen with Uranium 
W. M. Albrecht and M. W. Mallett 

Ferrous Metallurgy Division, Battelle Memorial Institute, Columbus, Ohio 

In  our  pape r ,  " R e a c t i o n  of H y d r o g e n  w i t h  U r a -  
n ium,"  p u b l i s h e d  in the  J u l y  1956 JOURNAL, pp.  404- 
409, c e r t a i n  a p p a r e n t  a n o m a l i e s  ex i s t  in  t he  k ine t i c s  
da ta .  The  fo l lowing  d iscuss ion  m a y  be  cons ide red  an  
a d d e n d u m  to t ha t  pape r .  I t  w i l l  be  no ted  in Fig.  6 of 
ou r  p a p e r  t h a t  for  each  n o m i n a l  p r e s s u r e  ser ies  the  
t o t a l  s y s t e m  p r e s s u r e  a c t u a l l y  was  i n c r e a s e d  e x p e r i -  
m e n t a l l y  for  r u n s  a b o v e  250~ In  sp i te  of this ,  t he  
r e a c t i o n  r a t e s  d e c r e a s e d  w i t h  i nc r ea s ing  t e m p e r a -  
tu re .  

I t  is s t a t ed  in  t h e  p a p e r  t ha t  the  s igni f icance  of 
t he  p r e s s u r e  d e p e n d e n c y  of the  r e a c t i o n  is no t  
known .  Also,  i t  is i m p l i e d  t h a t  cons ide r a t i on  of t he  
d i s soc ia t ion  p r e s s u r e  of t he  h y d r i d e  p r o d u c t  is i m -  
p o r t a n t  to the  i n t e r p r e t a t i o n  of the  r a t e  da ta .  F u r -  
t he r  w o r k  w i t h  o the r  m e t a l - h y d r i d e  sys t ems  has  
e m p h a s i z e d  the  g r e a t  need  for  i n t e r p r e t i v e  s tud ies  
of r eac t i ons  w h e r e  t he  r e a c t i o n  r a t e s  a r e  a func t ion  
of bo th  p r e s s u r e  and  p r o d u c t  compos i t ion .  In  v i e w  
of this ,  the  bas ic  p r e m i s e s  of k ine t i c  s tud ies  w e r e  
r e v i e w e d .  

In  t h e  s i m p l e s t  and  mos t  o f ten  e n c o u n t e r e d  case  of 
t he  o x i d a t i o n  of meta l s ,  t he  k ine t i c s  of f o r m a t i o n  of 
a s a t u r a t e d  p h a s e  on the  m e t a l  su r f ace  is d e t e r -  
mined .  C h a r a c t e r i s t i c  of th is  phase  is i ts v e r y  low 
d i ssoc ia t ion  p re s su re ,  o f t en  <10  -~ m m  Hg. I n  m a n o -  
m e t r i c  sys t ems  w h e r e  t he  l i m i t  of m e a s u r e m e n t  is 
of t he  o r d e r  of 0.1 m m  Hg, such p r e s s u r e s  a r e  u n -  
de tec t ab le .  U n d e r  t hese  c i r cums tances ,  the  c o m p o s i -  
t ion  of t he  r e a c t i o n  p r o d u c t  ( if  on ly  one is f o r m e d )  
is cons t an t  u n d e r  a l l  e x p e r i m e n t a l  cond i t ions  of 
p res su re .  

In  c o n t r a s t  w i t h  this ,  w e  have  the  m e t a l  h y d r i d e s  
w h i c h  h a v e  c o m p a r a t i v e l y  h igh  d i s soc ia t ion  p r e s -  
su res  of  s e v e r a l  m i l l i m e t e r s  of Hg  or  s e v e r a l  a t m o s -  
pheres ,  d e p e n d i n g  on  the  h y d r i d e  and  the  t e m p e r a -  
ture .  Thus,  un less  the  s y s t e m  p r e s s u r e  equa l s  or  
exceeds  t he  d i s soc ia t ion  p re s su re ,  t he  de s i r ed  ( s a t -  
u r a t e d )  r e a c t i o n  p r o d u c t  is no t  f o r m e d . A n  a d d i t i o n a l  
c o m p l i c a t i o n  is t h a t  m a n y  of  the  m e t a l - h y d r i d e  
sys tems  show wide  s o l i d - s o l u b i l i t y  r eg ions  of m e t a l  
d i s so lved  in a t e r m i n a l  h y d r i d e  phase .  I n  such sys -  
tems,  r eac t ions  c a r r i e d  out  a t  cons t an t  s y s t e m  p r e s -  
sures  y i e l d  p r o d u c t s  w h i c h  v a r y  in compos i t i on  w i t h  
t e m p e r a t u r e .  The re fo re ,  the  k ine t i c  d a t a  o b t a i n e d  in 
th is  m a n n e r  show no r e c o g n i z a b l e  r e l a t i onsh ip .  
H o w e v e r ,  o r d e r l y  d a t a  shou ld  r e s u l t  if, first,  t he  
compos i t i on  of t he  su r f ace  p r o d u c t  ( so l id  so lu t ion )  
is f ixed.  Then ,  the  e x p e r i m e n t s  a r e  c a r r i e d  ou t  a t  

s y s t e m  p r e s s u r e s  c o r r e s p o n d i n g  to t he  d i s soc ia t ion  
p r e s s u r e s  of the  se lec ted  p r o d u c t  a t  the  e x p e r i m e n t a l  
t e m p e r a t u r e s .  I f  e x p e r i m e n t s  a r e  c a r r i e d  out  in  th is  
m a n n e r  for  s e v e r a l  p r o d u c t  compos i t ions ,  t he  effect 
of the  compos i t i on  v a r i a b l e  m a y  be  e v a l u a t e d .  

In  t he  s t u d y  of h y d r o g e n  a n d  u r a n i u m ,  t h e  effect  
of p r e s s u r e  on t h e  r e a c t i o n  was  i n v e s t i g a t e d  b u t  no 
a t t e m p t  was  m a d e  to d e t e r m i n e  the  effect  of t he  
compos i t i on  v a r i a b l e  on the  reac t ion .  In  t he  r a n g e  
100 ~ to abou t  250~ the  r e a c t i o n  r a t e  d e p e n d e d  on 
(p..~)~/4. This  e x p e r i m e n t a l  v a l u e  ag rees  f a i r l y  we l l  
w i t h  t he  t h e o r e t i c a l  v a l u e  of (p.~)~/~ for  the  d i s -  
soc ia t ion  of UH,. Us ing  these  d a t a  and  e x t r a p o l a t e d  
e q u i l i b r i a  d a t a  f r o m  t h e  s t u d y  of Gibb ,  et al. (1) ,  
ca l cu la t ions  h a v e  been  m a d e  to d e t e r m i n e  the  v a r i -  
a t i on  of the  r e a c t i o n  r a t e s  w i t h  t e m p e r a t u r e  of c e r -  
t a in  compos i t ions  of u r a n i u m  h y d r i d e .  Cons t an t s  for  
i n t e r p o l a t e d  p r e s s u r e  equa t ions  a re  g iven  in  Tab le  V. 

The  i sop le ths  d e s c r i b e d  b y  the  va lue s  in Tab le  V 
a r e  p l o t t e d  in Fig .  9 w i t h  t he  e x p e r i m e n t a l  r a t e  
da ta .  A n  a c t i v a t i o n  e n e r g y  of 8600 c a l / m o l e  was  o b -  
t a i n e d  for  t he  f o r m a t i o n  of UH~.9~. A s i m i l a r  e n e r g y  
was  o b t a i n e d  for  UH ...... F o r t u i t o u s l y ,  in a l l  cases,  
two  or  t h r e e  r a t e  va lue s  w e r e  o b t a i n e d  a t  t e m p e r a -  
t u r e  and  p r e s s u r e  va lue s  close to those  specif ied b y  
an  i sop le th  equa t ion .  The  i sop le ths  a r e  d i v e r g e n t  in  

I 0 "  400 
Temperoture,C 

300 20O I00 

o u. .,,222 . . . . . .  

15 20 2.5 3.0 

loo___oo 
T(K) 

Fig. 9. Kinetics of reaction to produce constant composi- 
tions of UH~. 
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Table V. Pressure equations for UH~.97 to UH~.o 

V a l u e s  of  A a n d  B f o r  e q u a t i o n ,  l og loPa tm = ( - - A / T )  + B 

x i n  U H ~  A B 

2.973 3710 6.11 
2.981 3340 5.70 
2.986 3030 5.36 
2.991 2660 4.96 
2.995 2310 4.56 
2.999 1860 4.02 
3.000 1730 3.90 

a g r e e m e n t  w i th  the  da ta  of Gibb.  I t  is recognized 
tha t  the long ex t r apo la t i on  f rom the h igh -p re s su r e  

da ta  of Gibb  m a y  in t roduce  some er ror  to this  t r ea t -  
ment .  However ,  there  appears  to be  no mi s t a k i ng  the  
ind ica t ion  tha t  the p l a n n i n g  and  i n t e r p r e t a t i o n  of 
k ine t ic  s tudies  of react ions  p roduc ing  solid solut ions  
should  be based on exact  knowledge  of the  t e m p e r a -  
t u r e - p r e s s u r e - c o m p o s i t i o n  equ i l i b r i a  of the  p roduc t  
involved .  

Manuscript  received June  16, 1958. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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Investigation of Electrochemical Characteristics 
of Organic Compounds 
II. Aromatic Nitroso Compounds 
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ABSTRACT 

Aromatic C-nitroso compounds operate at higher potentials than the corre- 
sponding nitro compouhds, as well as the various oximes, N-nitroso, and 
N-oxide organic compounds tested. In addition, the electrode potential during 
current flow is pH dependent and is affected by the type and position 
of the substituted group on the aromatic ring. Coulometric reduction 
studies of various p-nitrosophenol and p-nitrosodialkylamino compounds indi- 
cate reduction of these compounds takes place to the amino stage with a result-  
ant 4-electron change per --NO group. The high theoretical ampere-minute 
capacity of the aromatic C-nitroso compounds, along with their high flat 
operating potentials, show these materials to have considerable promise for use 
as cathode materials in pr imary cells, when coupled wit~ a magnesium anode. 

Al though the ma jo r i ty  of ox ida t ion- reduc t ion  
processes involving organic compounds are not re -  
versible  from the the rmodynamic  standpoint ,  there  
are some notable  exceptions. Conant  and Lutz (1) 
examined  ni t rosobenzene and found it to be a re -  
vers ible  electrode, having  an electrode potent ia l  of 
+0.605 v in a 0.2N HCl-ace tone  solution at  25~ 
while  Lutz and Lyt ton  (2) de te rmined  the poten-  
tials of a series of subst i tu ted n i t rosobenzene-phen-  
y lhyd roxy lamine  systems and found them to be 
genera l ly  reversible .  

The favorable  potent ia l  of this revers ib le  system, 
along with  the high theoret ica l  ampe re -minu t e  per  
gram capacit ies of nitroso compounds, suggests the 
use of these mater ia l s  as cathodes in p r i m a r y  ba t -  
teries. Previous  studies of the e lect rochemical  char -  
acterist ics  of aromat ic  ni t ro compounds (3) and 
the i r  use as cathodes in p r i m a r y  cells (4) have  
demons t ra ted  the p rac t icab i l i ty  of organic mate r ia l s  
as electrodes in galvanic  cells. 

In this paper  the e lect rochemical  proper t ies  of 
var ious  nitroso compounds are  presented,  whi le  a 
subsequent  paper  wi l l  deal  wi th  the  use of the 
nitroso compounds as cathodes in actual  p r i m a r y  
cells. 

Experimental 

Because of the i r revers ib le  na tu r e  of the e lectrode 
react ion and polar izat ion effects encountered  dur -  
ing current  flow, the e lectrochemical  character is t ics  
of many  inorganic and organic compounds often 
cannot be predic ted  by  the rmodynamic  calculat ions 
and a knowledge  of the i r  physical  and chemical  
propert ies .  A technique previous ly  descr ibed by  the 
authors  (5) has been used to measure  the opera t -  
ing potent ia l  dur ing  cur ren t  flow and the coulombic 
capaci ty  of var ious  aromat ic  nitroso compounds. 
This technique consists in d ischarging at  a constant  
cur rent  in a la rge  volume of e lec t ro ly te  a 0.5-g 

sample  of the aromat ic  nitroso cathode mate r i a l  
mixed with  10% Shawinigan  acetylene black. The 
change in cathode potent ia l  wi th  t ime was measured  
with  a L&N Type K poten t iometer  using a sa tura ted  
calomel reference electrode. The measured  poten-  
t ials were  corrected for the IR drop associated with  
the appara tus  and e lec t ro ly te  by  means  of an oscil- 
lographic  technique (6).  

Al l  ha l f -ce l l  potent ia l  da ta  repor ted  in this paper  
are re fe r red  to the normal  hydrogen  scale and in-  
clude a l iquid junct ion potential ,  which in most 
cases is small  and can be neglected.  

For  most of the measurements  an aqueous mag-  
nesium bromide  e lec t ro ly te  and a magnes ium 
anode were  used, while  in s tudying the effect of pH 
on p o t e n t i a l  a zinc anode was employed wi th  the  
acidic NH,CI-ZnCI~-H~O and basic NaOH-H~O elec- 
t rolytes.  

General Cathode Half-Cell Potential Relationships 
of Nitroso and Related Organic Compounds 

C-nitro~o and nitrosamine compounds.--Nitroso 
compounds contain the ni troso group --N----O a t -  
tached to a carbon atom, and have two proper t ies  
which dist inguish them from the ni t rosamines,  
compounds in which the ni troso group is a t tached 
to a n i t rogen atom. These are, first, the  blue or 
green color of the t rue  monomolecular  ni troso com- 
pounds in al l  s tates of aggregat ion  and, second, the 
tendency of the compounds to associate to colorless 
b imolecular  complexes according to the  na tu re  of 
the other  groups in the molecule. 

Both the N-ni t roso  (n i t rosamines)  and C-ni t roso  
compounds can be reduced e lec t ro ly t ica l ly  and by  
chemical  means  using Zn or Sn in di lute  acetic acid 
solution to the subs t i tu ted  hydraz ine  and amine r e -  
spect ively (7, 8). 
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Fig. 1. Cathode half-cell potential of various C- and N- 
nitroso compounds discharged in 250 g/ I  MgBr~'6H~O elec- 
trolyte at a rate of 0.030 amp/g. 

Presented  in Fig. 1 are discharge data  showing 
the change in ha l f -ce l l  potent ia l  wi th  t ime as N-n i -  
troso and C-ni t roso compounds are discharged at  a 
ra te  of 0.030 a m p / g  of ma te r i a l  in an aqueous solu- 
t ion of 250 g/1 of MgBr~.6H~O. The N-ni t roso com- 
pounds under  these conditions of discharge operate  
at voltages of 0.6-0.7 v lower  than thei r  correspond-  
ing C-ni t roso compounds. This re la t ionship be -  
tween the two types of nitroso compounds has been 
found to hold for all compounds tested. 

Aromatic  nitro and C-nitroso compounds.- -Haber 
and Schmidt  (9) showed that  in the e lectrolyt ic  
reduct ion of n i t robenzene the basic steps of reduc-  
tion are as follows: 

C.H~NO.o ~ C,H~NO ~ C,H.~NHOH ~ C~H~NH~ 

The fact that  ni t rosobenzene was reduced to phen-  
y lhyd roxy l amine  too read i ly  to be capable  of isola-  
t ion as such indicated that  ni t rosobenzene was a 
s t ronger  oxidizing agent  than nitrobenzene.  

Other evidence of the s t ronger  oxidizing power  of 
nitroso compounds has been repor ted  by  Glasstone 
and Hickl ing (10) who give depolar izat ion poten-  
tials ' of various organic compounds, which show 
that,  as a class, ni troso compounds have potent ia ls  
0.2-0.3 v higher  than nitro compounds. In addit ion,  
from polarographic  studies of p-n i t rosophenol  and 
p-n i t rophenol ,  Ast le  and McConnell  (11) found tha t  
at a pH of 4 the ha l f -wave  potent ia l  of p -n i t roso-  
phenol  is 0.48 v h igher  than tha t  of the p - n i t r o -  
phenol. 

Presented  in Fig. 2 are discharge da ta  for various 
C-ni t roso compounds and thei r  corresponding nitro 
compounds. The C-ni t roso compounds under  these 
conditions of discharge opera te  at voltages of 0.2- 
0.4 v higher  than the corresponding ni t ro com- 
pounds. These data  show tha t  C-ni t roso compounds 
are s t ronger  oxidizing agents than the correspond-  
ing ni t ro compounds and as cathode mater ia l s  for 
p r i m a r y  bat ter ies  should operate  at higher  poten-  
tials dur ing discharge. 

Oximes  and N-oxide  compounds.- -Al iphat ic  ni-  
troso compounds RNO are  known only when R is a 

z I n  the  d e t e r m i n a t i o n  of " d e p o l a r i z a t i o n  v a l u e s , "  a def in i te  q u a n -  
t i ty  of the  r e d u c i b l e  subs t ance  is a d d e d  to a g i v e n  e l ec t ro ly te  con-  
r a i n i n g  a r e v e r s i b l e  h y d r o g e n  e lect rode,  and  the  fa l l  of p o t e n t i a l  of  
t h e  l a t t e r  is  d e t e r m i n e d .  The  d e p o l a r i z a t i o n  v a l u e  so obtained g ives  
an  indicat ion of  the o x i d i z i n g  p 0 w c r  of the  substance  (10), 

L P-  NITROSODIETHYLANILINE Nm~(O r 

~ i i i i ~ O  ~ P-NITROSOPHENOL-No SALT NO 

~ -0.40 

-o.so 
P- NITROPHENOL-Ne SALT 

* do 
- 0 , 6 0  O~ 

;o ;o 40 ,~o ~oo ~o ~,o 
DISCHARGE TIME (MINUTES) 

Fig. 2. Cathode half-cel l  potential of  various C-nitroso 
compounds and their  corresponding ni tro compounds dis- 
charged in 250 g / I  MgBr~'6H~O electrolyte at o rote of  0.030 
omp/g .  

ooo ~ p .  - 
PHENYLG LYO~AL ALDOX}ME 0 -C-GH 

. . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . .  
�9 ~ / 0 NOH 
~-040 

z 
-0,60 

2,30CT~NEOIONE.3.OXtME L -- 0 
~.O,00 H3C - C. C - (CH2) 4- CH] 

w -I.OO ~ C cH 
00 F ~ FURIL O=OXIME l I , / 

/ O--C-  C=NOH 
-i ~o O~MET.VL GLYOX,ME [ J~ 

H3C -- C " NOH 
H3C - ~ �9 ~OH 

- 1 o  ~o  ~ ~8o  ~ o  120 160 2OO 240 
DISCItARGE TIME(MINUTES) 

Fig. 3. Cathode holf lcel l  potential of  various o• com- 
pounds discharged in 250 g/f MoBr~-6H20 erectrolyte at o 
rate of 0.030 amp/g. 

t e r t i a ry  radical ;  ~ consequently,  reactions which 
would be  expected to give p r i m a r y  or secondary ni-  
troso compounds give oximes instead. Hence, these 
are sometimes called isonitroso compounds. The 

J 
grouping = CHNO becomes - - C  = NOH, a complete  
enolization. 

Discharge da ta  obtained on var ious  oxime com- 
pounds are presented  in Fig. 3. While  a d i rec t  com- 
par ison cannot be made  be tween  nitroso and oxime 
type  compounds, it  is seen tha t  the oximes opera te  
at  lower  discharge potent ia ls  than the C-ni t roso 
compounds tested under  comparable  conditions. I t  is 
significant that  those compounds having a carbonyl  

) 
group adjacent  to the - - C  = NOH group opera te  at  
higher  cathode potent ia ls  than  the other  oximes 
tested. This is in agreement  wi th  the  "e lec t ronega-  
t iv i ty  rule  of reduct ion potent ia ls"  (12) which 
states that  the organic compounds are more easi ly 
reduced as more e lec t ronegat ive  groups are sub-  
s t i tu ted in the same compound. 

The amine oxides may  be regarded  as der iva t ives  
of the tautomeric  form of hyd roxy lamine  H,N ~ O. 
They are closely re la ted  to the t e r t i a ry  amines from 
which they can be obtained by oxidation.  Amine  

'-' A n  excep t ion  to th i s  g e n e r a l i z a t i o n  is t he  c o m p o u n d  1-chloro-  
1 -n i t rosoe thane ,  w h i c h  ex i s t s  as a color less  d imer .  
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Table I. Capacity data for various aromatic C-nitroso compounds 
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Cathode mater ia l  
Amp ere -min u t e  per  g r a m  capaci ty  

Theoret ical  Obtained* Efficiency (%) 

Convent ional  inorganic cathodes 
Manganese dioxide 
Mercuric oxide 

p-Nitrosophenol cathodes 
4-nitrosophenol 
4-ni t roso-3-methyphenol  
5-ni t roso-8-hydroxyquinol ine  
p-ni t rosophenol-Na salt 

p-Nitrosodialkylamino cathodes 
p-Nit rosodimethylani l ine  
4-ni t roso-3-methyldimethylani l ine  
4-ni t roso-3-hydroxyacetani l ide 
4-n i t roso-3-hydroxydimethylani l ine  

Nitrosonaphthol cathodes 
4-nitroso- 1-naphthol  
2-nitroso- 1-naphthol 
1-ni t roso-2-naphthol  
1-nitroso-2-naphthol-3,6- 
disulfonie acid---disodium salt 

Mononitroso cathodes 
ni trosobenzene 
o-nitrosotoluene 
4-nitrosoresorcinol 

Dinitroso cathodes 
p-dini t rosobenzene 
2,4-dinitrosoresorcinol 

Nitronitroso cathodes 
m-ni t roni t rosobenzene 
3-ni t ro-4-ni t rosotoluene 

Nitrosopyrimidine cathodes 
2,4,6-tr iamino-5-ni trosopyrimidine 

18.5 10.3 65.6t 
14.9 10.4 69.8 

52.2 48.2 92.3 
46.9 40.0 85.3 
36.7 31.5 85.8 
44.3 23.8 53.7 

42.9 37.4 87.2 
39.2 36.5 93.1 
35.7 22.5 63.0 
38.7 30.8 79.6 

37.1 18.4 49.6 
37.1 9.8 26.4 
37.1 9.6 25.9 
17.1 11.8 69.0 

60.0 37.5 62.5 
53.1 24.2 45.6 
46.2 2.0 4.3 

94.6 26.4 27.9 
69.0 24.1 34.9 

105.8 96.8 91.5 
96.9 77.1 79.6 

41.8 28.8 68.9 

* Computed  f rom half-cell  potential  data  in Fig. 5-11, using --0.40 v 
t Efficiency calculation based on 85% MnOe content. 

oxides can be reduced  to t e r t i a r y  amines  by  re -  
agents  such as Sn  and  HC1. Ochiai  (13) has shown 
tha t  a n u m b e r  of p y r i d i n e - N - o x i d e s  and  q u i n o l i n e -  
N-ox ides  can  be reduced  po la rograph ica l ly  w i th  
difficulty. Compounds  of this  type,  such as p y r i d i n e -  
N-ox ide  and  2 -p icco l ine -N-ox ide ,  were  found  to be 
poor oxidiz ing agents  and  to opera te  at po ten t ia l s  
too low to be m e a s u r e d  by  this  e x p e r i m e n t a l  tech-  
n ique .  

Effect of electrolyte composition on the cathode 
half-cell potential of C-nitroso compounds.--Ac- 
cord ing  to La t ime r  (14) the reac t ion  i n v o l v i n g  the  
r educ t ion  of n i t r o sobenzene  to p h e n y l h y d r o x y l -  
a m i n e  can a t t a in  a r evers ib le  equ i l i b r i um,  and  the  
po ten t i a l  of the  couple  is as follows: 

C~H~NO -t- 3H* + 2e- ---- CoH~NH~OH § E ~ = 0.60 v 

P h e n y l h y d r o x y l a m i n e ,  once formed,  can reac t  w i th  
the u n r e d u c e d  n i t ro sobenzene  fo rming  side p rod -  
ucts, or it can be reduced  d i rec t ly  to an i l ine ,  in  
accordance  wi th  Habe r  and  Schmid t ' s  scheme. 

C,H~NH~OH++ 2H++ 2e-=  C~H~NH,+ +H~O E ~  v 

I t  is seen f rom the above two react ions,  tha t  the  
electrode po ten t i a l  is inf luenced  by  the  H § ion con-  
cen t ra t ion .  

Discharge da ta  ob ta ined  on 2 ,4-d in i t rosoresorc inol  
and  p - n i t r o s o d i e t h y l a n i l i n e  in  th ree  e lect rolytes  of 
d i f ferent  pH are shown in  Fig. 4. As expected,  the  
discharge po ten t ia l s  of the ni t roso compounds  i n -  
crease as the pH of the e lect rolyte  is decreased.  This  

as cut off potential.  

behav io r  is typ ica l  of the a romat ic  C-n i t roso  com-  
pounds  and  the other  N-n i t roso  and  oxime com- 
pounds  tested. 

Half-Cell Potential Studies of Various 
C-Nitroso Compounds 

Half -ce l l  d ischarge  da ta  ob ta ined  on var ious  a ro-  
mat ic  C-nitroso, compounds  d ischarged con t inuous ly  
at a 0.005 a m p / g  ra te  in  a MgBr2.6H_~O (250 g / l )  
e lec t ro ly te  are shown in  Fig. 5 - I  1 inclus ive .  

The capacit ies ob ta ined  to an  a r b i t r a r y  po ten t i a l  
of --0.40 v (vs. S.H.E.) a long  wi th  the i r  e lect rode 
efficiencies are p r e sen t ed  in  Ta b l e  I toge the r  w i th  

r 040  

~ "tO.20 

~ 0.00 

~" -O.ZO 

- 0 . 4 0  
m 

-0.60 

- 0 . 8 0  

- L O 0  

. 2 . 4  DI NITROSORENSoORC I ROL p -  HJTROSODIETHYLANIU H E 6 

~,....,._o,~.o._,.~_ o ~ c~,..,.., o ,,..,....~ N( CZHS):~ 
-o...... 

ELECTROLYTE 

0 7.~% NH4CI - 20% ZltCI2 - ~ ~  HzO 

A ~4~ M g S r ~ - - 8 6 ~ H ~ O  
a 3 0 %  No OH - ?O% HzO , SATe[ WiTH ZnO 

ho ~;o 4oo' [ ~o i~o ,,o' -2o' ,,~,o 
DISCHARGE TIME { MINUTES) 

Fig. 4. Cathode half-cell potential of 2,4-dinitrosoresorcinol 
and p-nitrosodiethylaniline discharged in various electrolytes 
at a rate of 0.030 amp/g. 
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Fig. 6. Half-cel l  potential  studies of various nitrosonaph- 
thai derivatives discharged in 250 g/I  MgBr2"6H~O electrolyte 
at o rate of 0 .005 amp/g .  

the theoret ica l  capacit ies of these mater ia l s  ex-  
pressed in ampere -minu te s  per  gram. 

Nitrosophenols and related compounds.--Pre- 
sented in Fig. 5 a re  ha l f -ce l l  discharge curves of 
various p-n i t rosophenol  derivat ives.  I t  is seen that,  
wi th  the exception of the first 5-10 a m p - m i n  of dis-  
charge, these compounds have a flat opera t ing  po-  
ten t ia l  throughout  the course of thei r  discharge. The 
high ini t ia l  potential ,  which persists  for a short  
time, appears  to be character is t ic  of the h y d r o x y l  
group, as evidenced by  the fact that  other types of 
C-ni t roso compounds, as well  as p -n i t rosopheno l -Na  
salt, show no such behavior.  

A possible explanat ion  for this is that  p -n i t roso-  
phenol is a t au tomer  of quinone monoxime 

. o  . o .  

0 . ' 0  
O 

and in the free state the substance is ac tua l ly  pres-  
ent as the quinone monoxime while  in the salts as 
der iva t ives  of ni trosophenol ,  the phenolic H being 
more acidic than the oximic H atom. This being the 
case the ini t ia l  potent ia l  would be due to the qui-  
none monoxime;  however,  dur ing  the course of the 
discharge,  hydrox ide  ion is formed and the solution 
becomes weak ly  basic, and at  this stage the cathode 
potent ia l  would be tha t  of the ni t rosophenol  salt. 

The effect of adding a --CH~ group to the 3 posi-  
t ion of 4-ni t rosophenol  is to lower  the opera t ing  po-  
ten t ia l  of the  paren t  compound by approx ima te ly  
0.03 v. This type  of behavior  is consistent wi th  that  
found for the aromat ic  ni t ro compounds (3),  where  
the addi t ion of an e lec t ron- repe l l ing  group to the 
benzene ring results  in a compound having a lower 
discharge potent ia l  than its paren t  compound. 

The effect of e l ec t ron-a t t r ac t ing  groups on the 
cathode potent ia l  is shown for the n i t rosonaphthol  
compounds in Fig. 6. The addi t ion of two --SO~Na 
groups to the naphtha lene  r ing to form 1-ni t roso-  
2-naphthol-3 ,6 , -d isul fonic  acid disodium salt  results  
in a compound having a discharge potent ia l  0.2 v 
higher  than the unsubs t i tu ted  1-n i t roso-2-naphthol .  

Presented  in Fig. 7 are discharge curves for three  
types of aromat ic  hyd roxy-n i t ro so  compounds. I t  is 
seen that  the grea te r  the a romat ic i ty  of the r ing 

040, 
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Fig. 7. Half-cell potential  studies of various aromatic 
hydroxy-nitroso derivatives discharged in 250 g / I  MgBrs'6H=O 
electrolyte at a rate of 0.005 amp/g .  

structure,  the h igher  is the cathode potent ia l  of 
the corresponding C-ni t roso compound. This can be 
expla ined  on the basis of a decreased electron den-  
si ty in the vicini ty  of the nitroso group as one goes 
to more aromat ic  r ing structures.  This decreased 
electron densi ty  results  in a compound wi th  an in-  
creased electron affinity and a h igher  discharge po- 
tential .  

p-Nitro~odialkylamino compounds.--In Fig. 8, the 
ha l f -ce l l  discharge curves of various p -n i t rosod i -  
a lky lamino  der ivat ives  show both p -n i t ro sod ime th -  
y lan i l ine  and 4 -n i t ro so -3 -me thy ld ime thy lan i l i ne  to 

0 , 4 0 <  p - NITROSOOIMETHYLANILINE 

0 2 0  N ( CH3)2 !~176176 
~: -0  20 

_~ -O40 4 -  NITROS0 o 3 - HYDROX~ 
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Uo. \ A \  .................. 
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N (CH92 

~o'O 80 4.NITROSO-3-  HYOROXY N(CH 
01METHYLANILINE ~ 1  ~Z N U  CH3 

-cO0 

'5 to ,'5 ~o A ~o ~5 .b Js ;o ~o 
CAPACITY (AMPERE MINUTES) 

Fig. 8. Half-cell potential  studies of various p-nitrosodi- 
a lky lomino derivatives discharged in 250 g / I  MgBr~'6H20 
electrolyte at  a rote of 0 .005 omp/g .  
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Fig. ]0. Half-cell potential studies of various nitroso 
derivotives dischorged in 250 g/[ MgBr2"6H~O electrolyte ot 
o rote of 0 ,005 ornp/g.  

have  high,  flat  o p e r a t i n g  po t en t i a l s  t h r o u g h o u t  the  
course  of t h e i r  d i scharge .  As w i t h  n i t rosopheno l s ,  a 
- -CH3 group,  o r tho  to the  n i t roso  group,  l ower s  the  
p o t e n t i a l  of the  p a r e n t  c o m p o u n d  a v e r y  s m a l l  
amoun t .  The  effect of the  m o r e  s t r o n g l y  e l e c t r o n -  
r e p e l l i n g  - - O H  group  in the  3 pos i t ion  is m u c h  
m o r e  m a r k e d ,  r e s u l t i n g  in  a compound ,  4 - n i t r o s o - 3 -  
h y d r o x y d i m e t h y l a n i l i n e ,  w h i c h  o p e r a t e s  at  a p o t e n -  
t i a l  0.3 v l o w e r  t h a n  p - n i t r o s o d i m e t h y l a n i l i n e .  

The  h igh  in i t i a l  o p e r a t i n g  p o t e n t i a l  of the  h y -  
d r o x y  c o m p o u n d s  for  the  first  5-10 a m p - r a i n  of d i s -  
cha rge  is aga in  i l l u s t r a t e d  b y  the  cu rves  for  4 - n i -  
t r o s o - 3 - h y d r o x y a c e t a n i l i d e  and  4 - n i t r o s o - 3 - h y -  
d r o x y d i m e t h y ] a n i l i n e .  These  o - n i t r o s o p h e n o l  com-  
pounds  e x h i b i t  the  s ame  t y p e  of d i s cha rge  cu rve  as 
the  p - n i t r o s o p h e n o l  compounds  p r e v i o u s l y  p r e -  
s en ted  a l t h o u g h  t hey  o p e r a t e  at  c o n s i d e r a b l y  l o w e r  
po ten t i a l s .  

Mona- and di-nitroso compounds.--In Fig.  9 a r e  
h a l f - c e l l  d i s cha rge  cu rves  of t he  m o n a  and  d in i t roso  
d e r i v a t i v e s  of benzene  and  resorc ino l .  T h e  r e d u c -  
t ion of n i t r o s o b e n z e n e  is seen to t a k e  p l ace  s t epwise ,  
t he  first  s tep  o c c u r r i n g  at  a p o t e n t i a l  of +0 .05  v, a 
v a l u e  close to t ha t  of o t h e r  p - h y d r o x y  and  p - d i -  
a l k y l a m i n o  n i t roso  compounds .  T h e  two  s tep  d i s -  
c h a r g e  m a y  be  e x p l a i n e d  b y  a 2 e l e c t r o n  r e d u c t i o n  
to p h e n y l h y d r o x y l a m i n e  w i t h  s u b s e q u e n t  r e d u c t i o n  
to an i l ine ,  or  i t  can be a t t r i b u t e d  to the  r e d u c t i o n  of 
s ide  p r o d u c t s  such as a zoxybenzene ,  f o r m e d  b y  the  
condensa t i on  of n i t r o s o b e n z e n e  w i t h  p h e n y l h y -  
d r o x y l a m i n e .  The  d i s cha rge  p o t e n t i a l  of a z o x y b e n -  
zene,  shown  in Fig .  9, is c lose to t h a t  of t h e  second  
d i s cha rge  s tep  of n i t ro sobenzene ,  i n d i c a t i n g  the  
l a t t e r  e x p l a n a t i o n  is a d i s t i nc t  poss ib i l i ty .  A d d i -  
t i ona l  h a l f - c e l l  d i s c h a r g e  s tud ies  of azobenzene ,  a n -  
o the r  poss ib le  s ide p r o d u c t  f o r m e d  b y  the  c o n d e n -  
sa t ion  of n i t r o s o b e n z e n e  w i t h  an i l ine ,  i nd ica t e  t h a t  
th is  c o m p o u n d  canno t  be  r e d u c e d  u n d e r  the  e x p e r i -  
m e n t a l  condi t ions ,  and  i t  was  t h e r e f o r e  no t  con-  
s i de r ed  fu r the r .  

I t  was  e x p e c t e d  t ha t  the  a d d i t i o n  of a n o t h e r  
s t r o n g l y  e l ec t ron  a t t r a c t i n g  - - N O  g roup  to n i t r o s o -  
benzene  w o u l d  r e su l t  in a d in i t roso  c o m p o u n d  h a v -  
ing  a m u c h  h i g h e r  o p e r a t i n g  p o t e n t i a l  t h a n  n i t r o s o -  
benzene ,  s im i l a r  to w h a t  one f inds w i t h  t he  n i t ro  
and  d i n i t r o b e n z e n e  c o m p o u n d s  (3) .  A c t u a l l y ,  the  
p o t e n t i a l  of p - d i n i t r o s o b e n z e n e  is less  t h a n  t h a t  of 
n i t r o sobenzene .  F o r  4 -n i t r o so re so rc ino l ,  h o w e v e r ,  

the  a d d i t i o n  of a - - N O  g roup  to fo rm 2 ,4 -d in i t r o so -  
r e so rc ino l  r e su l t s  in a c o m p o u n d  w i t h  a h i g h e r  
o p e r a t i n g  po ten t i a l ,  a r e su l t  in a g r e e m e n t  w i t h  the  
b e h a v i o r  f o u n d  in a r o m a t i c  n i t ro  compounds .  

The  a p p a r e n t  a n o m a l o u s  b e h a v i o r  of p - d i n i t r o s o -  
be nz e ne  could  be  due  to the  fac t  t ha t  th is  c o m p o u n d  
does  no t  e xh ib i t  p r o p e r t i e s  c h a r a c t e r i s t i c  of a t r ue  
n i t roso  c o m p o u n d  S and  the  s t r u c t u r e  of t he  - - N O  
g roup  canno t  b e  w r i t t e n  as for  a t r ue  n i t roso  c o m -  
p o u n d  (15) .  

Nitronitroso and other nitroso compo.unds.--Pre- 
sen ted  in Fig .  10 a r e  d i s c h a r g e  cu rves  for  p o t a s s i u m  
n i t ro sod i su l fona t e ,  an  i n o r g a n i c  n i t roso  c o m p o u n d  
c o m m o n l y  k n o w n  as F r e m y ' s  sal t ,  and  2 ,4 ,6 - t r i -  
a m i n o - 5 - n i t r o s o p y r i m i d i n e ,  an  e x a m p l e  of a h e t e r o -  
cycl ic  n i t roso  compound .  E x c e p t  for  i ts  h igh  in i t i a l  
o p e r a t i n g  po t en t i a l ,  t h e  l a t t e r  c o m p o u n d  d i s p l a y s  a 
fiat  v o l t a g e  cu rve  t h r o u g h o u t  t h e  course  of i ts  d i s -  
charge .  The  p o t a s s i u m  n i t r o s o d i s u l f o n a t e  g ives  l i t t l e  
or  no c a p a c i t y  u n d e r  s im i l a r  cond i t ions  of d i scha rge .  
This  is b e l i e v e d  to be  due  to the  i n s t a b i l i t y  of th is  
c o m p o u n d  w h i c h  decomposes  r e a d i l y  to a m m o n i u m  
su l fa te ,  su l fu r  d iox ide ,  and  n i t r o u s  ox ide  (16) .  

F i g u r e  11 shows  d i s c h a r g e  cu rves  for  m - n i t r o -  
n i t r o s o b e n z e n e  a n d  3 - n i t r o - 4 - n i t r o s o t o l u e n e .  I t  is 
seen  t h a t  these  c o m p o u n d s  o p e r a t e  a t  l o w e r  p o t e n -  
t i a l s  t h a n  the i r  c o r r e s p o n d i n g  m o n a  n i t roso  c o m -  
pounds ,  aga in  g iv ing  re su l t s  in v a r i a n c e  w i t h  w h a t  
one w o u l d  e x p e c t  f r o m  the  t h e o r y  d e v e l o p e d  to e x -  

3 of t h e  t h r e e  dinitrosobenzene compounds only the meta isomer 
has properties of a normal nitroso compound (15). 
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Fig. ] ] .  Half-cell potential studies of various nitronitroso 
derivatives discharged in 250 g/ I  MgBr,~'6H20 electrolyte at 
o rote of 0.005 ornp/g. 
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plain the effect of group subst i tut ion on the opera t -  
ing potent ia l  of aromat ic  ni tro compounds. 

It is apparen t  that  the type and posit ion of the 
subs t i tu ted  group has an effect on the  e lect rode po-  
tent ia l  of aromat ic  nitroso compounds. However  
from the da ta  available,  no definite correlat ions can 
be made, as in the case of the aromat ic  ni t ro com- 
pounds (3).  The discharge data  in Fig. 5-8 for va r i -  
ous p - h y d r o x y  and p - d i a l k y l a m i n o  nitroso der iva -  
tives support  the appl icat ion of the above theory  to 
aromat ic  C-ni t roso compounds. However,  da ta  p re -  
sented in Fig. 9 and 11 for nitrosobenzene,  p - d i n i -  
trosobenzene, and m-n i t ron i t rosobenzene  cannot  be 
expla ined  by these theories.  

The l i t e ra tu re  on the effect of group subst i tut ion 
on the potent ia l  of n i t rosobenzene revea led  some 
disagreement .  Lutz and Ly t ton  (2),  s tudying the 
effect of added groups on the electrode potent ia l  of 
nitrosobenzene,  contend that  both e l ec t ron -a t t r ac t -  
ing and e lec t ron- repe l l ing  groups located ortho to 
the nitroso group raise the potential .  In the pa ra  
position, e lec t ron- repe l l ing  groups lower and elec- 
t ron -a t t r ac t ing  groups raise the potent ial ,  while  
meta  subs t i tu ted  groups have l i t t le  or no effect on 
the potent ia l  regardless  of the na tu re  of the groups. 
The resul ts  presented  in the present  paper  are  in 
d isagreement  with those of Lutz and Lytton,  whose 
results  a re  difficult to unders tand  in the l ight  of the 
current  theories deal ing with  the electron d i s t r ibu-  
t ion in a molecule and its effect in de te rmining  the 
mechanism of organic reactions. 

Hertel  and Lebok (17) s tudied the e lectrolyt ic  re -  
duction of nitroso compounds and found tha t  sub- 
s t i tut ion on the r ing normal ly  increases the reac-  
t iv i ty  of the  nitroso group in the order  --NO,~, --C1, 
- - H ,  and --N(CH~)~. This is in agreement  wi th  
what  one finds for subs t i tu ted  ni t robenzene de r iva -  
tives. 

One of the difficulties associated with  de te rmin -  
ing the effect of group subst i tut ion on the electrode 
potent ia l  of nitroso compounds is the tendency of 
these compounds to associate according to the na-  
ture  of the other groups in the molecule  to give b i -  
molecular  complexes.  Solution favors depo lymer -  
ization of these complexes,  a l though it does not 
necessar i ly  effect complete  conversion to the mono-  
meric  form. As a resul t  of this, complicat ions may  
arise as wi th  nitrosobenzene,  in which the bini troso 
d imer  is o-, p-di rec t ing ,  whi le  in the monomeric  
form the ni troso group seems to be meta  directing,  
as evidenced by the fact  that  o- and p -n i t rosoha lo -  
benzenes undergo ready  hydrolys is  whereas  the 
corresponding m-compounds  are s table (18). 

Another  difficulty is the unce r t a in ty  about  the 
exact  s t ruc ture  of nitroso compounds, which infor -  
mat ion is necessary to develop a theory  to expla in  
the effect of s t ructure  on electrode potent ia l  dur ing 
cur ren t  flow. 

Coulombic Capacity Studies of Aromatic 
C-Nitroso Compounds 

Table I gives theoret ica l  capaci ty  da ta  for the 
aromat ic  C-ni t roso compounds presented  in Fig. 
5-11 compared  with  two of the cathode mate r ia l s  
now used in commercia l  d ry  cells. The theoret ica l  
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Fig. 12. Half-cell potential studies of various cathode 
materials discharged in compatible electrolytes at a rate of 
0.005 amp/g. 

capacit ies of the nitroso compounds were  computed 
by means of Fa raday ' s  law, wi th  the assumption 
that  each nitroso group is reduced to the amino 
stage wi th  a corresponding four e lec t ron change. 

I t  is seen that  most of the ni troso compounds 
l isted have f rom 2 to 3 t imes grea ter  theore t ica l  
a m pe r e - m i nu t e  capaci ty  per  uni t  of weight  than  
manganese  dioxide  and mercur ic  oxide. However ,  
because of the low densi ty  of the mononitroso com- 
pounds, the theoret ica l  capaci ty  in ampere -minu te s  
per  unit  of volume is g rea te r  for the inorganic com- 
pounds. 

F igure  12 shows discharge curves for p -n i t roso -  
d imethylani l ine ,  one of the more a t t rac t ive  C-n i -  
troso compounds, e lectrolyt ic  manganese  dioxide 
(85% MnO~), and mercur ic  oxide. The p -n i t rosod i -  
methy lan i l ine  and electrolyt ic  manganese  dioxide 
were  discharged at  a ra te  of 0.005 a m p / g  in an 
aqueous solution of MgBr.6H~O (250  g / l ) ,  while  
the mercur ic  oxide was d ischarged at  the same ra te  
in a 30% solution of sodium hydroxide ,  sa tu ra ted  
with  zinc oxide. 

On this test, to a ha l f -ce l l  potent ia l  of --0.4 v 
the manganese  dioxide and mercur ic  oxide cathodes 
give capacit ies of 10.3 and 10.4 a m p - m i n / g ,  corre-  
sponding to efficiencies of 65.6%" and 69.8%, re -  
spectively.  At  comparable  conditions of discharge, 
p -n i t rosod imethy lan i l ine  gives a capaci ty  of 37.4 
a m p - m i n / g ,  corresponding to an efficiency of 87.2%. 
On this test, p -n i t rosod imethy lan i l ine  gives more 
than three t imes the a m p e r e - m i n u t e  per  g ram ca- 
paci ty  of e lect rolyt ic  manganese  dioxide and m e r -  
curic oxide, this capaci ty  being grea te r  than  twice 
the theoret ica l  l imi t  of these inorganic cathode m a -  
terials.  

The high electrode efficiency of p -n i t rosod ime th -  
y lani l ine  is typica l  of tha t  found for the p -n i t roso -  
d ia lky lamino  and p-n i t rosophenol  compounds. 
However,  poor efficieneies are also encountered 
among the aromat ic  nitroso compounds, as evi-  
denced by the poor e lectrode efficiencies of the ni-  
t rosonaphthol  compounds as wel l  as of the two d i -  
ni troso compounds tested. 

If the p -n i t rosod imethy lan i l ine  cathode is coupled 
with a magnes ium anode and a magnes ium bromide  
electrolyte ,  it  should resul t  in a p r i m a r y  cell which 
would opera te  dur ing  current  flow at constant  vol t -  

4 Efficiency calculation is 65.6% of 85% MnO2 content. 
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age levels  of 1.30-1.40 v. It  is thus  a p p a r e n t  tha t  
the a romat ic  C-n i t roso  compounds  show cons ider -  
able p romise  for use as cathode ma te r i a l s  in  p r i -  
m a r y  cells, the most  ou t s t and ing  fea tures  of these 
compounds  be ing  the i r  h igh cons tan t  opera t ing  po-  
tent ia l ,  and  the i r  h igh theore t ica l  capaci ty  in  a m -  
p e r e - m i n u t e s  per  gram. 
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Dry Cells Containing Various Aromatic C-Nitroso Compounds 
as Cathode Materials 
C. K. Morehouse and R. Glicksman 

RCA Laboratories, Radio Corporation o] America, Princeton, New Jersey 

ABSTRACT 

Many aromatic C-nitroso compounds when  coupled with a magnesium 
anode and a magnes ium bromide electrolyte result  in dry cells with practical 
features. The discharge characteristics of these cells are dependent  on the par-  
t icular  aromatic C-nitroso compound used as a cathode. Magnes ium-p-n i t ro -  
sodimethylani l ine dry cells operate at a flat voltage level between 1.3 and 1.4 v 
and give greater wa t t -minu te  capacities per uni t  of weight and volume than 
general  purpose commercial Leclanch~ dry cells containing African manganese 
dioxide on a number  of tests. 

P rev ious  work  by the au thors  (1) showed tha t  
d ry  cells con ta in ing  a romat ic  n i t ro  compounds  as 
cathodes coupled wi th  a m a g n e s i u m  anode had  
m a n y  favorab le  pe r fo rmance  character is t ics .  In  ad-  
di t ion,  a s tudy  (2, 3) of the e lec t rochemica l  p rope r -  
ties of the r educ t ion  products  of a romat ic  n i t ro  
and  ni t roso compounds  ind ica ted  tha t  the class of 
a romat ic  C-n i t roso  compounds  also has m a n y  of 
the  des i rab le  proper t ies  of a cathode m a t e r i a l  for 
use in  p r i m a r y  cells. For  example ,  severa l  of these 
compounds  have  h igh  theore t ica l  a m p e r e - m i n u t e  
per  g r am capacit ies and  flat p o t e n t i a l - t i m e  discharge 
curves.  These  cathodes operate  at h igh electrode 
efficiencies at potent ia l s  0.2-0.4 v h ighe r  t h a n  the i r  
co r respond ing  a romat ic  n i t ro  cathode. 

Ar sem (4), the on ly  re fe rence  found  which  refers  
to the use of n i t roso compounds  in  p r i m a r y  cells, 
suggested coupl ing  a zinc anode wi th  an organic  
oxidiz ing agen t  such as p - n i t r o s o d i m e t h y l a n i l i n e  as 

the cathode. However ,  such a cell has an  opera t ing  
vol tage  of a p p r o x i m a t e l y  1.00 v and  thus  has p rac t i -  
cal l imi ta t ions .  

In  this  paper,  the pe r f o r ma nc e  character is t ics  of 
d ry  cells con t a in ing  a m a g n e s i u m  anode coupled 
wi th  a romat ic  C-n i t roso  compounds  as cathodes are 
presented .  

Experimental 
Dry cells con t a in ing  var ious  a romat ic  C-n i t roso  

cathodes  were  assembled  us ing  an  impac t  e x t r u d e d  
AZ10A m a g n e s i u m  al loy can. The  m a g n e s i u m  cans 
were  l ined  wi th  a piece of Nibroc sa l t - f r ee  paper ,  
a f ter  which  an  e x t r u d e d  slug of cathode mi x  was  
inse r t ed  and  consol ida ted  in  the  l ined  can. A ca rbon  
rod wi th  a brass  cap fit ted on one end  was  t hen  
inse r ted  in  the cen te r  of the cathode mi x  and  the 
cells sealed in  the  conven t iona l  m a n n e r  w i th  a rosin  
base w a x  seal. The composi t ion  of a typica l  cathode 
mi x  used in  this  s tudy  is as follows: 
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p - N i t r o s o d i m e t h y l a n i l i n e  
S h a w i n i g a n  a c e t y l e n e  b l a c k  
B a r i u m  c h r o m a t e  
E l e c t r o l y t e  ( aqueous  so lu t ion  of 

500 g/1 MgBrs : 6H~O a n d  
1.0 g/1 Li~CrO, : 2H~O) 

23.3% by  w e i g h t  ,.so 
11.6% by  w e i g h t  

~j ~ 0  

1.1% b y  w e i g h t  ~ , 

64.0% b y  w e i g h t  ! ,.~ 

o O.S0 
The  A A - s i z e  cel ls  c o n t a i n e d  a p p r o x i m a t e l y  5 g of 

th is  mix ,  the  C-s ize  15-17 g, and  the  D-s i ze  cel ls  
35-40 g. 

D i scha rge  cha rac t e r i s t i c s  and  c a p a c i t y  d a t a  p r e -  
s en t ed  in the  fo l lowing  sect ions  w e r e  o b t a i n e d  by  
d i s c h a r g i n g  the  cel ls  t h r o u g h  f ixed  r e s i s t ances  and  
m e a s u r i n g  the  c losed c i r cu i t  vo l t age  a f t e r  v a r i ous  
t ime  i n t e r v a l s  of d i scharge .  A l l  c a p a c i t y  d a t a  w e r e  
g a t h e r e d  a t  21.1 ~ • 1.1~ (70 ~ -- 2~  and  50 -- 5% 
R.H. 

Voltage-Discharge Characteristics of Dry Cells 
Containing Various Aromatic C-Nitroso Compounds 

as Cathodes 

H a l f - c e l l  s tud ies  on va r i ous  a r o m a t i c  C - n i t r o s o  
c o m p o u n d s  showed  t h a t  the  t y p e  and  pos i t ion  of the  
s u b s t i t u t e d  g roup  have  an  effect  on the i r  d i s cha rge  
po ten t i a l .  H o w e v e r ,  no def in i te  co r r e l a t i ons  can  be  
made ,  as in the  case of the  a r o m a t i c  n i t ro  c o m -  
pounds  (2) .  P r e s e n t e d  in Fig.  1-4 a r e  d i s cha rge  d a t a  
o b t a i n e d  f rom A A - s i z e  d r y  cel ls  con t a in ing  v a r i o u s  
a r o m a t i c  C - n i t r o s o  ca thodes  coup led  w i t h  a m a g -  
n e s i u m  anode.  I t  is seen  t ha t  the  vo l t age  d i s cha rge  
c ha rac t e r i s t i c s  of t he se  cel ls  a r e  s im i l a r  to  t h a t  
f o u n d  for  the  va r i ous  a r o m a t i c  n i t roso  ca thodes  in 
the  h a l f - c e l l  s tud ies  (3) .  

F i g u r e  1 shows 50- a n d  150-ohm con t inuous  d i s -  
cha rge  d a t a  o b t a i n e d  on d r y  cel ls  con t a in ing  va r i ous  
p - n i t r o s o d i a l k y l a m i n o  ca thodes .  These  cel ls  o p e r a t e  
at  a flat  vo l t age  l eve l  a b o v e  1.30 v for  mos t  of t h e i r  
d i s cha rge  life.  The  s l igh t  d i f fe rences  in v o l t a g e  
leve ls  and  capac i t i e s  a r e  a t t r i b u t e d  to v a r i a t i o n s  
a s soc ia t ed  w i t h  cel l  a s s e m b l y  and  no t  to d i f fe rences  
b e t w e e n  s t r uc tu r e s  of the  ca thode  m a t e r i a l .  

F i g u r e  2 g ives  d a t a  for  some a r o m a t i c  m o n o -  and  
d i - n i t r o s o  d r y  cel ls  d i s c h a r g e d  c o n t i n u o u s l y  t h r o u g h  
50- and  150-ohm res i s t ances .  I t  is seen  t h a t  b o t h  
the  n i t r o s o b e n z e n e  a n d  o - n i t r o s o t o l u e n e  cel ls  h a v e  a 
t w o - s t e p  d i s cha rge  cu rve  w i t h  t he  n i t r o s o b e n z e n e  
cel l  o p e r a t i n g  at  a h i g h e r  vo l t age  t h a n  the  o - n i t r o s o -  
t o luene  cel ls  a n d  for  t he  f irst  p a r t  of t he  d i s cha rge  

Leo 
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Fig. 2. Various AA-size magnesium-aromatic mona- and 
di-nitroso dry cells discharged continuously through 50- and 
1S0-ohm resistances at 70 ~ ~ 2~ (S0% R.H.). 

at  a p o t e n t i a l  c lose to t h a t  of t he  p - n i t r o s o d i a l k y -  
l a m i n o  t y p e  of cells.  

The  p - d i n i t r o s o b e n z e n e  d r y  cells,  a l t h o u g h  t h e y  
h a v e  a h i g h e r  i n i t i a l  c losed  c i r cu i t  vo l tage ,  o p e r a t e  
for  mos t  of t h e i r  d i s cha rge  p e r i o d  a b o u t  0.2 v l ower  
t h a n  the  n i t r o s o b e n z e n e  cells.  In  add i t ion ,  the  c a -  
p a c i t y  of the  p - d i n i t r o s o b e n z e n e  cel ls  is no t  m a r k -  
ed ly  g r e a t e r  t h a n  t h a t  of t he  p - n i t r o s o d i a l k y l a m i n o  
t y p e  cells,  in sp i te  of the  g r e a t e r  t h e o r e t i c a l  a m p e r e -  
m i n u t e  c a p a c i t y  of the  d in i t roso  compound .  

As  w i t h  the  a d d i t i o n  of the  s t r o n g l y  e l ec t ron  
a t t r a c t i n g  - -NO group,  the  a d d i t i o n  of a --NO~ 
group  to a mono  n i t roso  c o m p o u n d  r e su l t s  in  a 
ca thode  w i t h  a l o w e r  o p e r a t i n g  po ten t i a l .  This  r e -  
l a t i onsh ip  is shown  b y  the  cel l  d i s cha rge  d a t a  in  
Fig.  2 and  3. The  m a g n e s i u m - m - n i t r o n i t r o s o b e n z e n e  
A A - s i z e  cel ls  o p e r a t e  b e t w e e n  1.1 and  1.2 v for  mos t  
of t h e i r  d i s c h a r g e  l i fe  a n d  g ive  50 a n d  160 h r  of 
se rv ice  to an  end  vo l t a ge  of 0.90 v on the  50- a n d  
150-ohm con t inuous  d i s cha rge  tests .  These  cel ls  
g ive  c o m p a r a b l e  capac i t i e s  to t he  m a g n e s i u m - m -  
d i n i t r o b e n z e n e  cel ls  and  a re  s u p e r i o r  on these  tes t s  
to the  c o m m e r c i a l  g e n e r a l  p u r p o s e  Lec lanch~  d r y  
cel ls  c on t a in ing  n a t u r a l  m a n g a n e s e  d iox ide  and  a 
s t a r c h - f l o u r  p a s t e  s epa ra to r .  

F i g u r e  4 shows  the  d i s cha rge  d a t a  for  cel ls  con-  
t a i n ing  a m a g n e s i u m  anode  and  fou r  a r o m a t i c  h y -  
d r o x y n i t r o s o  c o m p o u n d s  as ca thodes .  The  m a g n e -  
s i u m - p - n i t r o s o p h e n o l  ce l ls  o p e r a t e  for  the  f irst  6-7 
a m p - m i n  of d i s cha rge  b e t w e e n  1.40 a n d  1.50 v on 
these  two  tests ,  f o l l owed  b y  a r a p i d  d rop  to a v o l t -  
age  l eve l  b e t w e e n  1.20 a n d  1.30 v for  mos t  of t h e  
r e m a i n i n g  d i s c h a r g e  t ime .  T h e  second  d i s cha rge  
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Fig. 1. Various AA-size magnesium-p-nitrosodialkylamino 
dry ce~ts discharged continuously through 50- and 150-ohm 
resistances at 70 ~ 1 7 6  (50% R.H.). 
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Fig. 4. Various AA-size magnesium-aromatic hydroxyni- 
troso dry cells discharOed continuously through 50- and 150- 
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s tep  is c lose to t ha t  of the  p - n i t r o s o p h e n o l - s o d i u m  
salt .  I t  is b e l i e v e d  t h a t  a c o m p a r a b l e  c o m p o u n d  
is f o r m e d  d u r i n g  d i s cha rge  in  a MgBr.o e l ec t ro ly t e ,  
as h y d r o x i d e  ions a r e  f o r m e d  d u r i n g  d i s cha rge  and  
n e u t r a l i z e  the  acidic  pheno l i c  H. 

F i g u r e  4 also shows  the  d i s cha rge  cha rac t e r i s t i c s  
of cel ls  con t a in ing  ca thodes  of 2 , 4 - d i n i t r o s o r e s o r -  
cinol  and  n i t r o s o r e s o r c i n o l - s o d i u m  salt .  As expec ted ,  
t he  2 ,4 -d in i t r o so re so rc ino l  cel ls  o p e r a t e  a t  a con~ 
s i d e r a b l y  h i g h e r  vo l t age  t h a n  the  n i t r o s o r e s o r c i n o l -  
sod ium sa l t  cells.  I t  is a lso i n t e r e s t i n g  to  note  t h a t  
these  d in i t roso  cel ls  o p e r a t e  at  a h i g h e r  vo l t a ge  
t h a n  the  monon i t roso ,  p - d i n i t r o s o b e n z e n e ,  and  
n i t r o n i t r o s o b e n z e n e  cel ls  and  e x h i b i t  a t w o - s t e p  
v o l t a g e - d i s c h a r g e  c u r v e  s im i l a r  to the  b e h a v i o r  
found  for  a r o m a t i c  d in i t ro  cells.  

A n o d e  r e a c t i o n  
M g- ->M g §  

O v e r - a l l  e n e r g y  p r o d u c i n g  r eac t i on  

~(:~3);z ~(c~3) a �9 

0 +2~+ 3,9 ~ 0 + 2z~i~C~ 
~T0 

Cell discharge data.--From a ca thode  f o r m u l a t i o n  
s t u d y  i t  was  f o u n d  t ha t  a h i g h e r  r a t i o  of c a rbon  to 
p - n i t r o s o d i m e t h y l a n i l i n e  is r e q u i r e d  t h a n  is u sed  
in the  m a n g a n e s e  d iox ide  t y p e  of d r y  cells.  A ra t io  
of 2 p a r t s  of p - n i t r o s o d i m e t h y l a n i l i n e  to 1 p a r t  
S h a w i n i g a n  a c e t y l e n e  b l a c k  b y  w e i g h t  was  f o u n d  
to g ive  f a v o r a b l e  resul t s .  The  p e r f o r m a n c e  c h a r a c -  
t e r i s t i cs  of cel ls  of th is  f o r m u l a t i o n  a r e  d i scussed  
be low.  

I n i t i a l  c a p a c i t y  d a t a  o b t a i n e d  on these  cel ls  d i s -  
c h a r g e d  c o n t i n u o u s l y  t h r o u g h  4-, 50-, 150-, and  300- 
ohm res i s t ances  a r e  shown  in Fig.  5 and  6. The  
4 - o h m  tes t  r e p r e s e n t s  a d r a i n  e n c o u n t e r e d  in a 
f lash l igh t  app l i ca t i on ;  the  150- and  300-ohm tes ts  
r e p r e s e n t  the  c u r r e n t  d r a in s  e n c o u n t e r e d  in a B 
b a t t e r y  or  a t r a n s i s t o r  r a d i o  r e c e i v e r  app l i ca t ion .  
I n c l u d e d  in Fig.  5 and  6 a re  d i s c h a r g e d  d a t a  for  
c o m p a r a b l e  size c o m m e r c i a l  Lec lanch6  a n d  m a g -  
n e s i u m - m a n g a n e s e  d iox ide  d r y  cells.  The  c o m m e r -  
c ia l  Lec lanch6  d r y  cel ls  w e r e  of t he  g e n e r a l  p u r p o s e  
t y p e  and  c o n t a i n e d  n a t u r a l  m a n g a n e s e  d iox ide  and  
a s t a r c h - f l o u r  pas t e  s epa ra to r .  The  m a g n e s i u m -  
m a n g a n e s e  d iox ide  cel ls  con t a ined  an  i m p a c t  e x -  

P e r f o r m a n c e  C h a r a c t e r i s t i c s  of  
M a g n e s i u m - p - N i t r o s o d i m e t h y l a n i l i n e  Dry  Ce l ls  

The class of  a r o m a t i c  C - n i t r o s o  compounds  i n -  
c ludes m a n y  d o m e s t i c a l l y  a v a i l a b l e  c o m p o u n d s  
wh ich  a r e  s t ab le  sol ids  and  h a v e  t h e o r e t i c a l  a m p e r e -  
m i n u t e  capac i t i e s  p e r  un i t  of w e i g h t  s eve ra l  t imes  
g r e a t e r  t h a n  the  m a n g a n e s e  d iox ide  and  m e r c u r i c  
ox ide  ca thodes  used  at  p r e s e n t  in c o m m e r c i a l  d r y  
cells.  

I t  is b e y o n d  the  scope of th is  p a p e r  to c h a r a c t e r i z e  
a l l  t y p e s  of m a g n e s i u m - a r o m a t i c  C - n i t r o s o  d r y  cel ls  
because  of t he  l a rge  n u m b e r  of such  e l e c t r o c h e m i c a l  
sys tems .  Ins tead ,  the  m a g n e s i u m - p - n i t r o s o d i m e t h -  
y l a n i l i n e  coup le  was  se l ec t ed  fo r  a m o r e  t h o r o u g h  
s tudy  s ince  this  o rgan ic  c o m p o u n d  is m o r e  r e a d i l y  
ava i l ab le ,  n o w  be ing  used  as an  i n t e r m e d i a t e  in 
the  p r o d u c t i o n  of a n u m b e r  of o rgan ic  dyes.  In  the  
fo l lowing  sections,  p e r f o r m a n c e  cha rac t e r i s t i c s  of 
these  cel ls  a r e  c o m p a r e d  w i t h  those  of o the r  d r y  
cells.  

Cell reactions.--Half-cell cou lome t r i c  s tud ies  
h a v e  shown  tha t  ca thodes  of p - n i t r o s o d i m e t h y l a n i -  
l ine  o p e r a t e  a t  efficiencies in  excess  of 85% <3). 
W h i l e  t he  p r o d u c t s  f o r m e d  d u r i n g  the  d i s cha rge  of 
a cel l  h a v e  not  been  ana lyzed ,  the  e x p e r i m e n t a l l y  
o b t a i n e d  ca thode  a m p e r e - m i n u t e  capac i t i e s  i nd i ca t e  
t h a t  the  e l ec t rode  r eac t ions  d u r i n g  cel l  d i s cha rge  
a re :  

Ca thode  r e a c t i o n  
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Fig. S. Various AA-size dry cells discharged continuously 
through 4- and 50-ohm resistances at 700 - -  + 2~ (50% 
R.H.). 
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truded A Z 1 0 A  m a g n e s i u m  a l loy  can,  and w e r e  of 
the type  under  d e v e l o p m e n t  by the Dow C h e m i c a l  
C o m p a n y  (5) .  

The  4 - o h m  con t inuous  d i s cha rge  test  data show 
that the p - n i t r o s o d i m e t h y l a n i l i n e  cel ls  h a v e  d i s -  
cha rge  c h a r a c t e r i s t i c s  c o m p a r a b l e  to the  c o m m e r c i a l  
Lec lanch~  cells.  On the  50-,  150-, and  300-ohm con-  
t inuous  d i s cha rge  tests ,  i t  is seen  that these  organ ic  
cel ls  h a v e  a f la t te r  d i s cha rge  cu rve  t h a n  the t w o  
m a n g a n e s e  d iox ide  d r y  cel ls  and operate  b e t w e e n  
1.30 and  1.40 v for  mos t  of the  d i s cha rge  t ime.  

Since  p e r f o r m a n c e  r e q u i r e m e n t s  wi l l  v a r y  de-  
pending  on the applicat ion,  the capaci ty  data for  
the three  types  of A A - s i z e  cel ls  o b t a i n e d  f r o m  the  
con t inuous  d i s cha rge  tests  are s u m m a r i z e d  in s ev -  
e ra l  ways ,  as shown  in Fig.  7-10 inc lus ive .  In  F ig .  
7 the  c a p a c i t y  in hour s  of  s e rv i ce  to 1.20 and  0.90 v 
end  v o l t a g e s  are p lo t t ed  aga in s t  e x t e r n a l  t oad  r e -  
s is tance.  These  d a t a  show that  the p - n i t r o s o d i -  
m e t h y l a n i l i n e  cel ls  g ive  m o r e  hour s  of se rv ice  t h a n  
the Lec lanch~  cells  to an  end  vo l t age  of 1.20 v, but 
are i n f e r io r  to bo th  m a n g a n e s e  d i o x i d e  cel ls  to  an 
end vo l t age  of 0.90 v. 

S ince  there  are m a n y  appl icat ions  w h i c h  require  
m a x i m u m  hours  of se rv ice  a l l owing  a c e r t a i n  p e r -  
cen t age  v o l t a g e  d rop  f r o m  in i t i a l  c l o s e d - c i r c u i t  
vo l t age  r a t h e r  t h a n  m a x i m u m  hour s  of se rv ice  to 
specif ied end vo l tages ,  the capaci ty  data are s u m -  
m a r i z e d  in  Fig.  8 in  t e r m s  of hours  of se rv ice  vs. per 
cen t  vo l t age  d rop  f r o m  in i t i a l  c l o s e d - c i r c u i t  vo l tage .  
The  in i t i a l  c l o s e d - c i r c u i t  vo l t age  w a s  taken  as the  
t e r m i n a l  vo l t age  of the  cel l  a f t e r  1 m i n  of d i s cha rge  
t h r o u g h  the respec t ive  res i s tance .  The  da t a  in Fig.  8 
i l lustrate  one of the  at tract ive  propert ies  of the  
p - n i t r o s o d i m e t h y l a n i l i n e  cel ls  in  t h a t  t h e y  g ive  m o r e  
hour s  of se rv ice  t h a n  the  m a n g a n e s e  d iox ide  cel ls  
on the  50- and  150-ohm con t inuous  d i s cha rge  tes ts ,  

250 

o 
0200  

~so 

~1OO 

~= SO 

0 

~50 
1.20 VOLT END VOLTAGE 

Mg/MgB~/p-NITROSO" ~ ISC 
DIMETHYLANILINE 

 ,oc 
{ sD 

zn N~,C~-ZnC �9 ~no m 

~o ,~o 40 ~o 3~o 
LOAD RESISTANCE(OHMS) 

O go VOLT END VOLTAGE 

Zn/NH,Ct -- ZncL=/MnO/ 
ICOMMI[RCIAL LECLANCHE) 

Mg/MgBrs/p- NITROSO- 

;o ,~o ,~o ~o sGo 
LOAD RESISTANCE (OHMS) 

Fig. 7. Capacity in hours of service vs. load resistance of 
AA-size dry cells. 

3O 

25 

m 

o ~o 

5 

o 

50"OHM 
CONTINUOUS TEST 

120 
Mg/Mggr|/ 
) - NITROSOOIMETHYL- 

~.N~L~NE I00 

~so 

~ 6 o  

a ~ o  

Zrl,/NHIC( - E~C!,l/MnO 1 
(COMMERCIAL LECLANCHI: r ) 

IO SO 30 AS SO " 
PERCENT VOLTAGE DROP FROM 

INITIAL CLOSED CIRCUIT VOLTAGE 

ISO-OHM 
CONTINUOUS TEST 

MO/MgS~ l  
D-~ITNOSODIMETHYLANILINE 

MglMgS~ImnO i 

~ ) Z n / ~ , D i _ Z n c l ~ m n O x  

a ~ L i 
~O zO 50 40 50 

PERCENT VOLTAGE DROP FROM 
INITIAL CLOSED CIRCUIT VOLTAGE 

Fig. 8. Capacity in hours of service vs. per cent closed- 
circuit voltage drop of AA-size dry cells. 

~ lOc 

o &c 

w g 
Z 4 0  

~ E.O 

1.20 VOLT END VOLTAGE 
tS 0 

MglMgOr, IMnO= ~ I00 

Mg/MOSr,/ ~ SO 
�9 ~._e p -  roll n ~ U U l m l � 9  p -  NITROSODIMETHYLANJLINE 

�9 ~ ( , . . V O L  . . . . . . . .  ) 
~0 

\ ~ 
|,.o 

ZnlNH4CL-ZnCtl/MnO% t S.O 
(COMMERCIAL LEELANCHE ) 

(SOIL VOLTAGE CROP) 

,b ,g ~'o , ;  3; 
AVERAGE POWER OUTPUT(MW) 

0.90 VOLT END VOLTAGE 

OP) 

x Mg/MgEr|/ 
�9 p -  NITROSODIM ETttYL AN)LINE 

x (36% VOLTAGE DROP) 

Zn/NH4G).-- END||/MnO~ 
(COMMERCIAL LECLANOHE) 

[40% VOLTAGE DROP) 

i i i i i 
o IO EO SO 40 30 

cV[RAD[ POWER OUTPUT(MW) 

Fig. 9 Capacity in watt-minutes per cubic centimeter vs. 
overage power output of AA-size dry cells. 

60  

J 
~ 3 o  

~ 4 o  

~o 

}ao 
,5 

~ LO 

0 D 

1.20 VOLT END VOLTAGE 
E-C 

Mg/MgErllMnOl 

�9 ~ 5.C 

1 ,.o 
Mq/M~Srl/ 

P- NITROSODI METN~LANILIN[ i~ 30 
(14% VOLTAGE DROP) \ 

x g 

ZnlNH,ct.znc~21MnOl. ~ I0 
(COMMERCIAL Ls 

IEO~- VOLTAGE OROP) 

,; ~; 3; A'O ~D 
AVERAGE POWER OUTPUT[MW) 

O,90  VOLT ENO VOLTAGE 

. ~ o ~  DROP, 
~ ~ - NITROsOOIM~T HYLA NtL IN( 

~ VOL'I'AGE DROP) 

/ .  
ZnlNH,C$ -ZnC~l/MnOr 

(COMMERCIAL LECLANCtt E*) 
(40% VOLTAGE DROP) 

, ' I I ! i 
I0 20 SO 40 SO 

AVERAGE POWER OUTPUT(MW) 

Fig. 10. Capacity in watt-minutes per gram vs. average 
power output of AA-size dry cells. 

w h e n  the c losed-c ircu i t  vo l tage  of the cel l  is a l l o w e d  
to fal l  no m o r e  than 30%. 

In order to n o r m a l i z e  the vo l tage  dif ferences  b e -  
t w e e n  the three  cells ,  w a t t - m i n u t e  capacit ies  per 
unit  of w e i g h t  and v o l u m e  to 1.20 and 0.90 v end 
vo l tages  w e r e  p lot ted  against  average  p o w e r  output  
as s h o w n  in Fig. 9 and 10. The data in Fig. 9 s h o w  
that the p - n i t r o s o d i m e t h y l a n i l i n e  cel ls  g ive  to an 
end vo l tage  of 1.20 v w a t t - m i n u t e  capacit ies  per 
unit  of v o l u m e  b e t w e e n  that  obta ined f r o m  the  t w o  
m a n g a n e s e  d iox ide  cells.  To the l o w e r  0.90 v end 
vo l tage  the organic  cel ls  g ive  h igher  capacit ies  than 
the Lec lanch~ at p o w e r  output  l eve l s  above  15 row. 

On the basis  of w a t t - m i n u t e  capaci ty  per unit  of 
we ight ,  Fig. 10 s h o w s  that the p - n i t r o s o d i m e t h y l a n i -  
l ine  cel ls  are comparab le  to the m a g n e s i u m - m a n g a -  
nese  d iox ide  and superior  to the  Lec lanch~  cel ls  
over  a 10-40 m w  range of cont inuous  p o w e r  output  
leve ls .  

An  addit ional  analys i s  of the  three  cel ls ,  g i v e n  in 
Table  I, s h o w s  the a p p r o x i m a t e  theoret ica l  a m p e r e -  
m i n u t e  capacit ies  and cathode  efficiencies c o m p u t e d  
f rom their  cel l  d ischarge  data us ing a 0.90 v end 
vol tage .  These  data w e r e  ca lcu la ted  w i t h  the as-  
s u m p t i o n  that the cathode  mater ia l  is the l imi t ing  
ce l l  component .  It is seen  that the p - n i t r o s o d i -  
m e t h y l a n i l i n e  cathode  b e c o m e s  m o r e  efficient as the 
current  drain is decreased,  approaching  its  theore t i -  
cal  l imit .  In this  respect  it  is comparab le  to the  
m a n g a n e s e  d iox ide  cathodes .  

A l so  inc luded in Table  I are comparab le  data ob-  
ta ined on p - n i t r o s o d i m e t h y l a n i l i n e  dry cel ls  of an 
" ins ide-out  construct ion." These  cel ls  conta ined  a 
drawn stee l  cup coated  on the ins ide  w i t h  a con-  
duct ive  paint  i m p e r m e a b l e  to the e lec tro ly te .  A p -  
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Table I. Theoretical capacity and cathode efficiency of various AA-size dry cells 

Theoretical 
capacity/g Approx wt Approx 
of cathode of ca thode  theoretical 
material, material in cell capacity, 
amp-min cell, g amp-rain 

C a t h o d e  e f f i c i e n c y *  o f  c e l l s  
d i s c h a r g e d  c o n t i n u o u s l y  t h r o u g h  

f o l l o w i n g  r e s i s t a n c e s ,  o h m s  

Zn/NH,C1-ZnCI=/MnO~ 18.5 
Commercia l  Leclanch6 

Mg/MgBr~/MnO= 18.5 
Mg/MgBr~/p-n i t rosod imethy lan i l ine  

( impact  ex t ruded  can construct ion)  42.8 
Mg/MgBr~/p-n i t rosod imethy lan i l ine  42.8 

( ins ide-out  construct ion)  

* D a t a  b a s e d  o n  a m p e r e - m i n u t e  c a p a c i t y  t o  0 . 9 0  v e n d  v o l t a g e .  

p r o x i m a t e l y  7 g of ca thode  m i x  of the  p r e v i o u s l y  
de sc r ibed  f o r m u l a t i o n  w e r e  i n s e r t e d  into  t he  s tee l  
cup,  and  t hen  a m a g n e s i u m  rod  (0.20 in. d i a m e t e r )  
w r a p p e d  w i t h  Nibroc  a b s o r b e n t  s a l t - f r e e  p a p e r  was  
i n s e r t e d  in to  the  c e n t e r  of the  ca thode  mix .  The  cel l  
was  n e x t  s e a l e d  in  t he  c o n v e n t i o n a l  m a n n e r  w i t h  a 
p i t ch  seal.  This  cons t ruc t i on  offers the  a d v a n t a g e s  
of (a )  l o w e r  cost  a n d  (b )  l a r g e r  v o l u m e  of ca thode  
m i x  w h i c h  r e su l t s  in  g r e a t e r  t h e o r e t i c a l  cel l  c a p a -  
c i ty  ove r  the  i m p a c t  e x t r u d e d  can  design.  D i scha rge  
d a t a  o b t a i n e d  f r o m  cel ls  of th is  des ign  a re  shown  in 
Fig.  11. I n c l u d e d  for  c o m p a r i s o n  a re  d a t a  fo r  a 
c o m p a r a b l e  size Lec l anch6  cel l  a n d  a p - n i t r o s o d i -  
m e t h y l a n i l i n e  d r y  cel l  con t a in ing  an  i m p a c t  e x -  
t r u d e d  m a g n e s i u m  a l loy  can.  Cel l s  of the  i n s i d e - o u t  
des ign  have  a g r e a t e r  t h e o r e t i c a l  c apac i ty  ( T a b l e  I)  
and  g ive  m o r e  hour s  of se rv ice  t h a n  the  c o m p a r a b l e  
size p - n i t r o s o d i m e t h y l a n i l i n e  cel ls  of t he  i m p a c t  e x -  
t r u d e d  m a g n e s i u m  a l loy  can  design.  A t  t he  p r e s e n t  
s t age  of d e v e l o p m e n t  these  " i n s i d e - o u t "  cel ls  o p e r -  
a te  a t  a s l i g h t l y  l o w e r  vo l tage ,  due  to IR losses 
a s soc ia t ed  w i t h  the  design.  I t  is b e l i e v e d  t h a t  w i t h  
f u r t h e r  d e v e l o p m e n t  these  losses can  be  l a r g e l y  
e l i m i n a t e d ,  a n d  the  cel ls  w i l l  o p e r a t e  at  a p o t e n t i a l  
close to t h a t  o b t a i n e d  w i t h  the  i m p a c t  e x t r u d e d  can  
des ign.  

O t h e r  size p - n i t r o s o d i m e t h y l a n i l i n e  d r y  cel ls  have  
been  a s s e m b l e d  a n d  f o u n d  to h a v e  s im i l a r  r e l a t i o n -  
sh ips  to c o m p a r a b l e  size Lec lanch~  a n d  m a g n e s i u m -  
m a n g a n e s e  d iox ide  cells.  F i g u r e  12 g ives  c a p a c i t y  
d a t a  o b t a i n e d  on D-s i ze  cel ls  d i s c h a r g e d  c o n t i n u -  
ous ly  and  i n t e r m i t t e n t l y  t h r o u g h  4 - o h m  res i s t ances  
s i m u l a t i n g  the  d i s cha rge  t h r o u g h  a 0 .25-amp f lash-  
l igh t  bu lb .  I t  is seen t h a t  the  p - n i t r o s o d i m e t h y l a n i -  
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Fig. ] 1. Various AA-size dry cells discharged continuously 
through 150- and 300-ohm resistances at 7 0 ~ 1 7 7  2~ (500,/o 
R.H.). 

4 50 150 300 
(per cent) 

3.3 60.5 11.1 40.5 60.6 89.3 

3.9 72.2 25.6 62.9 72.6 71.9 

1.2 51.4 13.9 69.2 73.5 83.4 

1.8 77.0 - -  54.5 69.3 96.0 

l ine  cel l  has  a f la t te r  d i s cha rge  cu rve  and  g ives  
m o r e  m i n u t e s  of se rv ice  to a 0.90 v end  v o l t a g e  t h a n  
e i t he r  of the  m a n g a n e s e  d iox ide  cel ls  on the  c o n t i n -  
uous  test .  On the  i n t e r m i t t e n t  tes t  i t  g ives  m o r e  
m i n u t e s  of se rv ice  t h a n  the  Lec lanch~  cel l  b u t  less  
t h a n  the  m a g n e s i u m - m a n g a n e s e  d iox ide  cell .  

Conclusions 
M a n y  a r o m a t i c  C - n i t r o s o  c o m p o u n d s  h a v e  p r o p -  

e r t i e s  su i t ab l e  for  the  des ign  of i m p r o v e d  d r y  cel ls  
w h e n  c oup l e d  w i t h  a m a g n e s i u m  anode  and  a m a g -  
n e s i u m  b r o m i d e  e l ec t ro ly te .  The  d i s cha rge  c h a r a c -  
te r i s t ics  of these  cel ls  a r e  d e p e n d e n t  on the  choice 
of a r o m a t i c  C - n i t r o s o  ca thode .  

Dry  cel ls  con t a in ing  va r i ous  a r o m a t i c  C - n i t r o s o  
ca thodes  have  been  s to r ed  for  12 m o n t h s  at  70~ 
a n d  have  g iven  75-90% of in i t i a l  capac i ty .  H o w -  
ever ,  a t  113~ (90% R.H.)  f a i l u r e  o c c u r r e d  a f t e r  
two  m o n t h s '  s torage .  

The  A A - s i z e  m a g n e s i u m - p - n i t r o s o d i m e t h y l a n i l i n e  
d r y  cel ls  have  been  s t u d i e d  in g r e a t e r  de ta i l .  These  
cel ls  have  a f lat  v o l t a g e - d i s c h a r g e  curve ,  o p e r a t i n g  
for  mos t  of t h e i r  d i s cha rge  t ime  a b o v e  1.30 v, a n d  
g ive  g r e a t e r  w a t t - m i n u t e  capac i t i e s  pe r  un i t  of 
w e i g h t  and  v o l u m e  t h a n  the  c o m m e r c i a l  Lec l anch6  
d r y  cel ls  on a n u m b e r  of tests .  I n c r e a s e d  c a p a c i t y  
can  be o b t a i n e d  f rom this  e l e c t r o c h e m i c a l  s y s t e m  
b y  us ing  an  i n s i d e - o u t  c ons t ruc t i on  i n s t e a d  of t he  
i m p a c t  e x t r u d e d  can  des ign.  

The  m a g n e s i u m - a r o m a t i c  C - n i t r o s o  d r y  cel ls  e x -  
h ib i t  the  same  diff icul t ies  a s soc ia t ed  w i th  o t h e r  m a g -  
n e s i u m  d r y  cells,  n a m e l y ,  loss in c a p a c i t y  on l igh t  
i n t e r m i t t e n t  tests ,  " d e l a y e d  ac t ion ,"  a n d  h igh  i m -  
pedance .  I t  is b e l i e v e d  t ha t  these  p r o b l e m s  can be  
o v e r c o m e  w i t h  f u r t h e r  d e v e l o p m e n t .  

Bo{ 
CONTINUOUS DISCHARGE INTERMITTENT DISCHARGE 
_ _  - -  ~. (4MIN /HR. SHR./DAY) 

L60 ~ 1.60 ' 

~) DIETHVLAN~LINE O 

IOO I0  

040  zn  NH4CI, -ZncI ,~ MRO2, 0+40 COMNERC AL LECLAI~LCHE:) 

200  400  600  SO0 IO00  O 200  400  600  B00 I 000  
DISCHARSE TIME(MINUTES) DISCHARSE TIME(MINUTES) 

Fig. 12. Various D-size dry cells discharged through 4- 
ohm resistances at 7 0 ~ 1 7 6  (50% R.H.). 
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Textures of Electrodeposited Lead Dioxide 
Yasuichi Shibasaki i 

Department of Electrochemistry, Yokohama National University, Yokohama, Japan 

ABSTRACT 

Slightly coarse, dull  smooth, bright smooth, fibrous, columnar,  rough, gran-  
ular, and porous textures were found for electrodeposited lead dioxide. Tex- 
tures, relat ive strengths, and conditions of electrodeposition of lead dioxide are 
discussed. The bright, smooth lead dioxide was found to be the strongest. 

It  has been  not iced in  m a n y  expe r imen t s  on elec- 
t rodeposi t ion  of lead dioxide  u n d e r  di f ferent  con-  
di t ions  tha t  there  is a close re la t ion  b e t w e e n  s t r eng th  
and  t ex tu r e  of the e lect rodeposi ted lead dioxide. 
This pape r  describes a s tudy  of the t ex tu res  of v a r i -  
ous electrodeposits .  

Experimental 

Basis materials.--Mixture of ]~nely powdered lead 
dioxide and polystyrene.--Finely powdered  lead di -  
oxide was passed th rough  a 100-mesh screen and  
homogeneous ly  mixed  wi th  po lys ty rene  and  b e n -  
zene in  the weight  ra t io  of 100: (2  ~ 3):  (8 ~ 20). 
This  m i x t u r e  was appl ied  5-10 m m  thick  onto a 
pe r fo ra ted  hol low cy l inder  of s ta inless  steel. The 
benzene  was  r emoved  by  evapora t ion  and  the  m i x -  
tu re  f inished mechan ica l ly  to a cy l indr ica l  rod. This 
rod was used as a subs t r a t e  in  the u n t r e a t e d  condi -  
t ion or af ter  the fo l lowing  t r ea tmen t .  The rod was 
made  the  anode for electrolysis  of a 5-10% NaOH 
solu t ion  or a d i lu te  H~SO~ solu t ion  at a c u r r e n t  d e n -  
si ty of about  10 a m p / d i n  ~ for 5-10 min ,  t hen  washed  
wi th  water ,  a d i lu te  HNO~ solut ion,  and  w a t e r  suc-  
cessively. Af te r  e lec t rodeposi t ion  the  subs t r a t e  
could be r emoved  easi ly  f rom the  e lectrodeposi t  by  
d issolv ing the po ly s ty r ene  in  a so lvent  such as b e n -  
zene. 
Mixture of powdered graphite and solid para~n.--  
Powdered  g raph i t e  (passed t h r o u g h  a 100-mesh 
screen)  and  paraffin, (rap 50~176  were  m i x e d  
homogeneous ly  in  the weight  ra t io  of 3.5:1 at  t e m -  
pe ra tu res  h igher  t h a n  the  me l t i ng  po in t  of paraffin. 
The m i x t u r e  was appl ied  5-10 m m  th ick  onto a pe r -  
fora ted  hol low cy l inder  of copper  at the  same t e m -  
pera tures .  Af te r  cooling i t  was  f inished m e c h a n -  
ical ly  to a rod. The rod was  c leaned  by  be ing  made  
the  anode  or cathode for e lectrolysis  of a 5-10% 
NaOH so lu t ion  a t  a c u r r e n t  dens i ty  of abou t  10 
a m p / d i n  ~ un t i l  its surface  was a lmos t  per fec t ly  wet,  

1 Presen t  address :  D e p a r t m e n t  of Chemis t ry ,  The  Ohio State  Uni -  
versi ty,  Columbus,  Ohio. 

t hen  washed  wi th  water ,  a d i lu te  HNOs solut ion,  
and  wa te r  successively.  The  rod was used  as a sub -  
s t ra te  for e lec t rodeposi t ion  whi le  the  surface  was  
wet. Af te r  e lec t rodeposi t ion  it could be r emoved  

Table I. Samples of electrodeposited lead dioxide and 
electrodeposition conditions under which they were electrodeposited 

Electrodeposi ted lead dioxide 
Size (cm) 

When cy l inder  

Tex tu re  Outside Weight  
and No. d i ame te r  L e n g t h  Thickness  (kg) 

SC1 ~Rec tangula r  1.5 • 6 • 0.06 0.005 
SC2 f plate 2 • 6.5 • 0.03 0.0035 
DS 4 6 0.6 0.35 
BS1 3 20 0.35 0.47 
BS2 0.6 7.3 0.04 0.05 
BS3 2.3 13 0.35 0.25 
BS4 2.5 13.5 0.3 0.17 
BS5 2.5 20 0.28 0.34 

BS6 1.8 10.6 0.4 0.17 
BS7 5.8 83 0.7 8.4 
BS8 5.5 82 0.7 7.3 
BS9 2.8 13.5 0.5 0.41 
BS10 5 57 0.85 5.2 

M(F,G) 0.8 
C O.57 

G1 5.7 90 0.76 8.5 
G2 6 90 0.9 10 
G3 3.2 14 0.6 0.62 

G ( S ) I  t G ( S ) 2  0.6 
G(R)  

R2 Rectangular  
R3 plate 
R4 2 •  5 
R5 1.9 12 0.4 

P1 0.6 
P2 0.17 

0.18 

SS, sl ight ly coarse; DS, dull smooth;  BS, b r igh t  smooth;  1Vi(F, G),  
(a),  m i x t u r e  of lead dioxide and  polys tyrene;  (b),  m i x t u r e  of 
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easi ly  f rom the e lectrodeposi t  by  m e l t i n g  the p a r a f -  
fin or d issolv ing it in  a solvent .  

Nickel  cylinder; nickel  plated cylindrical lead tube; 
or 0.15 m m  thick rectangular nickel  plate covered 
except  for one surface by applying a mix ture  of 
paraffin and vasel ine . - -The surfaces of these sub -  
s t ra tes  were  c leaned by  be ing  m a d e  the anode  or 
cathode for electrolysis  of a 5-10% NaOH solu t ion  
at a c u r r e n t  dens i ty  of about  10 a m p / d m  ~ un t i l  
the i r  surfaces  were  a lmost  per fec t ly  wet ,  t hen  
washed  wi th  water ,  a d i lu te  HNO~ solution,  and  
wa te r  successively.  The  t e n d e n c y  of e lec t rodeposi ted  
lead dioxide  to de fo rm itself d u r i n g  and  af ter  elec-  
t rodepos i t ion  depends  on the condi t ions  of elec- 
t rodepos i t ion  (1) .  W h e n  lead dioxide is e lec t rode-  
posi ted on a de fo rmab le  subs t r a t e  such as the n icke l  
plate,  it  wi l l  de form itself  and  the  subs t r a t e  easi ly;  
stresses in  the  deposi t  wi l l  be  lessened.  Therefore ,  
lead dioxide  e lect rodeposi ted  on a de fo rmab le  sub -  
s t ra te  is u sua l l y  less l iab le  to c rack ing  t h a n  tha t  
e lec t rodeposi ted  on a n o n d e f o r m a b l e  subs t ra te  such 
as the first four  subs t ra tes  m e n t i o n e d  above.  Con-  
sequent ly ,  w h e n  the t e n d e n c y  to crack was  great,  

the n icke l  p la te  was  used as a subs t ra te .  W h e n  
there  is l i t t le  t e n d e n c y  to deformat ion ,  e lec t rode-  
posi ted lead dioxide does not  t end  to crack, r e g a r d -  
less of the type  of subs t r a t e  used. 

If a th ick  l ayer  of lead dioxide is deposi ted on the 

n icke l  plate,  it t ends  to deposit  no t  on ly  on the  over  
pa r t  of the subs t ra te  surface  bu t  also on the  pa r t  
which  p ro t rudes  f rom the  p e r i m e t e r  of the subs t r a t e  
in  accordance  w i th  the  progress  of the  e lec t rode-  
posi t ion.  In  this case it is qui te  difficult to m a i n t a i n  
a cons tan t  c u r r e n t  dens i ty  d u r i n g  e lec t rodeposi t ion  
and,  w h e n  the t e n d e n c y  is small ,  the o ther  sub -  
strafes are sui table .  

Electrolysis cells and e lec troly tes . - -Two c y l i nd r i -  
cal porce la in  vessels  of abou t  30 * x 30 cm and  70 * x 
100 cm were  used for the  e lectrodeposi t ion.  W h e n  
the subs t r a t e  was cyl indr ica l ,  it was  placed ve r t i -  
cal ly at the  center  of a copper  cy l indr ica l  cathode 
which  was, in  t u rn ,  p laced in  contact  w i t h  the  ins ide  
of the vessel. The subs t ra te  was ro ta ted  p r i m a r i l y  
a r o u n d  its cen te r  axis. W h e n  the subs t r a t e  was  a 
plate,  it was placed pa ra l l e l  to a copper  p la te  ca th -  
ode. 

The e lect rolytes  which  were  used for the  e lec t ro-  
deposi t ion are  shown  in  Tab le  I. Solu t ions  were  
agi tated.  P o w d e r y  ca rbona tes  of lead and  copper 
were  dissolved in  the e lect rolytes  to cont ro l  acidi t ies  
a nd  supp ly  me t a l  ions d u r i n g  electrodeposi t ion.  

Condi t ions  for e lectrodeposi t ion,  such as composi-  
t ion  and  t e m p e r a t u r e  of electrolyte ,  and  c u r r e n t  
densi ty ,  were  m a i n t a i n e d  as cons tan t  as possible.  
U nde r  ex tended  periods, however ,  smal l  f luc tua-  
t ions were  unavo idab le .  

Table I. Samples of electrodeposited lead dioxide and electrodeposition conditions under which they were electrodeposited---continued 

Conditions of electrodeposition 

Substrate  Composition of electrolyte 
Temp er -  

Motion Substances and their  concentra t ion in wa t e r  a ture  of Current  T ime  of 
( rpm when  [Pn:Pb  (NOs) 2, Cn:Cu (NO3) e] electro- density electrodepo- 

Kind cylinder) (m) pH lyte (~ (A.dm-~) sition (hr) 

0.1 115.5 (c) 1 1 ~ 2 ~ 4 ~ 20 
iii) ~ Repose ~Pn:  1, Cn: 0.1 f j 1 5.5 

(b) ~ 1 ~ 4 27 ~ 30 4 30 
(c) ii) ~ 60 Pn:  1 1 ~ 3 20 ~ 23 5.0 ~ 5.6 14 

(c)i)  Repose Pn:  1, Cn: 0.1 2 ~ 4 20 5.5 1.5 
(b) 60 Pn: 1, AI(NO3)~: 0.1 1 ~ 2 14.5 ~ 18.5 4.5 17.5 
(a) 7 Pn:  1, Cn: 0.1, Mn (NO~) ~: 0.01 1.5 ~-, 4 20 2 30 
(b) t Pn:  1, Cn: 0.1, Al(NO3)3:0.1, CH~_ 2 ~ 3 15 3.4 16 

(CH~) ~CH= CH (CH~) ~CH~O (C~H,O) ~sH: 0.005 
7 P n : l ,  Cn:0.1, ~ 1 4 ~  16 3 . 2 ~  3.6 24 

(a) 60 ~ 100 )~CH.~--~SO,NH,:  0.0065 -[ 2 ~ 4 12 ~ 16 2.0 ~ 3.4 49 
- -  ~ 13 ~ 15 2.3 ~ 3.4 50 

"~Pb (NH2SO~) 2: 1, Cu (NH~SO~) 2: 0.1, 20 2 50 J (b) JC~2H~O (C~H~O) ~H: 0.002 20 ~ 25 1 ~ 2 95 
P n : l ,  Cn:0.1, AI(NO~)~:0.3 } 1 ~ 3 23 5 31.5 

14 6 19 

Pn:  1, Cn: 0.1 2 ~ 4 19 ~ 26 4.8 ~ 6.0 21 
Pn:  1, Cn: 0.1, C H ~  ~SO2NH~: 0.003 1 ~ 4 11 ~ 18 2.7 ~ 4.9 52 

- -  1 ~ 3 27 ~ 31 7 21 

(a) ,Reciprocation, 
20 cm. sec -~ 

~ (a) ~ 6 0 ~ 1 0 0  

(b) 50 ~ 100 
(many stripes) 

t (b) 300 ~ 4 0 0  

500 ~ 600 Pn:  

(c) ~ Re ose iii) ) p 

1, Cn:0.1 
1 ~ 2  

2 ~ 4  

t 28 33 ~ 7.0 7.7 16 
! 

J 
20 0.43 
30 0.27 

20 40 0.08 
50 0.17 

(a) Pb (NH~SO3) ~: 1, Cu (NH~SO3) ~: 0.1, 
Powdery active carbon: 0.8 14 ~ 15 1.7 ~ 2 37 

(b) 60 ~ 100 Pn: 1, Cn: 0.1 1 ~ 3 20 5 6.5 

mixture  of fibrous and granular ;  C, columnar ;  G, granular ;  G(S) ,  s t r ipe - shape  granular ;  G(R),  r inge-shape granular ;  R, rough; P, porous. 
graphi te  and paraffin; (c) i) ,  nickel  cylinder;  (c)i i) ,  nickel plated cylindrical  tube; (c) iii), nickel plate. 
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Fig. 1. Relation between current density and temperature 
of the electrolyte for the electrodeposition of bright, smooth 
lead dioxide. Curve A, 1 mole Pb(NO.~)2 solution; Curve B, 
1 mole Pb(NH2SO3)s solution. 

Fig. 2. Hollow cylinders of bright, smooth lead dioxide, 
from top to bottom: BS1, BS4, BS5, BS6, and BS7. 

Results of Experiments 
S l i g h t l y  coarse  t e x t u r e d  l e ad  d iox ide ,  whose  s u r -  

face  is s im i l a r  in n a t u r e  to t h e  su r f ace  of a v e r y  fine 
g r a i n  s a n d p a p e r ,  is depos i t ed  u n d e r  t he  cond i t ions  
of low c u r r e n t  d e n s i t y  and  a m b i e n t  t e m p e r a t u r e .  I t  
is b r i t t l e  and  eas i ly  c r a c k e d  (see  SC in Tab le  I ) .  

Dull ,  smoo th  l e ad  d i o x i d e  is f r e q u e n t l y  d e p o s i t e d  
w h e n  the  c u r r e n t  d e n s i t y  is s l i g h t l y  low at  r o o m  
t e m p e r a t u r e  or  w h e n  the  e l e c t r o l y t e  con ta ins  one or  
m o r e  of c e r t a i n  impur i t i e s .  I t  has  c o m p a r a t i v e l y  
l a r g e  s t r e n g t h s  (see  DS in  Tab le  I ) .  

Br igh t ,  smoo th  l e ad  d iox ide  is compac t ,  s t rong,  
a n d  mos t  s u i t a b l e  for  an  in so lub le  anode .  S u i t a b l e  
cond i t ions  f o u n d  for  o b t a i n i n g  b r igh t ,  smoo th  d e -  
pos i t s  a re :  

1. The  su r f ace  of t he  s u b s t r a t e  shou ld  be  smooth ;  
h o w e v e r ,  w h e n  o t h e r  cond i t ions  a r e  su i tab le ,  the  
r o u g h n e s s  of the  depos i t  is less  t h a n  t h a t  of t he  s u b -  
s t r a t e .  

2. T h e  r e l a t i o n  b e t w e e n  c u r r e n t  d e n s i t y  and  
t e m p e r a t u r e  of t he  e l e c t r o l y t e  is shown  in Fig.  1. 
L o w e r  t e m p e r a t u r e s  g ive  m o r e  s u i t a b l e  condi t ions .  

3. I t  is d e s i r a b l e  t h a t  one  or  m o r e  of  t he  f o l l o w -  
ing  subs t ances  be  a d d e d  to t he  e l e c t r o l y t e :  A F  ~, 
M n  "~+, p o l y o x y e t h y l e n e a l k y l e t h e r ,  p a r a t o l u e n e s u l -  
fonamide .  H o w e v e r ,  t h e  d e s i r a b l e  r e l a t i o n s  b e t w e e n  
the  c u r r e n t  d e n s i t y  and  t e m p e r a t u r e  a r e  g e n e r a l l y  
ef fec ted b y  the  a d d i t i o n  of t he se  subs tances .  

4. I r o n  and  coba l t  c o m p o u n d s  shou ld  not  be  
p r e s e n t  in t he  e l ec t ro ly t e .  I f  t h e y  a r e  p r e s e n t  in 

concen t r a t i ons  e x c e e d i n g  0.0001 m o l e  a n d  0.001 
mole,  t h e n  a rough,  w e a k  l e a d  d i o x i d e  is ap t  to be  
e l e c t r o d e p o s i t e d  (2 ) .  

5. I t  is d e s i r a b l e  g e n e r a l l y  t h a t  t h e  c o n c e n t r a -  
t ion  of a l e ad  sa l t  be  high,  b u t  i t  m u s t  no t  be so 
h igh  t h a t  the  sa l t  m a y  be  d e p o s i t e d  on t h e  e l e c t r o -  
depos i t i on  su r f ace  as a r e s u l t  of  a f a l l  in  t h e  t e m -  
p e r a t u r e  of t he  e l ec t ro ly t e ,  an  i nc rea se  of t he  H § 
a c t i v i t y  in the  e l ec t ro ly t e ,  etc.  (see  Fig .  2 a n d  BS in  
T a b l e  I ) .  

The  f ib rous  t e x t u r e  consis ts  of a g r o u p  of f ibers,  
and  the  c o l u m n a r  t e x t u r e  consis ts  of a g roup  of  
co lumns .  U n d e r  cond i t ions  t h a t  f ibers  or  co lumns  
t end  to deposi t ,  wh i l e  the  e l e c t r o d e p o s i t e d  l e ad  d i -  
ox ide  l a y e r  is thin,  the  l a y e r  g e n e r a l l y  consis ts  of 
fine c rys t a l s ;  h o w e v e r ,  w i t h  t he  i nc rea se  of l a y e r  
th ickness ,  f ibers  or  co lumns  t e n d  to g r o w  up  a long  
flow l ines  of t he  e l ec t r i c  c u r r e n t .  

F i b r o u s  l e ad  d i o x i d e  t e n d s  to e l e c t r o d e p o s i t  w h e n  
the  c u r r e n t  d e n s i t y  is s l i g h t l y  h igh  a t  r o o m  t e m -  
p e r a t u r e .  S t r e n g t h s  of t he  f ibrous  l e ad  d i o x i d e  r a n k  
n e x t  to those  of the  dul l ,  smoo th  l e ad  d i o x i d e  (see  
Fig. 3 and M(F,G) in Table I). 

Columnar lead dioxide tends to electrodeposit 
when the current density is high at room tempera- 
ture. In general the column has an irregularly 
shaped polygonal cross section, the sides of the 
polygon being curved lines. The cross-sectional area 
is generally 0.1-50 mm ~. 

Although the column appears to be connected to 
its neighboring part, it is actually in contact only 
with the layer of the first stage of electrodeposition. 
In the event that a group of columns crowd, as typi- 
fied in Fig. 4, the layer electrodeposited during the 
first period, for example, the first electrodeposited 
layer which is generally 1-3 mm thick, consists of 
fine grains which are connected more firmly to their 
neighboring parts. However, the layer electrode- 
posited at a later period consists of columns which 
are not connected but are instead only in contact 
with their neighboring parts. 

Although the columns themselves in the colum- 
nar texture are comparatively strong, they are 
easily separated by external forces. Therefore, the 
columnar lead dioxide is brittle and weak, and its 
life for use in electrolyses is short (see Fig. 4 and 

C in Table I). 

Fig. 3. Lead dioxide of the mixed texture of fiber and 
granule; F, fiber; G, granule. 

Fig. 4. Broken surface of columnar lead dioxide: C 
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Fig. 5. Hollow cylindrical rod of granular lead dioxide: G2 

Fig. 6. Granules usually electrodeposited 

Fig. 7. Electrodeposited lead dioxide whose granules were 
formed on projected points of the substrate. The substrate 
was shaped by hand with a knife to a cylindrical rod. There 
was marly stripes parallel ta the axis on the surface of the 
substrate. 
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inf luenced.  F o r  ins tance ,  w h e n  the  e l e c t r o l y t e  flows 
pas t  the  e l e c t r o d e p o s i t i o n  su r f ace  d u r i n g  e l e c t r o -  
depos i t ion ,  the  g r a n u l e  g rows  as s h o w n  in Fig.  8. 

W h e n  the  l e ad  d iox ide  is e l e c t r o d e p o s i t e d  on the  
surface of a cylinder which is rotating around its 
axis at high speed, the relative motion of the elec- 
trodeposition surface and the electrolyte results in 
the formation of stripe-shape or ring-shape pro- 
tuberances in the circumferential direction instead 
of granules (see Fig. 9 and G(S) and G(R) in 
Table I). 

The rough texture results from powders or fine 
granules which connect one another roughly. The 
rough lead dioxide is somewhat porous and weak. 
It tends to deposit under one or two of the following 
conditions: (a) current density is very high or the 
concen t r a t i on  of the  P b  ~+ is v e r y  low;  r o u g h  l ead  
d i o x i d e  is m o r e  eas i ly  e l e c t r o d e p o s i t e d  w h e n  the  
c u r r e n t  d e n s i t y  is so h igh  or  t he  P b  ~* c o n c e n t r a t i o n  
is so low t h a t  o x y g e n  is evo lved  s i m u l t a n e o u s l y ;  
(b)  t h e r e  a r e  c e r t a i n  i m p u r i t i e s  in t he  e l ec t ro ly te .  
I r o n  compounds ,  coba l t  compounds ,  and  f ine ly  p o w -  
d e r e d  ac t ive  c a r b o n  a re  e x a m p l e s  of these  (2)  ( see  
Fig .  10 and  R1-R5 in T a b l e  I ) .  

A porous  t e x t u r e  is one t ha t  has  m a n y  p i t s  or  
pores .  Po rous  l e ad  d iox ide  is g e n e r a l l y  w e a k .  This  
e l ec t rodepos i t s  w h e n  gas b u b b l e s  a d h e r e  to t he  e lec -  
t r o d e  su r f ace  and  a re  no t  r e m o v e d  for  a long  t ime  
d u r i n g  e l e c t r o d e p o s i t i o n  or w h e n  the  sa l t  concen-  
t r a t i o n  of t he  e l e c t r o l y t e  is so h igh  t h a t  t he  sa l t  
c rys t a l l i ze s  on the  anode  su r f ace  d u r i n g  e l e c t r o -  
depos i t ion .  The  a d h e r i n g  b u b b l e s  a r e  a p t  to  be  r e -  

The  g r a n u l a r  t e x t u r e  r e su l t s  f r o m  a g r o u p i n g  of 
g r a n u l e s  ( see  Fig.  5 and  G2 in Tab le  I ) .  A n  i r -  
r e g u l a r  cone or  p y r a m i d  is the  c o m m o n  shape  of the  
g r a n u l e s  encoun t e r ed .  The  v e r t e x  l ies  n e a r  the  
subs t r a t e ,  and  the  base  is a c u r v e d  su r face  l ike  a 
s e m i - s p h e r e  in t he  first  s tage  and  becomes  a c o m -  
p l ex  shape  as e l e c t r o d e p o s i t i o n  p rogres ses .  F o r  i n -  
s tance,  some s e c o n d a r y  g r a n u l e s  m a y  a p p e a r  on th is  
su r f ace  and,  moreove r ,  t e r t i a r y  g r a n u l e s  m a y  a p -  
p e a r  on the  s e c o n d a r y  g ranu les ,  etc. The  g r a n u l e s  
o r d i n a r i l y  g r o w  at  an  a c c e l e r a t e d  r a t e  d u r i n g  the  
p rog re s s  of e l ec t rodepos i t i on .  The  t y p e s  of g r a n u l e s  
u s u a l l y  e l e c t r o d e p o s i t e d  a r e  s h o w n  in  Fig .  6. 

In  genera l ,  the  m a j o r  p o r t i o n  of a s ide of a g r a n -  
u l e  a p p e a r s  to the  n a k e d  eye  to be  connec t ed  to the  
n e i g h b o r i n g  pa r t ;  h o w e v e r ,  t he  on ly  connec t ion  is 
a t  the  roo t  ( the  p a r t  n e a r  the  v e r t e x ) ,  t he  r e -  
m a i n d e r  b e i n g  m e r e l y  in  contact .  F o r  th is  r ea son  
the  g r a n u l e  is eas i ly  r e m o v e d  b y  e x t e r n a l  forces,  
and  the  g r a n u l a r  l e a d  d iox ide  is b r i t t l e  and  w e a k .  

The  l e ad  d i o x i d e  of th is  t e x t u r e  t ends  to be  e l ec -  
t r o d e p o s i t e d  u n d e r  one or  m o r e  of t he  fo l lowing  
condi t ions :  ( a )  t h e  su r f ace  of t he  s u b s t r a t e  is rough ;  
a g r a n u l e  is o f t en  f o r m e d  on a p r o j e c t i n g  po in t  on 
the  su r f ace  of t he  s u b s t r a t e  ( see  Fig .  7 and  G3 in 
Tab le  I)  ; ( b )  h igh  c u r r e n t  d e n s i t y  is a t  r o o m  t e m -  
p e r a t u r e ;  (c)  e l e c t r o l y t e  compos i t i on  su i t ab l e  for  
the  e l e c t r o d e p o s i t i o n  of th is  t e x t u r e  exh ib i t s  poor  
t h r o w i n g  p o w e r ;  (d)  fo re ign  p a r t i c l e s  a r e  in t he  
e l ec t ro ly t e .  

I f  t he  e l e c t r o l y t e  or  e l e c t r o d e  su r f ace  is in m o t i o n  
d u r i n g  e l ec t rodepos i t ion ,  the  shape  of t he  g r a n u l e  is 

Fig. 8. Relation between growth of the granule and rela- 
tive motion of the electrodeposition surface and electrolyte. 

Fig. 9. Hollow cylindrical rod consisting of stripe-shape 
protuberances: G(S) 1. 

Fig. 10. Thin plate of rough lead dioxide: R4 
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Table II. Textures and strengths of lead dioxide obtained under 
various conditions of electrodeposition 

C o n d i t i o n s  of  e l ec t rodepos i t i on  
Orde r  Orde r  of  
of the  s m o o t h -  

T e x t u r e  of  s t r e n g t h s  C u r r e n t  ness  of t he  
e l e c t rodepos i t ed  of  l e ad  dens i t y  of su r face  of 

]ead d iox ide  d i o x i d e  e l ec t rodepos i t i on  s u b s t r a t e  

Fig. 1 1. Hol low cyl inder of porous lead dioxide: P2 

m o v e d  b y  a d d i n g  a s m a l l  q u a n t i t y  of a s u r f a c e - a c -  
t i ve  a g e n t  to t he  e l e c t r o l y t e  or  b y  b r u s h i n g  the  s u r -  
face  w i t h  a n o n c o n d u c t i n g  b r u s h  d u r i n g  e lec t ro lys i s .  

W h e n  the  c o n c e n t r a t i o n  of a sa l t  in the  e l e c t r o l y t e  
is h igh,  c r y s t a l s  of the  sa l t  a r e  l i k e l y  to be  d e p o s i t e d  
on the  e l e c t r o d e  sur face ,  o w i n g  to the  l o w e r i n g  of 
t he  t e m p e r a t u r e  of the  e l e c t r o l y t e  o r  t he  dec rease  of 
the  s o l u b i l i t y  of the  sal t ,  owing  to t he  p r o d u c t i o n  of 
an  ac id  on the  anode  sur face .  The  c r y s t a l l i z e d  sa l t  
is p a r t l y  or  e n t i r e l y  cove red  w i t h  the  l e ad  d iox ide  
be ing  e l ec t rodepos i t ed ,  and  po re s  a re  m a d e  w h e n  
the  p a r t l y  cove red  sa l t  is r e m o v e d  b y  w a s h i n g  w i t h  
w a t e r  ( see  Fig.  11 a n d  P1 and  P2 in T a b l e  I ) .  

Conclusions 

The  t e x t u r e s  of the  e l e c t r o d e p o s i t e d  l ead  d iox ide  
and  the  r e l a t i o n  a m o n g  the  t ex tu r e s ,  t he  s t r e n g t h s  
of the  l e a d  d iox ide ,  and  the  cond i t ions  of t he  e lec -  
t r o d e p o s i t i o n  w e r e  o b t a i n e d  as s h o w n  in T a b l e  II. 

Br igh t ,  smoo th  l ead  d iox ide  was  the  s t ronges t .  
This  was  e l e c t r o d e p o s i t e d  w h e n  the  s u b s t r a t e  w a s  
smooth ,  w h e n  the  c u r r e n t  dens i t i e s  w e r e  1 a m p / d m  ~ 
at  0~ 2.5 a m p / d m  ' a t  10~ and  5.5 a m p / d m  ~ at  
20~ w i t h  c o n c e n t r a t e d  l e ad  n i t r a t e  so lu t ion ,  and  2 
a m p / d m  ~ at  20~ w i t h  c o n c e n t r a t e d  l e ad  s u l f a m a t e  
solu t ion ,  w h e n  one or  a c o m b i n a t i o n  of the  f o l l o w -  
ing  subs t ances  w e r e  p r e s e n t  in  t he  e l e c t r o l y t e :  a l u -  
m i n u m  sal ts ,  m a n g a n e s e  salts ,  p o l y o x y e t h e l e n e -  
a l k y l e t h e r ,  p a r a t o l u e n e s u l f o n a m i d e ,  or  w h e n  the  
c o n c e n t r a t i o n s  of i ron  or  coba l t  c o m p o u n d s  p r e s e n t  

Sl ight ly  coarse 
t ex tu re  7 

Dull, smooth 
t ex tu re  2 

Bright ,  smooth 
t ex tu re  1 

F ibrous  t ex tu re  3 
Columnar  t ex tu re  4 
G r a n u l a r  t ex tu re  5 
Rough t ex tu re  8 
Porous  t ex tu re  6 

Very  low 

Sl ight ly  low 2 

Medium 1 
Sl ight ly  high 3 
Rather  high 4 

High 5 
Very  high 
Gas bubbles  or crysta ls  of 
a salt  adhere  to the  sur -  
face of the e lec t rodeposi -  
t ion 

in the  e l e c t r o l y t e  w e r e  less t h a n  0.0001 m o l e  and  
0.001 mole,  r e spec t i ve ly .  
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Galvanic Corrosion 

II. Effect of pH and Dissolved Oxygen Concentration on the Aluminum-Steel Couple 

M. J. Pryor 1 and D. S. Keir 

Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

The effect of pH, dissolved gas composition, and deaerat ion on the galvanic 
characteristics of the a luminum-s tee l  couple was investigated. High-pur i ty  
a luminum cathodically protects steel completely in chloride solutions wi thin  
the pH range 0.2-14.0. The galvanic currents  and weight losses of the a luminum 
anodes are at a m i n i m u m  from pH 4.0 to 10.0. With in  this pH range the rate 
of galvanic corrosion is controlled by oxygen depolarization at the steel cath- 
odes. The galvanic current  fluctuates because the oxide film on the steel cathode 
is thickening with t ime in an erratic manner .  

At higher and lower pH the rate of galvanic corrosion is much greater and 
is independent  of the oxygen concentrat ion in solution. The reaction occurring 
on the steel cathodes is the vigorous evolution of gaseous hydrogen. Any  oxide 
films on the steel cathodes are subjected to rapid reductive dissolution to solu- 
ble ferrous ions. Consequently the galvanic current  is extremely steady and 
reproducible. 

In  an  ear l ie r  paper  (1) the c u r r e n t  flow and  
po la r iza t ion  character is t ics  of the a l u m i n u m - s t e e l  
ga lvan ic  couple in  sod ium chlor ide solut ion were  
inves t iga ted .  I t  was  found  tha t :  (a)  steel was  ca tho-  
d ical ly  pro tec ted  by  h i g h - p u r i t y  A1 over  a wide  
range  of ra t ios  of e lect rode areas,  (b)  both  the gal -  
van ic  c u r r e n t  and  A1 weigh t  loss were  a p p r o x i m a t e l y  
p ropor t iona l  to the cathode area  and  i n d e p e n d e n t  of 
the  anode  area, and  (c) the ga lvanic  c u r r e n t  was 
app rox ima te ly  p ropor t iona l  to the ra te  at wh ich  the  
solut ion was st irred.  These resul ts  showed tha t  the 
ra te  of ga lvan ic  corrosion in  n e a r l y  n e u t r a l  ch lor ide  
solut ions  was cont ro l led  by  oxygen  depola r iza t ion  
at the steel cathodes. The A1 anodes  were  corroded 
s l ight ly  more  r ap id ly  t h a n  was  ca lcula ted  f rom the  
ga lvanic  c u r r e n t  flow. This  suggested tha t  the  local 
cathodes on act ive A1 anodes were  no t  comple te ly  
suppressed u n d e r  the  condi t ions  s tudied.  

E x p e r i m e n t s  descr ibed  in this  paper  r ep re sen t  an  
ex tens ion  of the  p rev ious  studies.  The  effect of pH, 
v a r y i n g  oxygen  concen t r a t i on  in  solut ion,  and  de-  
ae ra t ion  on ga lvanic  c u r r e n t  flow and  on anodic  
weight  loss has been  inves t iga ted .  The condi t ions  
u n d e r  which  the a i r - f o r m e d  oxide film on the  steel 
ca thode is s table  have  been  d e t e r m i n e d  and  have  
been  cor re la ted  wi th  the  ga lvanic  resul ts .  

Experimental 
Materials . - -The A1 and  mi ld  steel  used in  this 

i nves t iga t ion  were  in  the fo rm of cold ro l led  sheet  
0.088 cm th ick  and  had  the same composi t ions  as 
descr ibed in  a prev ious  paper  (1) .  

Al l  solut ions  were  made  f rom ana ly t i ca l  r eagen t  
chemicals  and  dis t i l led  wa t e r  and  were  p r e s a t u r a t e d  
wi th  the appropr i a t e  gas before  the  expe r imen t .  

Steel  spec imens  were  p r e p a r e d  as descr ibed p r e -  

�9 P r e s e n t  addres s :  Me ta l s  Resea rch  D iv i s ion ,  Ol in  M a t h i c s o n  C h e m -  
ical  Corpora t ion ,  New H a v e n ,  Conn.  

vious ly  (1) .  A l u m i n u m  specimens  were  etched in  
1.0N NaOH for 10 min ,  r insed  in dis t i l led  water ,  
dried,  r in sed  aga in  in benzene ,  and  stored in  d ry  
a i r  for 24 hr. 

Experimental Method 
The closed ga lvan ic  cell used in  this  i nves t iga t ion  

had  a so lu t ion  capaci ty  of 100 ml  and  is shown in  
Fig. 1. Two d iss imi la r  me ta l  e lectrodes (A and  B) 
h a v i n g  d imens ions  5 x 1 cm i m m e r s e d  in  solut ion 
were  held r ig id ly  in  place 2 cm apar t  by  means  of 
a smal l  Luc i te  disk (C) .  The  effective e lect rode a rea  
was 10 cm '. The electrodes were  connec ted  to P t  
wires  (D) which  passed out  of the  cell t h r ough  glass 
seals to a zero res i s tance  mi c r oa mme t e r .  The  con-  
nec t ions  be t w e e n  (D) and  the electrodes (A and  B) 
were  embedded  in  Luci te  to p r e v e n t  a n y  ga lvan ic  
corrosion. The  cell was p rov ided  wi th  a sal t  b r idge  
(E) for m e a s u r i n g  the po ten t i a l  of the couple by  
s t a n d a r d  methods.  

""- - - -  Gas In (G) 

COS Out (H) 
TO Zero T o  Zero Resistance 

Reminisce Microammeter 
Microammeter 

~ - -  ~ Hokler (C) 

.--Solt Bri6Ge (El 
To Reference Electrode 

Fig. 1. Golvanic cell 
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Before any exper iment ,  the appropr ia te  solution 
was sa tura ted  in a separa te  vessel by prolonged 
bubbl ing  with  the pa r t i cu la r  gas or gas mix tu re  
under  invest igat ion.  The solution was quickly t r ans -  
fe r red  to the galvanic  cell and the same gas, p re -  
sa tura ted  with  wate r  vapor,  passed in through the 
tube (G) and out through (H).  The ra te  at  which 
the gas was passed through the galvanic  cell was 
not cr i t ical  provided  the surface of the solution was 
not vis ibly  agitated.  The gases invest igated were  
oxygen, air,  air  f reed f rom CO~, and helium. 

Solutions having var iab le  hydrogen  ion concen- 
t ra t ion f rom 10-"N to 10-12N and having constant  
chloride ion concentrat ion (-+1% ) were  p repared  by 
adjus t ing  the pH of 1.0N NaC1 wi th  ei ther  HC1 or 
NaOH. Normal  HC1 and NaOH, respect ively,  were  
used for pH values of 0.2 and 14.0; the la t te r  con- 
ta ined no added chloride.  The cell was contained in 
a wa te r  ba th  thermos ta t ica l ly  control led at 25~ 
0.05~ 

Current ,  potential ,  and weight  loss measurements  
in the galvanic cells were  made as descr ibed p re -  
viously (1).  

Results 
Galvanic experiments at different pH values in 

solutions saturated with dissolved air.--Triplicate 
galvanic  exper iments  were  carr ied out at each pH 
value  f rom 0.2 to 14.0. The dura t ion  of exper iments  
wi th in  the pH range 6.0-10.0 was 96 hr. With  the 
except ion of measurements  at pH 14.0 which were  
car r ied  out for 4 hr, all  other exper iments  were  
car r ied  out for 24 hr. The purpose of employing 
these var ious  t imes was to pe rmi t  the use of one 
exper imenta l  method whi le  still  p revent ing  signifi- 
cant  (a change of less than 0.5 pH units)  deplet ion 

~0~  L I : ; Solution Soluro~ed 
~ffl Ak 

~ - - - . , ~  Solutlor, t 5o1~o~1 
~th Ow~en 

I -  

i0 i i i i i 
2 4.0 6.0 8,0 I0.0 I?J3 14.0 

pH 

Fig. 2. Relationship between weiqht loss of uncoupled steel 
and pH of solutions saturated with air and oxygen. Calcula- 
tions based on 96-hr run. Actual period for pH 14.0 was 4 
hr; for pH 6.0-10.0, 96 hr; for oll others, 24 hr. 
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Fig. 3. Relationship between weight loss of uncoupled AI 
in 96 hr and pH of solutions saturated with air and oxygen 
at 25~ See caption Fig. 2. 

of hydrogen  ions. This exper imen ta l  method was 
considered to be less object ionable  than  the use of 
buffered solutions since these in t roduce specific 
anion effects. Al though this ex t rapola t ion  does not 
take care of change in corrosion rate, the error  in-  
t roduced is small  in comparison with  the ve ry  large  
change in galvanic current  and weight  loss wi th  pH. 

F igure  2 shows the re la t ionship be tween weight  
loss in 96 hr and pH for uncoupled steel  specimens 
in solutions sa tura ted  with  air  and with  oxygen and 
main ta ined  in equi l ibr ium with  these gases. The 
curves are of the type  previous ly  repor ted  by  For -  
rest, Roetheli,  and Brown (2) for mild steel. 

F igure  3 shows the re la t ionship  be tween weight  
loss in 96 hr  and pH for uncoupled A1 specimens in 
s imi lar  solutions. These curves exhibi t  min imum 
weight  loss wi th in  the pH range  of 4.0-8.0 as had  
been found previous ly  by Edeleanu and Evans (3).  

Steel  specimens coupled to A1 anodes in s imilar  
solutions were  completely cathodical ly  protec ted  
over the ent i re  pH range  studied. At  the same t ime 
the weight  losses of the A1 anodes were  increased 
(Fig. 4). F igure  5 shows the re la t ion between the 
number  of coulombs flowing and pH. The curve 
closely para l le l s  the anodic weight  loss vs. pH curve 
in Fig. 4. Table I shows the calculated anodic weight  
loss due to the galvanic cur ren t  flow. At  pH values 
up to 10.0 this comprises only 71-91% of the total  
anodic weight  loss. At  pH 14.0 the weight  loss due 
to galvanic  current  flow is only 34-45% of the  total  
weight  loss. Ev iden t ly  subs tant ia l  propor t ions  of 
the A1 weight  losses are due to local cell corrosion 
pa r t i cu la r ly  at high pH. 

Effect of gas atmo.sphere.--Figures 2-5 show ex-  
pe r imenta l  results  on weight  loss and current  flow 
in solutions p resa tu ra ted  wi th  air. S imi la r  exper i -  
ments  were  per formed  using air  f reed f rom CO~. 



Vol. 105, No. 11 GALVANIC CORROSION 631 

Table I. Weight losses of AI anodes due to galvanic corrosion and local action at different pH in solutions saturated with air 

No. of Galvanic  w t  Wt loss 
coulombs loss of A1 Total A1 due to % l o c a l  
f io~ing in  anode, w t  loss, local  action, act ion 

pI-I 96 hr  mg/cm~ mg/cm~ mg/cm~ wt  l o s s  

0.2 4916; 4270; 4870 45.9; 39.9; 45.4 53.2; 47.5; 53.7 7.3; 7.7; 8.3 14; 16; 15 
2.0 276; 272; 256 2.6; 2.6; 2.4 3.2; 3.2; 2.9 0.6; 0.7; 0.5 20; 21; 18 
4.0 72; 64 0.7; 0.6 1.0; 0.9 0.3; 0.2 29; 29 
6.0 42; 41; 42 0.4; 0.4; 0.4 0.5; 0.5; 0.4 0.1; 0.1; 0.05 17; 19; 9 
8.0 40; 40; 41 0.4; 0.4; 0.4 0.5; 0.5; 0.5 0.1; 0.1; 0.1 18; 18; 19 

10.0 40; 44 0.4; 0.4 0.5; 0.5 0.1; 0.1 21; 18 
14.0 23,600; 23,450 219; 220 643; 589 424; 368 66; 55 

H o w e v e r ,  the  r e m o v a l  of CO.~ in no w a y  c h a n g e d  
any  of the  resu l t s .  F i g u r e s  2-5 also show tha t  p r e -  
s a t u r a t i o n  w i t h  o x y g e n  and  the  m a i n t e n a n c e  of an  
o x y g e n  a t m o s p h e r e  over  the  so lu t ion  inc rease  the  
r a t e  of co r ros ion  a n d  g a l v a n i c  cor ros ion  of A1 a n d  
the  r a t e  of co r ros ion  of u n c o u p l e d  steel .  In  t he  ga l -  
van ic  e x p e r i m e n t s  t he  effect is on ly  o b s e r v e d  f rom 
p H  4.0-10.0. On  u n c o u p l e d  spec imens  of A1 and  s tee l  
the  effect is o b s e r v e d  ove r  a s o m e w h a t  b r o a d e r  p H  
range .  

F i g u r e  6 shows  c u r r e n t - t i m e  curves ,  a t  zero e x t e r -  
na l  r es i s t ance ,  in n o r m a l  NaC1 (pH 6.0) p r e s a t u -  
r a t e d  w i t h  and  m a i n t a i n e d  in  a t m o s p h e r e s  of air ,  
oxygen ,  and  he l ium.  In  so lu t ions  s a t u r a t e d  w i t h  a i r  
the  o x y g e n  e v i d e n t l y  becomes  p a r t l y  d e p l e t e d  qu i t e  
r a p i d l y  and  the  g a l v a n i c  c u r r e n t  ach ieves  a v a l u e  
of a r o u n d  10 /~a/cm ~ of  c a t h o d e  area .  In  so lu t ions  
i n i t i a l l y  s a t u r a t e d  w i t h  oxygen ,  t he  d i s so lved  o x y -  
gen  c o n c e n t r a t i o n  is h i g h e r  and  so less d e p l e t i o n  
and  h i g h e r  g a l v a n i c  c u r r e n t s  a r e  ob ta ined .  On ly  
v e r y  s m a l l  g a l v a n i c  c u r r e n t s  flow in so lu t ions  s a t u -  
r a t e d  w i t h  He. T a b l e  II  shows the  anodic  w e i g h t  
losses of A1 anodes  a n d  the  n u m b e r  of cou lombs  
f lowing as a f u n c t i o n  of gas a t m o s p h e r e .  

F i g u r e  7 shows t h e  r e su l t s  of s im i l a r  e x p e r i m e n t s  
in  n o r m a l  HC1 a n d  NaOH.  Here ,  i n i t i a l  s a t u r a t i o n  

t = o Solution Saturated With Air 
~-- - -< Sotution Saturuted With Oxygen 
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Fig. 4. Effect of pH on the weight loss in 96 hr of AI 
anodes, in solutions saturated with air and oxygen at 25~ 
See caption Fig. 2. 

of the  so lu t ion  w i t h  o x y g e n  or  h e l i u m  (no t  s h o w n  in 
these  cu rves )  has  no s igni f icant  effect on the  g a l -  
van ic  c u r r e n t  flow or  on the  w e i g h t  losses of A1 
anodes .  

Potential meozurements.---Potential m e a s u r e m e n t s  
of the  couple  on c losed  c i r cu i t  w e r e  c a r r i e d  out  
d u r i n g  a l l  g a l v a n i c  e x p e r i m e n t s  as d e s c r i b e d  p r e -  
v ious ly  (1) .  F i g u r e  8 shows  the  po t e n t i a l s  ~ of the  
g a l v a n i c  coup les  a t  d i f fe ren t  p H  va lues  in so lu t ions  
p r e s a t u r a t e d  a n d  r e m a i n i n g  in con tac t  w i t h  the  air .  

Oxide film stability.--The s t a b i l i t y  of the  a i r -  
f o r m e d  ox ide  fi lm on a s tee l  ca thode  has  been  shown  
to affect  the  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p  ex i s t i ng  
d u r i n g  ca thod ic  p r o t e c t i o n  (4 ) .  In  o r d e r  to d e t e r -  
m ine  w h e t h e r  a s im i l a r  effect ex is t s  d u r i n g  ga lvan i c  
corros ion ,  t h e  s t ab i l i t y  of v i s ib l e  ox ide  f i lms on s tee l  
ca thodes  coup led  to A1 anodes  was  d e t e r m i n e d  a t  
d i f fe ren t  p H  va lues .  S t ee l  spec imens  w e r e  h e a t -  
t i n t e d  to the  first  o r d e r  r e d  i n t e r f e r e n c e  color.  A 
s m a l l  p o r t i o n  of t h e  ox ide  was  a u t o r e d u c e d  (5)  b y  
i m m e r s i o n  in  d i l u t e  HC1. The  s tee l  spec imens  w e r e  
t hen  coup led  to A1 anodes  in  so lu t ions  of d i f fe ren t  
pH. The  r a t e  of r e d u c t i v e  d i s so lu t ion  of the  r e m a i n -  
ing r e d  f i lm could  t h e n  be  j u d g e d  qu i t e  a c c u r a t e l y  

2 Except  in the first few minutes  of the galvanic  exper iments ,  
potent ia ls  were  constant  to wi th in  +10 m y .  
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Effect of pH on the number of coulombs flowing 
in 96 hr in solutions saturated with air and oxygen at 25~ 
See caption Fig. 2. 
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Table II. Effect of saturation with different gases on galvanic corrosion of the AI-steel couple in 1.0N NaCI 

G a l v a n i c  w t  
Gas  No. of loss of A1 T o t a l  A1 

e n v i r o n -  c o u l o m b s  anode ,  w t  loss, 
m e n t  p H  f lowing  rng/cme mg/crn-" 

AI  w t  l o s s  
d u e  to  

l o c a l  act ion ,  
m g / c m  e 

Hel ium 6.0 6; 4 0.05; 0.04 0.07; 0.04 
Ai r  6.0 42; 41; 42 0.4; 0.4; 0.4 0.5; 0.4; 0.5 
Oxygen  6.0 170; 166; 187 1.6; 1.6; 1.8 1.8; 1.8; 1.9 

0; 0.02 
0.1; 0.1; 0.05 
0.2; 0.2; 0.1 

b y  o b s e r v a t i o n  of the  t ime  at  w h i c h  the  b o u n d a r y  
d i s a p p e a r e d .  The  t imes  r e q u i r e d  for  r e d u c t i v e  d i s -  
so lu t ion  of the  t h e r m a l  ox ide  fi lms at  d i f fe ren t  p H  
va lues  a re  shown  in T a b l e  III .  

Discussion 
This  i n v e s t i g a t i o n  shows  t h a t  s tee l  is c a t h o d i c a l l y  

p r o t e c t e d  b y  coup l ing  to h i g h - p u r i t y  A1, not  on ly  in 
n e a r l y  n e u t r a l  ch lo r ide  so lu t ions  as was  shown  p r e -  
v i ous ly  (1) ,  b u t  ove r  the  en t i r e  p H  range .  The  ga l -  
van ic  c u r r e n t  flow (Fig .  5) and  the  w e i g h t  losses of 
the  A1 anodes  (Fig .  4) a r e  s t r o n g l y  p H  d e p e n d e n t  
and  fo l low the  s ame  g e n e r a l  t r e n d  as the  w e i g h t  loss 
v a r i a t i o n  of u n c o u p l e d  A1 spec imens  w i t h  p H  (Fig .  
3).  

N e i t h e r  the  g a l v a n i c  c u r r e n t  flow nor  the  anodic  
w e i g h t  losses a re  af fec ted  s ign i f i can t ly  b y  s a t u r a t i o n  
w i t h  d i f fe ren t  gases  at  h i g h  a n d  a t  low p H  va lues  
(Fig .  4, 5, 7) .  C o n s e q u e n t l y  the  ca thod ic  r e a c t i o n  
occu r r i ng  on the  s tee l  ca thodes  at  these  p H  va lues  
m u s t  be  p r i m a r i l y  the  evo lu t ion  of gaseous  h y d r o g e n .  

W i t h i n  the  p H  r a n g e  of 4.0-10.0 bo th  ga lvan i c  
c u r r e n t  flow and  anod ic  A1 w e i g h t  losses a r e  s t r o n g -  
ly  d e p e n d e n t  on d i s so lved  o x y g e n  concen t ra t ion .  
S a t u r a t i o n  of the  so lu t ions  w i t h  d i s so lved  o x y g e n  
inc reases  g a l v a n i c  c u r r e n t  flow b y  a f ac to r  of a p -  
p r o x i m a t e l y  five ove r  t h a t  o b t a i n e d  in so lu t ions  s a t -  
u r a t e d  w i t h  d i s so lved  a i r  (Fig .  5 and  7).  These  
r e su l t s  s u p p o r t  t he  p r e v i o u s  con ten t ion  (1)  t h a t  the  
p r i m a r y  ca thod ic  r e a c t i o n  on s teel  ca thodes  in 
n e a r l y  n e u t r a l  so lu t ions  is the  r e d u c t i o n  of d i s so lved  
o x y g e n  in solut ion.  The  o v e r - a l l  ga lvan i c  cor ros ion  
w i t h i n  th is  p H  r a n g e  is con t ro l l ed  b y  the  r a t e  a t  
w h i c h  d i s so lved  o x y g e n  can  diffuse f rom the  b u l k  
of the  so lu t ion  to the  ca thode  sur face .  C l e a r l y  f r o m  
Fig.  7 th is  is con t ro l l ed  to a c o n s i d e r a b l e  d e g r e e  b y  
the  o x y g e n  con t en t  of t he  gas above  the  solu t ion .  

R e m o v a l  of mos t  of the  d i s so lved  o x y g e n  f rom 
n e a r l y  n e u t r a l  so lu t ions  b y  s a t u r a t i o n  w i t h  He r e -  
duces  the  ga lvan i c  c u r r e n t  flow v i r t u a l l y  to zero 
(Fig .  6, T a b l e  I ) .  S ince  the  r e d u c t i o n  of d i s so lved  
o x y g e n  can  no l onge r  occur,  t he  p r i m a r y  ca thod ic  
r e a c t i o n  m u s t  now be  the  evo lu t ion  of h y d r o g e n .  

Table Iii. Effect of pH on time required for reductive dissolution 
of first order red oxide films on steel coupled to AI 

p H  T i m e  for  r e d u c t i v e  d i s s o l u t i o n  

0.20 1 sec 
2.04 12 sec 
4.00 1 day  
6.15 Incomplete  reduct ion  af ter  4 days  
7.95 Incomple te  reduct ion af ter  4 days  
9.95 2 days  

12.00 1 day  
14.00 5 sec 
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Relat ionship between galvanic current  f low and 
t ime in normal NaCI (pH 6.0) solution saturated with air, 
oxygen, and helium at 25~ 

P r e v i o u s  w o r k  (6)  showed  tha t ,  a t  po t e n t i a l s  in t he  
reg ion  of --0.5 to --0.6 v, the  ca thod ic  evo lu t i on  of 
h y d r o g e n  f rom a s tee l  su r f ace  is an  e x t r e m e l y  s lug -  
gish process  and  is h i g h l y  po la r i zed .  H igh  ca thod ic  
po l a r i z a t i on  of h y d r o g e n  evo lu t ion  at  p o t e n t i a l s  
w i t h i n  the  r a n g e  --0.5 to --0.6 v t h e r e f o r e  accounts  
for  t h e  v e r y  low va lues  of  g a l v a n i c  c u r r e n t  (Fig .  6) 
in n e a r l y  n e u t r a l  so lu t ions  c on t a in ing  v e r y  l i t t l e  
d i s so lved  oxyge n .  

F i g u r e  8 shows  the  r e l a t i o n s h i p  b e t w e e n  the  p o -  
t e n t i a l  of the  coup le  and  pH. P o t e n t i a l  is r o u g h l y  
cons t an t  up  to p H  10. C o n s e q u e n t l y  loca l  ac t ion  
w e i g h t  loss ( T a b l e  I)  is also r o u g h l y  c o n s t a n t  up  to 
th is  pH.  A t  h i g h e r  p H  v a l u e s  t he  p o t e n t i a l  of t he  

14 
' ~ Solutions Saturated With Air 

E~-~I3 ~---~ Solutiom Saturated With Oxygen 

I - - 8  

~ 5  I.ON NaOH 

~ 3  

2 ~ . L O  N Ha . . 

I 

i i i i i i 

TIME (Hours) 

Fig. 7. Relat ionship between galvanic cur rent - f low and 
t ime  in normal N o a h  and HCI solutions saturated wi th air  
and oxygen at  25~ 
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p H  va lues  of 2.0 and  12.0 is less and  is m o r e  com-  
p a r a b l e  w i t h  the  h y d r o g e n  o v e r p o t e n t i a l  on  s tee l ;  
a c c o r d i n g l y  evo lu t ion  of h y d r o g e n  f r o m  s tee l  shou ld  
be  m o r e  diff icult  a t  these  p H  values .  This  g e n e r a l  
t r e n d  is we l l  i l l u s t r a t e d  in  the  ga lvan i c  r e su l t s  con-  
t a i n e d  in Fig .  4 a n d  5. 

A t  p H  va lues  w i t h i n  t he  r a n g e  4.0 to 10.0 h y d r o -  
gen  evo lu t i on  is not  the  p r i m a r y  ca thod ic  r e a c t i o n  
on s tee l  ca thodes  e x c e p t  w h e n  the  so lu t ions  a r e  
d e a e r a t e d .  I n s t e a d  o x y g e n  d i s so lved  in  so lu t ion  w i l l  
be  r e d u c e d  c a t h o d i c a l l y  acco rd ing  to an  e q u a t i o n  of 
t he  t y p e  

2H + + z/20~ + 2e = H~O [ I ]  

The  Eo v a l u e  for  th is  r e a c t i o n  is +1 .27  v (8) .  The  
Eo v a l u e  c o r r e c t e d  for  o x y g e n  c o n c e n t r a t i o n  m a y  also 
be  c a l c u l a t e d  as a func t ion  of p H  and  c o m p a r e d  w i t h  

Fig. 8. Effect of pH on closed-circuit potential of the AI- 
steel couple at 25~ 

couple  becomes  less  noble .  Loca l  ca thodes  on the  
A1 anode  should  b e c o m e  even  m o r e  ac t ive  a n d  so 
w e i g h t  loss due  to loca l  ac t ion  inc reases  ( T a b l e  I ) .  
F i g u r e  8 c lose ly  p a r a l l e l s  the  r e l a t i o n s h i p  b e t w e e n  
the  cor ros ion  p o t e n t i a l  of u n c o u p l e d  A1 and  pH. 
T h e r e f o r e  i t  is a p p a r e n t  t ha t  t h e  c l o s e d - c i r c u i t  p o -  
t e n t i a l  of t he  g a l v a n i c  couple  is con t ro l l ed  b y  the  
cor ros ion  p o t e n t i a l  of the  A1 anode.  The  r a t e  of 
g a l v a n i c  corros ion,  t he re fo re ,  is c o n t r o l l e d  b y  the  
c u r r e n t  t h a t  can  be  d r a w n  f rom a s tee l  ca thode  a t  
the  p o t e n t i a l  of the  A1 anode.  

A t  p H  va lues  up  to and  i n c l u d i n g  2.0 a n d  above  
12.0, h y d r o g e n  is v i s i b ly  and  r a p i d l y  e v o l v e d  f r o m  
s tee l  ca thodes .  The  p r e s e n c e  or  absence  of d i s so lved  
o x y g e n  has  no s igni f icant  effect on the  r a t e  of ga l -  
van ic  corros ion .  T h e r e f o r e  the  s tee l  ca thodes  w i t h i n  
these  p H  r a n g e s  m a y  be  cons ide r ed  to  be  h y d r o g e n  
e l ec t rodes  o p e r a t i n g  at  e s s e n t i a l l y  a t m o s p h e r i c  p r e s -  
su re  of h y d r o g e n .  T a b l e  IV shows  a ca l cu l a t i on  of 
the  r e v e r s i b l e  p o t e n t i a l  for  h y d r o g e n  evo lu t i on  as 
a func t ion  of p H  w i t h i n  t he  r a n g e  w h e r e  th is  p a r -  
t i c u l a r  ca thod ic  r e a c t i o n  occurs .  A l so  s h o w n  in 
T a b l e  IV is the  a c t u a l  p o t e n t i a l  a t  w h i c h  h y d r o g e n  
evo lu t i on  is o b s e r v e d  on the  s tee l  ca thodes  ( f r o m  
Fig.  8) and  the  d i f fe rence  b e t w e e n  the  two  va lues .  

A t  p H  v a l u e s  of 0.2 and  14.0 the  d i f fe rence  b e -  
t w e e n  the  r e v e r s i b l e  h y d r o g e n  p o t e n t i a l  a n d  the  
m e a s u r e d  p o t e n t i a l  ( T a b l e  IV)  is m u c h  g r e a t e r  t h a n  
the  h y d r o g e n  o v e r p o t e n t i a l  on s tee l  (0.17 v)  (7) .  
T h e r e f o r e  h y d r o g e n  evo lu t ion  f rom s tee l  ca thodes  at  
p H  va lues  of 0.2 a n d  14.0 shou ld  be  a v e r y  easy  
process .  The  d i f fe rence  b e t w e e n  t h e  r e v e r s i b l e  
h y d r o g e n  p o t e n t i a l  and  the  m e a s u r e d  p o t e n t i a l  a t  

Table IV. Reversible and measured potential of H~ evolution 
from steel cathodes 

p H  

P o t e n t i a l  
di f f erence  

R e v e r s i b l e  h y d r o g e n  A c t u a l  p o t e n t i a l  o f  b e t w e e n  
e l e c t r o d e  p o t e n t i a l , *  h y d r o g e n  e v o l u t i o n ,  t w o  r e a c t i o n s ,  

v v v 

0.2 --0.01 --0.53 0.52 
2.0 --0.12 --0.53 0.41 

12.0 --0.71 --0.97 0.26 
14.0 --0.83 --1.34 0.51 

* At 760 mrn pressure of hydrogen. 

the  m e a s u r e d  p o t e n t i a l  a t  w h i c h  o x y g e n  r e d u c t i o n  
occurs.  C a l c u l a t i o n  shows  t h a t  the  d i f fe rence  b e -  
t w e e n  the  two  va lues  is also p H  d e p e n d e n t  and  is a t  
a m i n i m u m  at  p H  10. 

H o w e v e r ,  the  r a t e  of r e d u c t i o n  of d i s so lved  o x y -  
gen  a t  a s tee l  ca thode  w i l l  be  c on t ro l l e d  p r i m a r i l y  
by  the  r a t e  a t  w h i c h  o x y g e n  diffuses f rom the  b u l k  
of the  so lu t ion  to the  ca thode  su r f ace  (1) .  This  r a t e  
depends ,  w i t h  t he  s ame  g e o m e t r i c  e l ec t rode  conf igu-  
ra t ion ,  on o x y g e n  so lub i l i ty ,  t e m p e r a t u r e ,  and  so lu-  
t ion  m o v e m e n t .  In  the  g a l v a n i c  e x p e r i m e n t s  d e -  
s c r ibed  e a r l i e r  these  va r i a b l e s ,  w i t h  t he  excep t ion  
of d i s so lved  o x y g e n  concen t r a t ion ,  w e r e  he ld  con-  
s tan t .  Disso lved  o x y g e n  c o n c e n t r a t i o n  was  he ld  
cons t an t  i n i t i a l l y  at  two  levels .  The re fo re ,  r a t e  of 
o x y g e n  d e p o l a r i z a t i o n  w i t h i n  the  p H  r a n g e  of 4-10 
shou ld  be  r o u g h l y  cons t an t  a t  a n y  one  of the  two  
l eve l s  of d i s so lved  o x y g e n  concen t r a t ion .  R e f e r e n c e  
to the  g a l v a n i c  r e su l t s  in Fig.  4 and  5 shows  t h a t  
th is  is in fac t  t rue .  Bo th  the  w e i g h t  losses of A1 
anodes  and  g a l v a n i c  c u r r e n t  flow a re  r o u g h l y  con-  
s t an t  w h e n  the  so lu t ions  a r e  i n i t i a l l y  s a t u r a t e d  w i t h  
d i s so lved  oxygen .  G a l v a n i c  c u r r e n t  flow is s o m e w h a t  
i nc r ea sed  at  p H  4.0 in so lu t ions  i n i t i a l l y  s a t u r a t e d  
w i t h  a i r  p r e s u m a b l y  be c a use  some  h y d r o g e n  e v o l u -  
t ion  occurs  in these  e x p e r i m e n t s .  

D u r i n g  the  p r e v i o u s  i n v e s t i g a t i o n  of the  A l - s t e e l  
coup le  in NaC1 so lu t ions  i t  was  no t i ced  t ha t  the  
c u r r e n t - t i m e  cu rves  w e r e  s o m e w h a t  e r r a t i c  (1) .  
This  s ame  b e h a v i o r  was  no t i ced  in  th is  i nve s t i ga t i on  
in so lu t ions  f a l l i ng  w i t h i n  t he  p H  r a n g e  of 4.0-10.0. 
C u r r e n t - t i m e  cu rves  a t  h i g h e r  and  l o w e r  p H  va lues  
c h a n g e d  in an  e x t r e m e l y  smoo th  and  h i g h l y  r e p r o -  
duc ib l e  m a n n e r .  In  o r d e r  to u n d e r s t a n d  th is  b e -  
h a v i o r  i t  is n e c e s s a r y  to cons ide r  in m o r e  d e t a i l  t he  
n a t u r e  of t he  ca thod ic  r eac t ions  o c c u r r i n g  on  a s tee l  
su r f ace  a t  n e a r l y  n e u t r a l  p H  va lues .  

W h e n  the  s tee l  is first  i m m e r s e d  in  t he  so lu t ions  
i t  is c ove re d  w i t h  a f i lm of ~,-Fe20~ some 50-100 
th ick .  This  f i lm e i t he r  m a y  r e m a i n  s t ab le  or  m a y  
be  t h i n n e d  u n i f o r m l y  and  l a t e r  r e m o v e d  e n t i r e l y  b y  
r e d u c t i v e  d i s so lu t ion  to so lub le  f e r rous  ions a cco rd -  
ing  to t he  e q u a t i o n  (9)  : 

Fe~O~ + 6H § + 2e = 2 F e "  + 3H~O [2]  

T a b l e  I I I  con ta ins  i n f o r m a t i o n  c onc e rn ing  the  s t a -  
b i l i t y  of s o m e w h a t  t h i c k e r  ox ide  fi lms on s tee l  
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spec imens  coup led  to A1 anodes  a t  d i f f e ren t  p H  
values .  I t  m a y  be  seen tha t ,  in so lu t ions  h a v i n g  p H  
va lues  of 2.0 and  l o w e r  and  also 12.0 and  h ighe r ,  
r e d u c t i v e  d i s so lu t ion  of ox ide  f i lms on s tee l  occurs  
qu i t e  r a p i d l y .  T h e r e f o r e  d u r i n g  the  g a l v a n i c  e x p e r -  
imen t s  w i t h i n  these  two  p H  r a n g e s  evo lu t i on  of 
h y d r o g e n  is t a k i n g  p l ace  f rom f i l m - f r e e  steel .  

I t  was  k n o w n  p r e v i o u s l y  t ha t  i ron  ox ide  fi lms 
w e r e  r e a d i l y  r e d u c e d  to so lub le  f e r rous  ions  a t  low 
p H  (5) .  H o w e v e r  r a p i d  r e d u c t i v e  d i s so lu t ion  of i ron  
ox ide  f i lms at  p H  14.0 has  not  been  o b s e r v e d  p r e -  
v ious ly .  Oswin  and  Cohen  (10) r e p o r t e d  r e d u c t i v e  
d i s so lu t ion  of a-Fe~O~ fi lms at  c u r r e n t  dens i t i e s  of 
30 tLa/cm ~ in d e a e r a t e d  so lu t ions  a t  p H  11.9. E v i -  
d e n t l y  as the  ca thod ic  c u r r e n t  d e n s i t y  is g r e a t l y  
inc reased ,  r e d u c t i v e  d i s so lu t ion  of i ron  o x i d e  fi lms 
can  be  a c h i e v e d  a t  even  h i g h e r  p H  va lues .  N o r m a l l y  
so lu t ions  m u s t  be we l l  d e a e r a t e d  to obse rve  r e d u c -  
t ive  d i s so lu t ion  of i ron  o x i d e  f i lms at  h igh  p H  s ince  
o t h e r w i s e  the  r e d u c t i o n  of d i s so lved  o x y g e n  is the  
p r e f e r r e d  ca thod ic  p rocess  (5 ) .  This  sugges t s  tha t ,  
in the  p r e s e n t  g a l v a n i c  e x p e r i m e n t s ,  a good deg ree  
of d e a e r a t i o n  is a c h i e v e d  in the  v i c i n i t y  of t he  s tee l  
ca thodes  w i t h i n  the  p H  r a n g e  12.0-14.0 b y  the  v e r y  
v igo rous  evo lu t i on  of h y d r o g e n .  

T a b l e  IV shows  t h a t  t he  ox ide  fi lm on a s tee l  
ca thode  r e m a i n s  e i t he r  u n r e d u c e d  or  is on ly  s l owly  
r e d u c e d  w i t h i n  the  p H  r a n g e  4-10. The re fo re ,  r e -  
duc t ion  of d i s so lved  o x y g e n  at  a s tee l  ca thode  
coup led  to an  A1 anode  occurs  on the  su r face  of a 
~,-Fe.~O~ fi lm r a t h e r  t h a n  on the  s teel  i tself .  S i m i l a r  
cond i t ions  w e r e  a c h i e v e d  d u r i n g  the  a p p l i c a t i o n  of 
c o n s t a n t  i m p r e s s e d  c u r r e n t s  of t he  o r d e r  of  20 
~ a / c m  ~ to ox ide  cove red  s tee l  ca thodes  in n e a r l y  
n e u t r a l  ch lo r ide  so lu t ions  (4) .  He re  the  c u r r e n t  was  
he ld  cons t an t  and  the  p o t e n t i a l  of t h e  ca thode  m e a s -  
u red .  The  p o t e n t i a l - t i m e  cu rves  w e r e  e x t r e m e l y  
e r r a t i c  a n d  m o v e d  s l o w l y  in  t he  nob le  d i rec t ion .  Th is  
sugges t ed  a p rocess  of f i lm b r e a k d o w n  and  r epa i r ,  
w i t h  f i lm r e p a i r  g r a d u a l l y  a t t a i n i n g  the  u p p e r  hand .  
In  the  p r e s e n t  i n v e s t i g a t i o n  the  p o t e n t i a l  of the  
ca thode  r e m a i n e d  r o u g h l y  cons t an t  and  so the  c u r -  
r en t  cou ld  v a r y ,  p r o v i d e d  cond i t ions  on  the  ca thode  
w e r e  not  cons tan t .  The  s ame  sequence  of loca l  f i lm 
b r e a k d o w n  (due  e i t he r  to u n d e r m i n i n g  or  to h i g h l y  
loca l ized  r e d u c t i v e  d i s so lu t ion )  and  r e p a i r  due  to 
o x y g e n  in so lu t ion  shou ld  also occur  in t he  p r e s e n t  
g a l v a n i c  e x p e r i m e n t s  in the  n e a r l y  n e u t r a l  p H  
range .  S ince  the  p o t e n t i a l  is r o u g h l y  cons t an t  th i s  
shou ld  r e su l t  in  f luc tua t ion  of the  g a l v a n i c  cu r ren t .  
This  is in fac t  o b s e r v e d  w i t h i n  t he  p H  r a n g e  4-10. 

A t  h i g h e r  and  l o w e r  p H  w h e r e  the  ox ide  fi lm is 
r a p i d l y  r educed ,  the  s tee l  ca thode  r e m a i n s  in t h e  
b a r e  cond i t ion  p r o b a b l y  t h r o u g h o u t  t he  e x p e r i m e n t .  
W h e n  the  cond i t ion  of the  s tee l  c a thode  r e m a i n s  
cons t an t  in th is  m a n n e r  t h e  g a l v a n i c  c u r r e n t s  do no t  
f luc tua te  in an  e r r a t i c  m a n n e r  w i t h  t ime.  

This  imp l i e s  t h a t  the  m e c h a n i s m  of ca thod ic  p r o -  
t ec t ion  of a s tee l  ca thode  b y  an  A1 a n o d e  is p H  d e -  
penden t .  A t  h igh  and  low p H  w h e r e  a n y  p r e - e x i s t i n g  
o x i d e  fi lm on the  s tee l  is d i s so lved  r e d u c t i v e l y ,  
p r o t e c t i o n  m u s t  be  the  r e su l t  of dep re s s ion  of i ts  
p o t e n t i a l  to a v a l u e  w h e r e  i t  is difficult ,  on t h e r m o -  

d y n a m i c  cons ide ra t i on ,  for  i r on  ions  to l e a v e  the  
m e t a l l i c  la t t ice .  

In  t he  i n t e r m e d i a t e  p H  range ,  p r o t e c t i o n  of the  
s tee l  ca thode  re su l t s  l a r g e l y  f rom the  t h i c k e n i n g  of 
the  o r i g i n a l  a i r - f o r m e d  ox ide  film (4) desp i t e  t he  
fac t  t h a t  loca l  b r e a k d o w n  of t h e  f i lm occurs  p e r i o d i -  
cal ly .  In  th is  connec t ion  i t  is s igni f icant  t ha t  t h e  
p o t e n t i a l  of a s tee l  ca thode  m e a s u r e d  i m m e d i a t e l y  
a f t e r  i ts  con tac t  w i t h  an  A1 anode  had  been  b r o k e n  
is found  to be  e n n o b l e d  b y  as much  as 300-400 m v  
f rom i ts  u n c o u p l e d  v a l u e  in  the  s a m e  so lu t ion  (1) .  
This  nob le  v a l u e  of p o t e n t i a l  s l owly  decays  if the  F e  
r e m a i n s  u n c o u p l e d  in the  NaC1. This  k ine t i c  m e c h -  
a n i s m  of ca thod ic  p r o t e c t i o n  of s tee l  in  the  n e a r l y  
n e u t r a l  p H  r a n g e  (4 ) ,  t hus  has  m a n y  f e a t u r e s  com-  
mon  to the  m e c h a n i s m  b y  w h i c h  anod ic  i nh ib i t o r s  
p r e v e n t  t he  cor ros ion  of s tee l  (11) .  The  ac t ion  of 
the  ca thod ic  c u r r e n t  is s i m i l a r  to t ha t  of t he  anod ic  
i n h i b i t o r  in t h a t  i t  r educes  the  r a t e  a t  w h i c h  i ron  
ions l e a v e  the  m e t a l l i c  la t t ice .  This  r e d u c e d  r a t e  of 
egress  of i ron  ions p e r m i t s  the  m o r e  ef fec t ive  a d -  
so rp t ion  of o x y g e n  f rom so lu t ion  onto  the  i ron  s u r -  
face  so t ha t  t h i c k e r  and  m o r e  p r o t e c t i v e  fi lms of 
T-Fe.~O, m a y  be  g r a d u a l l y  b u i l t  up. 

I t  is i n t e r e s t i n g  to c o m p a r e  the  r e l a t i v e  b e h a v i o r  
of h i g h - p u r i t y  A1 and  Zn as sacr i f ic ia l  anodes  for  
s tee l  in the  n e a r l y  n e u t r a l  p H  range .  A l u m i n u m  
sacr i f ic ia l ly  p r o t e c t s  s tee l  b y  the  k i n e t i c  m e c h a n i s m  
o u t l i n e d  above.  H o w e v e r ,  t he  p o t e n t i a l  of the  Z n -  
s tee l  couple  is some 250 m v  less nob le  t h a n  t ha t  of 
the  A l - s t e e l  coup le  desp i t e  the  fac t  t h a t  the  g a l v a n i c  
c u r r e n t s  a r e  qu i t e  s im i l a r  (1) .  A t  these  less nob le  
po t e n t i a l s  a n y  ox ide  f i lm on the  s tee l  ca thode  is 
r a p i d l y  r e d u c e d  (4 ) .  C o n s e q u e n t l y  a Zn a n o d e  m u s t  
p ro t e c t  s tee l  c a t h o d i c a l l y  in  the  n e u t r a l  p H  r a n g e  
b y  the  s ame  m e c h a n i s m  b y  w h i c h  A1 p ro tec t s  s tee l  
a t  v e r y  h igh  and  low pH. C u r r e n t - t i m e  cu rves  for  
t h e  Z n - s t e e l  coup le  in NaC1 so lu t ion  a r e  t h e r e f o r e  
much  less  e r r a t i c  t h a n  those  for  the  A l - s t e e l  couple  
(1) .  I t  is i m p l i c i t  t h a t  a n y  c o m p a r i s o n  of the  r e l a -  
t i ve  efficiencies of A1 and  Zn sacr i f ic ia l  anodes  in  
t he  n e a r l y  n e u t r a l  p H  r a n g e  shou ld  t a k e  account  of 
t he  fac t  t h a t  t h e  m e c h a n i s m  b y  w h i c h  the  two  m e t a l s  
p ro t e c t  s tee l  is d i f ferent .  
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Local Cell Action During The Scaling of Metals, II (1) 
Christa Ilschner-Gensch 1 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

If nickel is covered by a borate melt  under  an oxygen atmosphere, prac- 
tically no oxidation takes place. If, however,  the nickel sample is in electrical 
contact with an electronic conductor, e.g., a noble metal  gauze, which extends 
up to the melt-oxygen interface, nickel is attacked rapidly by vi r tue  of local 
cell action. In this case, electron t ransfer  is accomplished by the metal  gauze 
and ions migrate through the borate melt. Electrochemical measurements  show 
that the reaction is controlled main ly  by polarization of the cathode where 
oxygen molecules are reduced to ions. 

The oxida t ion  of n i cke l  to n icke l  oxide proceeds 
according to the ove r - a l l  reac t ion  

Ni ( s )  + 1/20~(g) = N iO(s )  [1] 

If a dense  oxide film is formed,  as in  this case, the  
ox ida t ion  can  advance  on ly  by  diffusion of the  re -  
ac tan t s  across the  oxide film to each other.  I t  has 
been  suggested (2) tha t  the m i g r a t i n g  par t ic les  are 
ions and  e lec t rons  r a the r  t h a n  atoms. In  the n icke l  
oxide, the e lect ronic  conduc t iv i ty  prevai ls ,  and  
therefore  the  ox ida t ion  ra te  is d e t e r m i n e d  essen-  
t ia l ly  by the  ionic conduc t iv i ty  of the  oxide. The 
ra te  cons tan t  for the  n icke l  ox ida t ion  at 780~ and  
0.1 a tm O2 pa r t i a l  p ressure  has been  d e t e r m i n e d  by  
di f ferent  au thors  (3) to be k ~ 10 -1"-  10-11g" c m '  
sec -1 for spec imens  of d i f ferent  pur i ty .  

W h e n  Ni is covered by  a bora te  melt ,  ox ida t ion  
can take  place on ly  i n a s m u c h  as oxygen  dissolves 
in  the  bora te  me l t  and  diffuses f rom the  ou te r  su r -  
face of the me l t  to the m e t a l - s a l t  in terface .  The 
r e l a t ive ly  low so lub i l i ty  of oxygen  molecules  in  a 
bora te  me l t  resul t s  i n  a low t r anspo r t  ra te  and,  ac- 
cordingly,  in  a low ra te  of oxidat ion.  If, however ,  
Ni is in e lect r ical  contact  wi th  an  e lect ronic  con-  
ductor,  e. g., Pt  e x t e n d i n g  to the m e l t - g a s  in terface ,  
the ra te  of a t t ack  wi l l  be  h igher  owing  to local cell 
ac t ion as shown schemat ica l ly  in  Fig. 1 and  con-  
f i rmed by the expe r imen t s  r epor ted  below. 

Rate Measurements 

In  order  to inves t iga te  the corrosion of Ni u n d e r  
a bora te  melt ,  a sp i ra l  of Ni wi re  of 0.068 cm d i a m -  

2e_+I /202_TO 2- 

N~ = Ni2++ 2e- 

Fig. 1. Local cell action in o cell involving o Ni-Pt couple 
in o borate melt. 

1Present address: Zentralforschungsanstalt Fried. Krupp, Essen, 
West Germany. 

e ter  and  20 cm l eng th  h a v i n g  a geomet r ica l  surface  
area  of 4.3 cm '~ was placed in  a porce la in  cruc ib le  
and  covered w i th  a d e h y d r a t e d  m i x t u r e  of 65M % 
Na~B,O7 and  35M % K_~B,OT, which  has a eutect ic  
me l t i ng  po in t  of 666~ (4) .  The  m o l t e n  sal t  had a 
dep th  of abou t  0.3 cm. The  crucible ,  1.4 cm in  d i a m -  
e ter  at  the  bot tom, was  i n t roduced  on a suppor t  into 
an  electr ical  fu rnace  p rehea t ed  to 780~ u n d e r  N~ 
(Fig. 2). Af te r  10-15 min ,  oxygen  was  admi t ted .  
The a m o u n t  of a t t ack  af ter  per iods r a n g i n g  f rom 30 
to 1560 m i n  was d e t e r m i n e d  by  m e a s u r i n g  the  
weight  loss of the Ni sample  af ter  d issolv ing the  
solidified bora te  me l t  in  water .  The observed  we igh t  

FURNACE 

- - G A S  INLET 

! 

GAS OUTLET 

ICIBLES 

VYCOR 

THERMOCOUPLE 

BRASS 

Fig. 2. Set-up for  rote measurements 
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Table I. Weight losses of nickel and copper in a borate melt 
at 1 arm O2 pressure and 780~ 

Time,  Weight  loss, 
Sample  rain m g  

Ni 60 0.1; 0.2; 0.0 
Ni 1560 0.2 
N i - P t  couple 60 9.0; 7.1; 10.9 
N i -Ag  couple 60 17.5; 10.0; 13.3 
Cu 60 0.0 
Cu-P t  couple 60 22.3; 21.8 
Cu-Ag couple 60 38.0; 41.5; 35.0 
N i - P t  couple 

+ 1% FeO 60 24.5; 23.1; 26.9 

losses s h o w n  in Tab le  I d id  not  exceed  0.2 m g  w h i c h  
is the  l i m i t  of e r ro r .  

Next ,  t he  b e h a v i o r  of gauzes  of A g  and  P t  p a r -  
t i a l l y  i m m e r s e d  in the  b o r a t e  m e l t  u n d e r  o x y g e n  
was  i nves t i ga t ed .  No a p p r e c i a b l e  w e i g h t  changes  
w e r e  found,  even  a f t e r  18 hr .  

In  o r d e r  to i n v e s t i g a t e  the  b e h a v i o r  of coup les  
cons i s t ing  of Ni  w i r e  a n d  a gauze  of  A g  or  Pt ,  a 
p iece  of n o b l e  m e t a l  gauze  2.5 c m x 4 . 5  cm was  
w e l d e d  to a n i c k e l  s p i r a l  a n d  r o l l e d  t o g e t h e r  as 
shown  in  Fig.  3. F r o m  the  d imens ions ,  t he  m e t a l l i c  
su r face  p e r  s q u a r e  c e n t i m e t e r  gauze  was  e s t i m a t e d  
to be 2.24 cm 2 for  t he  A g  gauze  a n d  1.29 for  t he  P t  
gauze.  Compos i t e  s a m p l e s  w i t h  Ni  c o m p l e t e l y  i m -  
m e r s e d  and  the  nob le  m e t a l  gauze  p a r t l y  in  t he  m e l t  
w e r e  t e s t ed  as d e s c r i b e d  above .  A f t e r  d i s so lv ing  the  
m a j o r  p o r t i o n  of the  b o r a t e  in w a t e r ,  t h e r e  r e -  
m a i n e d  some g r e e n i s h  m a t e r i a l  w h i c h  was  d i s -  
so lved  b y  a g i t a t i n g  the  s a m p l e  in  a n o t h e r  c ruc ib l e  
f i l led w i t h  b o r a t e  m e l t  ove r  a B u n s e n  b u r n e r  for  2 
min.  As  s h o w n  in T a b l e  I, the  r e s u l t i n g  w e i g h t  losses 
of t he  compos i t e  s a m p l e s  a r e  c o n s i d e r a b l y  g r e a t e r  
t h a n  those  of Ni  s a m p l e s  w i t h o u t  a gauze  of A g  or  
Pt .  S i m i l a r  r e su l t s  w e r e  o b t a i n e d  w i t h  Cu couples ,  
see T a b l e  I. A d d i t i o n a l  e x p e r i m e n t s  w i t h  N i - P t  
compos i t e  s amp le s  w e r e  c a r r i e d  out,  in w h i c h  the  
nob le  m e t a l  d id  not  e x t e n d  t h r o u g h  the  s u r f a c e  b u t  
was  also c o m p l e t e l y  i m m e r s e d .  No w e i g h t  loss was  
obse rved .  This  ru les  out  as an  e x p l a n a t i o n  t h e  as -  
s u m p t i o n  of a h igh  o x y g e n  o v e r p o t e n t i a l  a t  n i c k e l  
or  n i c k e l  ox ide  su r faces  as be ing  r a t e  l i m i t i n g  in  
the  f i r s t - m e n t i o n e d  e x p e r i m e n t s .  

S ign i f i can t ly  h i g h e r  o x i d a t i o n  r a t e s  w e r e  o b -  
s e r v e d  on a d d i n g  FeSO,  c o r r e s p o n d i n g  to 1 w t  % 
FeO in the  p re sence  and  l i k e w i s e  in t he  a b s e n c e  of 
an  e l ec t ron ic  conduc tor .  In  th is  case  F e  2+ ions  m a y  

I I : 
I I 
i I 
i I 

Pt -GAUZE 

~__~ Ni - S P I R A L  

Fig. 3. Pt-Ni couple used for rate measurements 

be ox id i zed  to F e  3+ ions b y  m o l e c u l a r  o x y g e n  n e a r  
the  g a s - e l e c t r o l y t e  in t e r face ,  the  t r i v a l e n t  i ron  ions 
m a y  diffuse t o w a r d  the  p l a t i n u m - e l e c t r o l y t e  or  the  
n i c k e l - e l e c t r o l y t e  in te r face ,  r e spe c t i ve ly ,  w h e r e  
t h e y  a r e  r e d u c e d  to t he  d i v a l e n t  s ta te ,  and  F e  ~+ ions 
m a y  diffuse b a c k w a r d  t o w a r d  t h e  g a s - e l e c t r o l y t e  
in te r face .  

F o r  a compar i son ,  t h e  r a t e  of o x i d a t i o n  of Ni  
s a m p l e s  as used  a b o v e  u n d e r  1 a t m  o x y g e n  p a r t i a l  
p r e s s u r e  was  d e t e r m i n e d .  W e i g h t  i nc reases  f r o m  
0.8 to 0.9 mg, c o r r e s p o n d i n g  to  loss of 3 m g  Ni a f t e r  
1 hr ,  w e r e  obse rved .  

Measurements of Open Circuit Potentials 
The  o p e n - c i r c u i t  p o t e n t i a l s  of N i - A g ,  N i - A u ,  and  

N i - P t  couples  in  a b o r a t e  m e l t  u n d e r  a i r  w e r e  d e -  
t e r m i n e d  b y  i m m e r s i n g  w i r e s  of  Ni  and  Ag,  Au,  or  
P t  in a b o r a t e  mel t .  The  p o t e n t i a l s  w e r e  i n i t i a l l y  
low, i n c r e a s e d  w i t h  t ime ,  a n d  f ina l ly  r e a c h e d  
s t e a d y - s t a t e  va lue s  a f t e r  a b o u t  ha l f  an  hour .  Va lues  
a r e  s h o w n  in T a b l e  II. The  p o t e n t i a l s  o b s e r v e d  for  
t he  N i - A u  a n d  the  N i - P t  coup le  a r e  close to t he  
e q u i l i b r i u m  p o t e n t i a l  of the  g a l v a n i c  ce l l  

N i ( s ) ,  N i O ( s )  ] b o r a t e  m e l t  I o x y g e n  e l ec t rode  ( I )  

i n v o l v i n g  t h e  v i r t u a l  cel l  r e a c t i o n  

N i ( s )  + ~/2 O2 (g, 0.21 a t m )  = N i O ( s )  [2]  

on pas s ing  two  f a r a d a y s .  F r o m  d a t a  r e p o r t e d  b y  
K i u k k o l a  and  W a g n e r  (5)  the  emf  of cel l  ( I )  a t  
780~ is c a l c u l a t e d  to be  0.71 v. S ince  th is  v a l u e  is 
c lose to the  o p e n - c i r c u i t  p o t e n t i a l  of t he  N i - A u  and  
the  N i - P t  couple ,  i t  m a y  be  conc luded  t h a t  in  these  
couples  t he  Ni  e l ec t rode  is e s s e n t i a l l y  a r e v e r s i b l e  
N i - N i O  e l ec t rode  in sp i te  of t he  p re sence  of oxygen ,  
and  the  nob le  m e t a l  e l e c t r o d e  e s s e n t i a l l y  a r e v e r s -  
ib le  o x y g e n  e lec t rode .  The  l o w e r  o p e n - c i r c u i t  po -  
t e n t i a l  of t he  N i - A g  coup le  of a b o u t  0.49 v sugges t s  
t h a t  t he  p o t e n t i a l  of t he  A g  e l ec t rode  is a m i x e d  
p o t e n t i a l  r e s u l t i n g  f rom the  s i m u l t a n e o u s  r e a c t i o n s  

'/z O~ + 2e -  = 0 ~- [ 3 ]  

2Ag + + 2e- = 2Ag [4]  

L ikewise ,  t he  o p e n - c i r c u i t  p o t e n t i a l s  of C u - P t ,  
C u - A u ,  and  C u - A g  couples  in a b o r a t e  m e l t  u n d e r  
a i r  w e r e  d e t e r m i n e d  (see  T a b l e  I I ) .  In  v i e w  of d a t a  
r e p o r t e d  b y  K i u k k o l a  and  W a g n e r  (5) ,  t he  emf  of 
the  cel l  

C u ( s ) ,  Cu~O (s)  I b o r a t e  m e l t  I o x y g e n  e l ec t rode  ( I I )  

is e s t i m a t e d  to be  0.45 v i f  t he  d i f fe rence  in  t he  
compos i t i on  of t h e  m e l t  on the  l e f t - h a n d  and  the  
r i g h t - h a n d  s ide  of t he  cel l  is d i s r e g a r d e d .  This  v a l u e  

Table II. Open-circuit potentials E of Ni-Pt, Ni-Au, Ni-Ag, Cu-Pt, 
Cu-Au, and Cu-Ag couples in a borate melt under air at 780~ 

Couple E, v 

Ni-Pt 0.73 
Ni-Au 0.74 
Ni-Ag 0.49 

Cu-Pt 0.47 
Cu-Au 0.40 
Cu-Ag 0.28 
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is not  f a r  f r om the  p o t e n t i a l s  of 0.47 a n d  0.40 v ob -  
s e rved  for  t he  C u - P t  and  the  C u - A u  couple ,  r e -  
spec t ive ly ,  a l t h o u g h  t h e  m e l t  n e x t  to the  Cu e lec-  
t rode  s u p p o s e d l y  was  no t  s a t u r a t e d  w i t h  Cu~O. A c -  
co rd ing ly ,  t he  a c t i v i t y  of Cu20 was  less t h a n  un i ty ,  
and  e l e m e n t a l  o x y g e n  was  not  exc luded .  The  p o t e n -  
t i a l  o b s e r v e d  for  the  C u - A g  couple  is c o n s i d e r a b l y  
l o w e r  for  r ea sons  m e n t i o n e d  a b o v e  for  t he  N i - A g  
couple .  

Polarization Measurements 
The  c u r r e n t  I in  a s h o r t - c i r c u i t e d  cel l  i n v o l v i n g  

a Ni and  a P t  e l ec t rode  as used  in  the  r a t e  m e a s -  
u r e m e n t s  is r e l a t e d  to t h e  emf  E as d r i v i n g  force  b y  
the  e q u a t i o n  

Z = ~Eo(I)  + Z~E~ + IR [5]  

w h e r e  AE~ and  AEa, r e spec t i ve ly ,  a r e  the  a b s o l u t e  
v a l u e s  of t h e  p o l a r i z a t i o n  of t h e  ca thode  a n d  anode  
at  c u r r e n t  I, and  R is t h e  r e s i s t ance  of the  e l e c t r o -  
ly te .  The  c o n d u c t i v i t y  of  the  K - N a  b o r a t e  m e l t  m a y  
be  a s s u m e d  to be  e q u a l  to t h a t  of m o l t e n  Na~B,OT, 
w h i c h  is 0.22 ohm -1 cm -~ (6) .  The  c u r r e n t  e q u i v a l e n t  
to a w e i g h t  loss of 10 m g  N i / h r  is 0.01 amp.  Thus  
the  IR drop  is e s t i m a t e d  to be of t he  o r d e r  of  0.01 v, 
w h i c h  v a l u e  is m u c h  less  t h a n  the  a v a i l a b l e  d r i v i n g  
force  E in Eq. [5] .  Hence ,  the  c u r r e n t  is c o n t r o l l e d  
m a i n l y  b y  po la r i za t ion .  

To d e t e r m i n e  the  v a l u e  of AEo accoun t i ng  for  
p o l a r i z a t i o n  of t he  ca thode ,  a ce l l  i n v o l v i n g  t h r e e  
P t  e l ec t rodes  was  a s sembled .  The  ca thode  was  a P t  
gauze  of t he  s ame  d imens ions  used  for  t he  r a t e  
m e a s u r e m e n t s .  A r i ng  of P t  w i r e  as anode  was  lo -  
ca t ed  at  the  b o t t o m  of the  p o r c e l a i n  c ruc ib le .  In  
add i t ion ,  t h e r e  was  a shor t  P t  w i r e  as  r e f e r e n c e  
e l ec t rode  s idewise  to the  ca thode .  The  c ruc ib l e  was  
p l a c e d  in a V y c o r  t u b e  w i t h  c losed  l o w e r  end a n d  
f lushed w i t h  oxygen .  The  p o t e n t i a l  was  p r e d e t e r -  
m i n e d  w i t h  t he  he lp  of a p o t e n t i o m e t e r ,  and  the  
r e s u l t i n g  c u r r e n t  as w e l l  as the  p o l a r i z a t i o n  p o t e n -  
t i a l  of t he  ca thode  vs. t he  r e f e r e n c e  e l e c t r o d e  was  
m e a s u r e d  b y  a g a l v a n o m e t e r  and  a t ube  v o l t m e t e r ,  

I- I I 1 ] I I I I ] 

~.5 - -  

1 
~1.0 

0 . 5  i 

I 
0 0.1 0.2 0.3 0.4 0.5 

& E c (VOLT} - -  

Fig. 4. Current  I vs. po lar izat ion AE~ of  a Pt gauze as 
cathode in a borate mel t  under oxygen for  increasing and 
decreasing values of  the appl ied potent ia l .  
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r e spec t ive ly .  The  r e su l t s  a r e  s h o w n  in Fig .  4. The  
p o l a r i z a t i o n  AEc of the  ca thode  is c o n s i d e r a b l e  a n d  
a m o u n t s  to a p p r o x i m a t e l y  0.5 v a t  a c u r r e n t  of 0.002 
amp.  E x t r a p o l a t i o n  of a l o g a r i t h m i c  p lo t  y i e ld s  
AEc = 0.7 v for  I = 0.01 amp .  

The  p o l a r i z a t i o n  AEa of a Ni  a n o d e  of t he  s a m e  
size as used  i n  the  r a t e  m e a s u r e m e n t s  and  c o ve red  
b y  a b o r a t e  m e l t  was  d e t e r m i n e d  in  a s i m i l a r  way .  
In  th is  case, the  p o l a r i z a t i o n  AE, was  m e a s u r e d  for  
a c u r r e n t  I = 0.01 a m p  a p p l i e d  d u r i n g  1 hr .  Va lues  
of • r a n g i n g  f r o m  0.005 to 0.02 v w e r e  obse rved .  
A l t h o u g h  re su l t s  w e r e  no t  w e l l  r e p r o d u c i b l e ,  these  
obse rva t i ons  i nd i ca t e  t ha t  the  t e r m  AEa in Eq. [5]  
is on ly  minor .  

In  v i e w  of the  fo rego ing  resul t s ,  i t  can  be  con-  
c luded  t ha t  the  c u r r e n t  in a N i - P t  couple  is con-  
t r o l l e d  m a i n l y  b y  p o l a r i z a t i o n  of t he  ca thode  a t  
w h i c h  o x y g e n  molecu le s  a r e  r e d u c e d  to ions. The  
e s s e n t i a l l y  e x p o n e n t i a l  s h a p e  of t he  cu rves  es-  
p e c i a l l y  for  h i g h e r  p o t e n t i a l s  seems  to ind ica t e  a 
l a rge  c o n t r i b u t i o n  of a c t i v a t i o n  po la r i za t ion .  The  
s a m e  ho lds  s u p p o s e d l y  for  a C u - P t  couple .  

Observations on the Wettability of Ag, Au, and Pt 
by a Borate Melt 

A t  presen t ,  t he  i n d i v i d u a l  c o n t r i b u t i o n s  of a c t i v a -  
t ion  and  c o n c e n t r a t i o n  p o l a r i z a t i o n  of a P t  e l ec t rode  
at  w h i c h  o x y g e n  is r e d u c e d  c a t h o d i c a l l y  a r e  no t  
k n o w n  p rec i se ly .  P o s s i b l y  c o n c e n t r a t i o n  p o l a r i z a -  
t ion  also p l a y s  some p a r t  u n d e r  the  cond i t ions  e m -  
p l o y e d  in  th is  r e s e a r c h  be c a use  t he  e l e c t r o l y t e  was  
not  s t i r r ed .  P r e l i m i n a r y  ca l cu l a t i ons  sugges t  t h a t  
d i f fus ion of o x y g e n  m o l e c u l e s  f r o m  the  g a s - e l e c t r o -  
l y t e  i n t e r f a c e  to the  p o r t i o n  of t he  ca thode  i m -  
m e r s e d  in  t he  m e l t  is no t  sufficient  in o r d e r  to 
account  for  a c u r r e n t  of 0.01 amp .  Ins tead ,  the  p r e -  
d o m i n a n t  m e c h a n i s m  of o x y g e n  s u p p l y  m a y  be  
d i f fus ion  of o x y g e n  mo lecu l e s  across  a t h in  a d h e r e n t  
l a y e r  of the  b o r a t e  m e l t  w e t t i n g  the  P t  gauze  a b o v e  
the  g e n e r a l  l e v e l  of t he  me l t .  S u b s e q u e n t  m i g r a t i o n  
of o x y g e n  ions p a r a l l e l  to t he  P t  su r f a c e  wi l l  be  l i m -  
i t ed  b y  r e s i s t ance  of t h e  e l e c t r o l y t e  f o r m i n g  the  a d -  
h e r e n t  l aye r .  As a r e su l t  of this ,  ca thod ic  ac t ion  at  
t h e  P t - e l e c t r o l y t e  i n t e r f ace  w i l l  be  r e s t r i c t e d  to  an  
a r e a  the  h e i g h t  of w h i c h  m a y  be  s m a l l e r  t h a n  t h a t  
of t he  a d h e r e n t  l aye r .  The  e x p e r i m e n t a l  ev idence ,  
in a c c o rda nc e  w i t h  t h e o r e t i c a l  e s t ima tes ,  i nd ica t e s  
t h a t  th is  is n e v e r t h e l e s s  suff icient  to account  for  t he  
c u r r e n t s  obse rved .  

The  o c c u r r e n c e  of an  a d h e r e n t  l a y e r  of t he  m e l t  
on  the  e l ec t rodes  is sugges t ed  b y  a v a i l a b l e  o b s e r v a -  
t ions  (7 ) ,  e spec i a l l y  b y  r e c e n t  o b s e r v a t i o n s  b y  von  
W a r t e n b e r g  (8)  and  F u l r a t h ,  Mitoff,  and  P a s k  (9) .  
To o b t a i n  p e r t i n e n t  i n f o r m a t i o n  for  t he  b o r a t e  m e l t  
u sed  in  t he  a b o v e  e x p e r i m e n t s ,  s m a l l  c h u n k s  of t he  
sol id i f ied  m e l t  w e r e  p l a c e d  on shee ts  of Ag,  Pt ,  and  
A u  in a i r  in a t u b u l a r  f u r n a c e  h e a t e d  to 780~ 
W i t h  t h e  he lp  of a te lescope ,  i t  w a s  f o u n d  t h a t  t h e  
b o r a t e  m e l t  s p r e a d  r e a d i l y  on A g  and  Pt ,  w h e r e a s  in  
the  case  of A u  a f in i te  a l t h o u g h  s m a l l  c on t a c t  ang le  
was  obse rved .  Thus  the  oc c u r r e nc e  of an  a d h e r e n t  
l a y e r  of b o r a t e  m e l t  on A g  a n d  P t  has  b e e n  a sce r -  
t a ined ,  and  m i g r a t i o n  of o x y g e n  mo lecu l e s  across  
such a l a y e r  is s u g g e s t e d  t e n t a t i v e l y  as a m e c h a n i s m  
a c c o u n t i n g  for  r e l a t i v e l y  r a p i d  t r a n s f e r  of o x y g e n  
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f rom the gas phase  to the  electrode made  a cathode. 
F u r t h e r  e x p e r i m e n t a l  work  beyond  the scope of the 
p resen t  inves t iga t ion  is r equ i r ed  in  order  to test this 
hypothesis .  

Concluding Remarks 
The above  resul t s  are of in te res t  i n . c o n j u n c t i o n  

wi th  the ca tas t rophic  ox ida t ion  (10-12) of al loys 
u n d e r  condi t ions  whe re  the scale consists of one or 
severa l  solid oxides and  a l iqu id  phase. In  this case, 
ionic conduc t ion  m a y  take  place in  the l iqu id  phase  
and  e lect ronic  conduc t ion  in  the solid oxides. The  
ra te  m a y  be cont ro l led  by  the cathodic r educ t ion  of 
molecu la r  oxygen  as in  the e x p e r i m e n t s  repor ted  
above. Possibly,  the ra te  of ox ida t ion  m a y  be even  
g rea te r  t h a n  in the  foregoing e x p e r i m e n t s  because  
the solid oxides m a y  form a sponge i nvo lv i ng  n u -  
merous  pores filled w i t h  l iqu id  phases  w h e r e b y  a 
la rge  cathodic a rea  is provided.  Local  cell ac t ion 
m a y  account  for r e l a t i ve ly  h igh ox ida t ion  ra tes  even  
wi thou t  the  occurrence  of d i f ferent  va lence  states of 
e l ements  such as i ron or v a n a d i u m ,  bu t  p resence  of 
such e l emen t s  m a y  lead to an  even  h igher  rate.  

Acknowledgment 
The au tho r  would  l ike to t h a n k  Professor  Car l  

W a g n e r  for his con t inuous  advice and  in te res t  d u r -  

ing this inves t iga t ion .  The work  was sponsored by  
the U. S. Atomic  Ene rgy  Commiss ion  u n d e r  Con-  
t rac t  AT (30-1)-1903.  

Manuscript  received Jan. 20, 1958. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 

REFERENCES 
1. C. I lschner-Gensch and C. Wagner,  This Journal, 

105, 198 (1958). 
2. C. Wagner, Z. phys. Chem., B21, 25 (1933). 
3. K. Hauffe, "Oxydation yon Metallen und  Metalle- 

gierungen," pp. 151-155, Springer-Verlag (1956). 
4. A. G. Bergmann  and I. N. Nikonowa, J. allgem. 

Chem. USSR, 12, 449 (1942). 
5. K. Kiukkola and C. Wagner,  This Journal, 1@4, 

379 (1957). 
6. B. Stalhane, Z. Elektrochem., 36, 404 (1930). 
7. J. J. Bikerman,  J. Colloid Sci., 11, 299 (1956). 
8. H. von Wartenberg,  Angew. Chem., 69, 258 (1957). 
9. R. M. Fulrath,  S. P. Mitoff, and J. A. Pask, J. Am. 

Ceram. Soc., 40, 269 (1957). 
10. A. de S. Brasunas and N. J. Grant,  Trans. A.S.M., 

44, 1117 (1952). 
11. A. de S. Brasunas, Corrosion, 11, 1 (1955). 
12. K. Hauffe, "Oxydation von Metallen und  Metalle- 

gierungen," pp. 211-214, Spr inger-Verlag (1956). 

The Mechanism of Passivating-Type Inhibitors 
Milton Stern 

Metals Research Laboratory, Electro Metallurgical Company, Division of Union Carbide Corporation, 

Niagara Falls, New Yor/~ 

ABSTRACT 

All passivat ing-type inhibitors are oxidizing agents. However, not all oxi- 
dizing agents are inhibitors. A passivat ing- type inhibi tor  functions by produc- 
ing local-action current  which anodically polarizes a metal  into the passive 
potential  region and thereby provides the means for obta ining a noble mixed 
potential.  This mechanism is independent  of whether  passivity is caused pr i -  
mari ly  by oxide or adsorbed films. The major  factors which determine whether  
a par t icular  system will exhibit  passivity are: (a) reversible potent ial  of the 
redox system created by the oxidizing inhibi tor;  (b) electrochemical parameters  
for reduct ion of the inhibi tor  on the metal  surface (exchange current,  Tafel 
slope, and l imit ing diffusion cur rent ) ,  and (c) critical anodic current  and Flade 
potential  of the metal. If oxygen is present  in the system, some chemicals may 
funct ion by changing its reduction kinetics. It is fur ther  shown that the 
amount  of inhibi tor  found associated with the surface is not necessarily re- 
lated to adsorption. Data are presented for passivation of stainless steel and 
t i tanium. The mechanism is discussed in terms of various oxidizing agents 
including oxygen, chromate, molybdate,  and pertechnetate.  

In  recent  years,  the most  act ive  research  in  the  
field of pass iv i ty  has b e e n  concerned  wi th  the n a -  
t u r e  of sur face  l ayers  be l ieved  to be p r i m a r i l y  r e -  
sponsible  for this  p h e n o m e n o n .  In  general ,  the ap-  
proach has been  to ob ta in  some e x p e r i m e n t a l  da ta  
and  i n t e rp r e t  these in  t e rms  of tha t  type  of surface  
film which  is most  cons is ten t  wi th  the  observat ion .  
I t  is possible,  however ,  to exp la in  m a n y  obse rva -  
t ions q u a l i t a t i v e l y  w i thou t  the necess i ty  of pos tu -  

l a t ing  a ny  specific type  of surface  layer .  This  can be 
done wi th  wha t  is now  k n o w n  abou t  the  e lec t ro-  
chemis t ry  of pass ive  systems.  The  purpose  of this  
work  is to descr ibe the behav io r  of sys tems con-  
t a i n i n g  p a s s i v a t i n g - t y p e  inh ib i to r s  in  t e rms  of elec- 
t rochemica l  pa ramete r s .  I t  is recognized tha t  a 
film of some type  is p r i m a r i l y  respons ib le  for pas -  
sivity,  a nd  this descr ip t ion  pe rmi t s  one to d e t e r m i n e  
w h e t h e r  a specific type  of obse rva t ion  is p e r t i n e n t  
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Fig. l .  Typical anodic polarization curve for metals which 
exhibit passivity, obtained by fixing the anodic current and 
measuring the potential. 
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Fig. 2. Typical anodic polarization curve for metals which 
exhibit passivity, obtained by fixing the potential and meas- 
uring the current. 

to d i f fe ren t ia t ion  b e t w e e n  adsorp t ion  and  oxide 
films. 

General Electrochemical Concepts 
For  meta l s  which  exh ib i t  pass ive  behavior ,  it  is 

wel l  k n o w n  tha t  a m a t e r i a l  in  the  act ive  s ta te  can  
be pass iva ted  by  app ly ing  sufficient anodic  cu r ren t .  
Such 'observa t ions  have  led to the  concept  of a 
"cr i t ica l  anodic  c u r r e n t "  for pass ivi ty .  The me a s -  
u r e m e n t  of this  charac ter i s t ic  has  p roved  v e r y  use-  
fu l  in  e x p l a i n i n g  the  effect of c h r o m i u m  on pass iv i ty  
of i r o n - c h r o m i u m  alloys (1) .  One  me thod  of ob-  
t a i n i n g  this  p roper ty ,  used by  Uhl ig  and  Woodside 
(1) ,  invo lves  app ly ing  inc reas ing  anodic  c u r r e n t s  to 
the  me t a l  in  the  act ive  s tate  and  obse rv ing  tha t  cu r -  
r e n t  wh ich  creates  a m a r k e d  shift  of po t en t i a l  i n  the  
nob le  direct ion.  A schemat ic  r e p r e s e n t a t i o n  of the  
k i n d  of po la r i za t ion  cu rve  ob ta ined  is shown  in  Fig. 
1. On  the  sect ion of the  cu rve  l abe led  AB, the  p r i -  
m a r y  anodic  (ox ida t ion)  reac t ion  is so lu t ion  of 
me t a l  to fo rm me ta l  ions in  a lower  v a l e n t  state. 
I n  the  reg ion  l abe led  CD, the  p r i m a r y  anodic  r e -  
act ion depends  u p o n  the e n v i r o n m e n t  b u t  most  
of ten invo lves  oxygen  evolut ion.  Po la r i za t ion  meas -  
u r e m e n t s  of this  type,  which  are ob ta ined  by  ad-  
j u s t i ng  anodic  c u r r e n t  and  m e a s u r i n g  potent ia l ,  a re  
not  comple te ly  sat isfactory.  Firs t ,  m e a s u r e m e n t s  
a long  AB are  v e r y  t i m e - d e p e n d e n t ,  p a r t i c u l a r l y  

in  the  reg ion  close to the cr i t ical  anodic  cur ren t .  
Thus,  the cr i t ical  c u r r e n t  one measu res  is d e p e n d e n t  
on the t ime  at  a g iven  c u r r e n t  and  the c u r r e n t  i n -  
c rements  one uses. In  addi t ion,  no i n f o r m a t i o n  on 
electrode behav io r  can be ob ta ined  in  the po ten t i a l  
reg ion  b e t w e e n  B and  C. I t  is i m p o r t a n t  to u n d e r -  
s t and  wha t  processes occur in  this reg ion  since it 
m a y  ex t end  over  a r ange  of more  t h a n  1 v and  p lays  
an  i m p o r t a n t  role in  pass iv i ty  p h e n o m e n a .  

To overcome some of these difficulties, a d i f ferent  
approach  has been  used to ob ta in  anodic  po la r iza -  
t ion measu remen t s .  This  me thod  invo lves  f ixing the  
po ten t i a l  of the sample  and  m e a s u r i n g  the cur ren t .  
The type  of po la r i za t ion  cu rve  ob ta ined  is r ep re -  
sented  schematically in Fig. 2. As the potential is 
changed from the active corrosion potential to B, 
the measured current increases. As the potential is 
made more noble, the current drops markedly via 
the route BEF and then finally increases again 
along FCD. 

Several investigators have shown anodic polar- 
ization curves of this type for Fe-Cr alloys (2-4) 
and austenitic stainless steels (5-7) in H~SO, solu- 
tions. Such behavior is not limited to alloys; for 
example, similar observations have been made with 
Ni (8), Cr (9, i0), and Fe (ii, 12). There is little 
doubt that other metals exhibit similar character- 
istics under appropriate conditions. Thus, Fig. 2 
may be considered as a schematic representation of 
the anodic polarization behavior of a metal, origi- 
nally in the active state, which is passivated by 
anodic current. While the features of this figure 
may not show all the characteristics of some real 
systems, it is sufficiently accurate to describe most 
observations and is general in nature. For the pur- 
poses of this discussion, the potential region be- 
tween B and E, which is usually relatively small, 
will be called the Flade region. There is some ques- 
tion at present as to whether the line between these 
points exhibits a finite slope or whether B and E are 
actually the same potential. Most experimental ob- 
servations indicate that there is a real difference. 
The potential at point E will be called the Flade po- 
tential or the critical anodic potential, and it is con- 
sidered that this potential divides the electrochem- 
ical behavior of the metal into active and passive 

states. 

If one determines the various electrode processes 
which occur in the different sections of the polariza- 
tion curve of Fig. 2, the following observations are 
made. In the potential range from A to B, the pri- 
mary oxidation reaction is solution of metal to form 
ions in a lower valent state. The rate of this process 
increases from A to B. In the range from B to E, the 
rate of metal solution decreases markedly and fi- 
nally reaches a low constant value from E to F. In 
this region, analysis of the solution reveals that 
the corrosion products are in a higher valent oxida- 
tion state. For example, if the metal contains Fe 
and Cr, both ferric and dichromate ions are pro- 
duced in the passive region, whereas ferrous and 
chromic ions are corrosion products in the active 
region AB. The processes which occur along the 
polarization curve FCD depend upon both the metal 
and  the  e n v i r o n m e n t .  For  example ,  in  H2SO, at  a 
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Fig. 3. Anodic polar izat ion curve showing major  ox idat ion 

reactions which occur in various potent ial  regions. 

potent ia l  more noble than the equi l ib r ium oxygen 
electrode potential ,  oxygen evolut ion wil l  be one of 
the p r i m a r y  oxidat ion reactions.  However,  meta l  
solution sti l l  occurs and genera l ly  proceeds at a 
rate  higher  than  tha t  which exists  along EF. Thus, the 
polar izat ion region FCD represents  the summat ion  
of more than  one electrode process. At  any potent ia l  
along this curve, the current  measured  is equal  to 
the sum of the current  equivalent  to oxygen evolu-  
t ion and the current  equiva lent  to meta l  oxidation.  
Therefore,  Fig. 2 can be changed to include the in-  
d iv idua l  polar iza t ion  curves of the var ious  electrode 
processes which occur. This is done in Fig. 3. The 
two dashed lines show the current  equivalent  to the 
individual  ra tes  of me ta l  dissolution and oxygen 
evolution, and the solid line represents  the sum of 
these two processes. 

Passivating lnhibitors 

Mechanism of Passivating Inhibitors 

Since Fig. 3 shows the ra te  of meta l  solution as a 
function of potent ial ,  any phenomenon which wil l  
produce a meta l  potent ia l  more noble than  the F lade  
potent ia l  wil l  create passivi ty.  This can be accom- 
pl ished by  ex te rna l  anodic polar iza t ion  as a l r eady  
described.  There are other  possibil i t ies,  however ,  
and the question arises as to the mechanism of pas-  
s ivat ion of var ious  inhibitors.  Uhlig and Cobb (13) 
have shown that  ferr ic  and cupric ions inhibi t  Ti in 
H~SO, and HC1 and proposed tha t  these ions func-  
t ion by adsorpt ion on the meta l  surface wi th  accom- 
pany ing  sat isfact ion of surface valences.  To suppor t  
this proposal ,  Uhlig and Geary  (14) measured  the 
potent ia l  of Ti and stainless steel  in 0.2N H~SO, as 
a function of ferr ic  and cupric ion concentrat ion.  
They assumed that  the change in potent ia l  produced 
by inhibi tor  addi t ion was the resul t  of dipoles 
created at  the surface by  adsorbed ions and showed 
that  thei r  da ta  appeared  to follow a Langmui r  iso- 
therm.  They also repor ted  s imi lar  da ta  for Fe  in 
dis t i l led wa te r  pass iva ted  wi th  chromate  ions. Oka-  
moto, Nagayama,  and Mitani  (15), s t imula ted  by 
this concept, r epea ted  the work  wi th  Fe in chromate  
solutions and came to a different  conclusion. They 
found tha t  a cr i t ical  chromate  concentrat ion exists 

where  the potent ia l  shifts m a r k e d l y  in the noble 
direction,  accompanied by a sudden drop in corrosion 
rate.  They fu r the r  showed that  the passive poten-  
t ials were  mixed  potent ials ,  the values of which 
were  de te rmined  by local polar izat ion phenomena.  
I t  is quite reasonable  to consider  passive potent ia ls  
in the l ight  of the mixed  potent ia l  theory  or ig inal ly  
t r ea ted  by Wagner  and Traud  (16) and descr ibed 
in some deta i l  by S te rn  (17). This concept can be 
used to expla in  many  observat ions  of the behavior  
of pass ivat ing  inhibitors.  

Consider, for example,  stainless steel  in an en-  
v i ronment  such as a i r - f r ee  di lute  H~SO, where  the 
sample corrodes and is active. Fur ther ,  consider tha t  
the anodic polar izat ion character is t ics  are  as i l lus-  
t r a t ed  in Fig. 3. If an oxidizing agent  is added to 
the solution, an ox ida t ion- reduc t ion  system now 
exists  wi th  a noble revers ib le  potent ial .  The oxi-  
dized species of this redox system can now be re -  
duced on the meta l  surface wi th  accompanying 
polarizat ion.  Since the mixed  potent ia l  of the meta l  
occurs at  tha t  potent ia l  at which the sum of the 
rates  of all  the reduct ion reactions equals the sum 
of the ra tes  of all  the oxida t ion  reactions,  a new 
mixed  potent ia l  resul ts  f rom the addi t ion of the 
oxidizing agent.  The revers ib le  potent ia l  and t y p i c a l  
polar iza t ion  character is t ics  of the redox system are 
i l lus t ra ted  in Fig. 4 along with  the anodic polar iza-  
t ion behavior  of the metal .  The new mixed  poten-  
t ia l  is also shown. Note tha t  now the poten t ia l  is in 
the  passive region and tha t  the ra te  of solution of 
meta l  is considerably  lower  than  that  which exists 
at the active potential .  Reduction of the oxidizing 
agent  now consti tutes the  ma jo r  cathodic reaction.  
Thus, an oxidizing agent  creates pass iv i ty  by  pro-  
ducing local -act ion current  which anodical ly  po-  
lar izes the me ta l  into the passive region. There are  
severa l  fea tures  of this  concept  which  w a r r a n t  de-  
ta i led discussion in order  to show how this mech-  
anism predic ts  cer ta in  character is t ics  of passive 
systems and to provide  suppor t ing  evidence. 

Nature of Passivating Inhibitors 

The pic ture  presented  above indicates tha t  any 
oxidizing agent  which creates a sufficiently noble 
redox potent ia l  should create  pass iv i ty  if the  me ta l  
exhibi ts  the anodic polar iza t ion  behavior  i l lus t ra ted  
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Fig. 4, Polarizat ion diagram for a metal passivoted by an 
oxidiz ing inhibitor. 
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in  Fig. 3. To check this, s even t een  read i ly  ava i l ab le  
oxidiz ing agents  were  eva lua t ed  in  regard  to the i r  
ab i l i ty  to pass iva te  Type  304 s ta inless  steel in  boi l -  
ing 1 wt  % H~SO,. 1 The  resul t s  are  shown  i n  Tab le  I, 
where  it  is ev iden t  t ha t  al l  were  effective i n  p ro -  
duc ing  a ve ry  m a r k e d  decrease in  corrosion ra te  
w h e n  p re sen t  in  sufficient quant i t i es .  In  this  test, 
addi t ions  which  con ta ined  chlor ide ions were  care-  
fu l ly  avoided because  of the  k n o w n  effect of chlo-  
r ide in  des t roy ing  pass iv i ty  of s ta inless  steels. ~ H o w -  
ever, pass iv i ty  of Ti is no t  p a r t i c u l a r l y  affected by  
chloride,  and  oxidiz ing agents  can even  pass iva te  Ti 
in  HC1. Therefore ,  tests  s imi la r  to those descr ibed 
above were  conduc ted  w i th  commerc i a l l y  pu re  Ti 
in  boi l ing  1% H~SO, and  boi l ing  3% HC1. The re -  
sul ts  are  p resen ted  in  Tab le  II. Here  again,  it  is 
ev iden t  tha t  all  addi t ions  were  effective in  c rea t ing  
pass iv i ty  w h e n  presen t  in  sufficient concen t ra t ion .  
Thus,  it  has been  d e m o n s t r a t e d  t ha t  t w e n t y  differ-  
ent  oxid iz ing  agents,  i nc lud ing  one organic  add i -  
tion, are  inh ib i to rs2  There  appears  to be  l i t t le  doub t  
tha t  o ther  oxidiz ing agents  wou ld  behave  in  a s imi -  
l a r  m a n n e r  u n d e r  appropr i a t e  condi t ions.  This  is 
cons is tent  w i th  the descr ip t ion  of the  e lec t rochem-  
i s t ry  of pass iv i ty  descr ibed  above where  an  oxidiz-  
ing add i t ion  is defined as one which  produces  a 
nob le  redox po ten t i a l  in  the solut ion.  

F igu re  4 also indica tes  tha t  the  corrosion ra te  
which  exists  w h e n  the me ta l  is pass iva ted  w i th  an  

i Tests  we re  c o n d u c t e d  in  1-I w i d e  m o u t h  E r l e n m e y e r  f lasks us -  
i n g  f i nge r - t i p  t ype  condensers .  O x y g e n  is p r o b a b l y  no t  c o m p l e t e l y  
e l i m i n a t e d  f r o m  the  so lu t ion ,  a l t h o u g h  i t s  c o n c e n t r a t i o n  s h o u l d  be  
e x t r e m e l y  low. 

-"Probably,  ch lo r ide  ion  des t roy  p a s s i v i t y  of s t a in less  s teels  by  
m a r k e d l y  i n c r e a s i n g  the  c r i t i ca l  anod ic  cu r ren t .  As  w i l l  be  s h o w n  
be low,  t he  c r i t i ca l  anod ie  c u r r e n t  is  an  i m p o r t a n t  f ac to r  i n  de t e r -  
m i n i n g  w h e t h e r  s t ab le  p a s s i v i t y  is poss ible .  

3 P o t e n t i a l  m e a s u r e m e n t s  on s i m i l a r  sys t ems  s h o w e d  tha t ,  in  those  
cases w h e r e  i n h i b i t i o n  was  ob ta ined ,  pa s s ive  p o t e n t i a l s  we re  also 
ach ieved .  

Table I. Effect of various oxidizing agents on the corrosion 
of stainless steel in boiling I %  H2S04 

O x i d i z i n g  C o n c e n t r a t i o n ,  W e i g h t  loss,* 
a g e n t  mo la r  t o d d  

None - -  1150 
Fe~(SO,)a 0.01 2 
CuSO, 0.01 2 
Ag2SO, 0.01 0 
HgSO, 0.01 0 
Ce (SO,) 2t 0.01 30 
KAu (CN) 2 0.01 0 
HNO8 0.01 6110 
HNO~ 0.1 1 
NaNO~ 0.01 6030 
NaNO~ 0.1 3 
NaNO2 0.01 1 
KMnO, 0.01 1 
Na~Cr~O7 0.01 2 
Na~MoO4 0.01 0 
Na2WO, 0.01 0 
NaIO~ 0.01 1 
NaBrO~ 0.01 15 
NaC1Os 0.01 11 
H~O2 0.15 0 
Quinone 0.01 0 

* 24-hr  t e s t  u s i n g  500 m l  of so lu t i on  a n d  a p p r o x i m a t e l y  20 cm~ 
samples .  A co r ros ion  ra te  of 2 t odd  is w i t h i n  t he  poss ib l e  w e i g h i n g  
e r ro r  of  t he se  tests .  

t A d d i t i o n  no t  c o m p l e t e l y  so luble .  
0.01M H202 d e c o m p o s e d  too r a p i d l y  to  m a i n t a i n  p a s s i v i t y .  
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Table II. Effect of various oxidizing agents on the corrosion 
of titanium in boiling 1% H2S04 and boiling 3% HCI 

O x i d i z i n g  C o n c e n t r a t i o n ,  W e i g h t  loss  in* W e i g h t  loss  in* 
a g e n t  m o l a r  1% I-I~SO,, todd  3% HCI, t odd  

None - -  1130 670 
Fez (SO,) 3 0.01 0 - -  
CuSO, 0.01 2 - -  
Ag2SO, 0.01 0 - -  
HgSO, 0.01 0 - -  
Ce (SO,) ~t 0.01 0 6 
NaNO~ 0.01 1 2 
NaNO.~ 0.01 3 16 
KMnO, 0.01 0 1 
Na~Cr~O~ 0.01 1 0 
Na~MoO~ 0.01 0 0 
Na~WO, 0.01 0 0 
Na~IO~ 0.01 0 1 
NaBrO~ 0.01 1 4 
H-"O2 0.15 0 12 
Quinone 0.01 0 0 
HAuCL 0.01 0 0 
PtCL.2HC1 0.01 1 3 
SnCL 0.01 - -  0 
HgC12 0.01 - -  1 
CuCL 0.01 - -  1 
FeCI~ 0.01 - -  1 

* 24-hr  tes t  u s i n g  500 m l  of s o l u t i o n  and  a p p r o x i m a t e l y  20 cm ~ 
samples .  A co r ros ion  ra te  of 2 t odd  is w i t h i n  the  poss ib l e  w e i g h i n g  
e r ro r  of these  tests.  

A d d i t i o n  no t  c o m p l e t e l y  so luble .  
$ 0.01M H~O2 d e c o m p o s e d  too r a p i d l y  to m a i n t a i n  p a s s i v i t y .  

oxidiz ing agent  should  be the  same as tha t  which  
occurs w h e n  the me ta l  is pass iva ted  by  anodic  
po la r iza t ion  to the  same potent ia l .  F r a n c k  and  
Wel l  (18) have  p rov ided  the  ev idence  for  this  in  
s tudies  of the pass iv i ty  of Fe i n  H2SO,. The pass ive  
corrosion ra te  p roduced  by  e i ther  ceric ion or qu i -  
none  has b e e n  shown to be essen t ia l ly  the  same as 
tha t  p roduced  by  anodic  polar iza t ion .  

Effect o~ Concentration of Passivating Inhibitors 
Two other  f r e q u e n t l y  observed  p h e n o m e n a  in  

pass iv i ty  are cons is ten t  w i th  the  concept  tha t  pas-  
s iva t ing  inh ib i to r s  f unc t i on  by  p roduc ing  loca l -ac -  
t ion  c u r r e n t  which  anodica l ly  polar izes  the  me t a l  
into the passive region.  One  is concerned  wi th  the  
fact tha t  an  i nh ib i t o r  c onc e n t r a t i on  h igher  t h a n  
some cr i t ical  va l ue  is necessa ry  to p roduce  s table  
pass ivi ty .  Below this  cr i t ica l  va lue ,  the  oxidiz ing 
agen t  m a y  ac tua l ly  accelera te  corrosion.  The  o ther  
obse rva t ion  is concerned  wi th  the  u n s t a b l e  n a t u r e  
of pass iv i ty  w h e n  the  inh ib i to r  concen t r a t i on  is 
close to this  critical, value .  In  this  ins tance ,  r epea ted  
tests u n d e r  a p p a r e n t l y  the  same c i rcumstances  
somet imes  lead to pass iv i ty  a nd  somet imes  to an  
act ive  state. The  po ten t i a l s  and  corrosion ra tes  are  
qu i te  d i f ferent  for the two condit ions.  

W h e n  the  concen t r a t i on  of an  oxid iz ing  agent  is 
changed,  the  revers ib le  po ten t i a l  of the redox  sys-  
t em created by  the  i nh ib i t o r  in  the  so lu t ion  is 
changed.  Also, the  exchange  c u r r e n t  of the  redox 
sys tem ma y  change,  d e p e n d i n g  on the  k ine t ics  of 
the  process. Cons ider  first the  case w he r e  a change  
in  c onc e n t r a t i on  of oxidiz ing agen t  has no effect on 
exchange  c u r r e n t  a nd  only  changes  the  revers ib le  
potent ia l .  The po la r iza t ion  d i a g r a m  showing  how 
such a change  affects the  po ten t i a l  a nd  corrosion 
ra te  is i l l u s t r a t ed  in  Fig.  5. As the  c onc e n t r a t i on  
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Fig. 5. P o l a r i z a t i o n  d i a g r a m  i l l us t ra t i ng  how a c h a n g e  in 
o x i d i z i n g  a g e n t  re( lax po ten t i a l  a f f ec t s  cor ros ion  c u r r e n t  a n d  
cor ros ion  po ten t i a l .  

of the oxidizing agent is increased from C, to C5, 
the reversible potential becomes more noble in ac- 
cordance with the Nernst equation. For the concen- 
tration C1, the mixed potential is in the active re- 
gion and the corrosion rate is increased. An example 
of this situation is shown in Table I where 0.01M 
nitrate additions to H~SO, accelerated corrosion of 
stainless steel, whereas a 0.1M addition passivates. 
Concentration C~ produces an interesting situation 
since there are two possible mixed potentials, that  
is, there are two potentials at which the sum of all 
the rates of oxidation equals the sum of all the rates 
of reduction. Which potential the metal assumes is 
dependent upon many  intangible factors. However, 
the passive state is probably not very stable under 
these conditions. It  is quite evident that  appropriate 
conditions could exist where the metal will oscillate 
between the passive and active potential. It is pos- 
sible that  under these conditions introduction of 
active metal  will produce an active potential, 
whereas if the metal  is already passive, the noble 
potential will be evident. Concentrations Ca and C4 
produce stable passivity, and the passive corrosion 
rate is independent of inhibitor concentration in this 
region.' Concentration C5 also produces stable pas- 
sivity although the corrosion rate is increased, as 
indicated by the square point on Fig. 5? Note that 
in this case, the sum of the currents equivalent to 
the rate of metal dissolution and oxygen evolution 
equals the current equivalent to the rate of in- 
hibitor reduction. 

The exchange current  of the redox system pro- 
duced by the oxidizing addition also has a signifi- 
cant influence on behavior. For example, consider 
four different oxidizing agents added to an actively 
corroding system in appropriate concentrations nec- 
essary to produce the same redox potential. Further,  
consider that the oxidation-reduction kinetics for 
the redox systems are such that they exhibit mark-  

The  co r ros ion  r a t e  of those  m e t a l s  w h i c h  do no t  e x h i b i t  a F l a d e  
r e g i o n  w i l l  of  course,  i nc rease  c o n t i n u o u s l y  as the  c o n c e n t r a t i o n  of  
o x i d i z i n g  a g e n t  is  increased .  

5 B e h a v i o r  in  t h i s  r eg ion ,  w h e r e  the  m e t a l  so lu t i on  ra te  a g a i n  in -  
creases  w i t h  p o t e n t i a l ,  has  been  t e r m e d  t r a n s p a s s i v i t y  and  is a n  
i m p o r t a n t  p a r t  of the  o v e r - a l l  p a s s i v i t y  p ic tu re .  H o w e v e r ,  t h i s  phe -  
n o m e n o n  is no t  p e r t i n e n t  to t he  p r e s e n t  d e v e l o p m e n t  a nd  is no t  
d i scussed  in  deta i l .  
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Fig. 6. P o l a r i z a t i o n  d i a g r a m  i l l u s t r a t i ng  how a c h a n g e  in 
o x i d i z i n g  a g e n t  e x c h a n g e  c u r r e n t  a f f ec t s  cor ros ion  c u r r e n t  
and  cor ros ion  po ten t i a l .  

edly different exchange currents. This situation is 
shown in Fig. 6. 

The system with a very low exchange current, 
labeled IoA, produces unstable passivity with two 
possible mixed potentials as described above. 

The system with the higher exchange current, IoB, 
produces stable passivity. It  is worth mentioning 
here that the conditions illustrated by this partic- 
ular system are necessary in order to use an elec- 
trochemical method for measuring passive corrosion 
rates reported by Vetter (19). He found that the 
corrosion rate of passive Fe in concentrated HNO~ 
can be determined electrochemically by polarizing 
the surface anodically to the potential of Pt in the 
same solution. The current required to polarize to 
the Pt potential is equivalent to the corrosion cur-  
rent. This can only be true if Pt  exhibits the re- 
versible redox potential of the environment and if 
the local anodic polarization curve for the metal is 
practically vertical. Also, since the applied anodic 
current required to polarize the passive metal to 
the reversible potential of the redox system is equal 
to the difference between the corrosion current and 
IoB, the exchange current of the redox system on 
the passive surface should be much smaller than the 
passive corrosion current. If the passive corrosion 
potential is more than about 150 mv active to the 
reversible redox potential of the solution, the error 
in neglecting the exchange current  will probably 
not be significant. This actually depends on the Tafel 
slope for reduction of the oxidizing agent on the 
passive surface. Thus, it is evident that  this method 
of determining the passive corrosion rate can be 
applied only in special cases. For example, the sys- 
tem shown in Fig. 6, where the redox exchange cur-  
rent, Ioc, is somewhat  greater than the passive cor- 
rosion rate, produces a metal potential only slightly 
more active than the reversible redox potential? In 
this case, the anodic current  required to polarize 
to the Pt potential will not be related to the cor- 
rosion rate. However, a method previously de- 
scribed (20) is useful here. If the oxidation-reduc- 
tion kinetics of the redox system can be measured 
on the passive surface, then the local anodic polar-  

6 Fo r  th i s  cond i t ion ,  t he  ra te  of o x i d a t i o n  of the  r e d u c e d  species  
of the  i n h i b i t o r  becomes  a n  i m p o r t a n t  f ac to r  in  d e t e r m i n i n g  t h e  
m i x e d  po ten t i a l .  The  t h r e e  p o i n t s  in  a h o r i z o n t a l  r ow  i n  Fig.  6 
i l l u s t r a t e  t he  fac t  t h a t  t h e  m i x e d  p o t e n t i a l  is t h a t  v a l u e  a t  w h i c h  
the  c u r r e n t s  e q u i v a l e n t  to o x i d a t i o n  of m e t a l  a n d  o x i d a t i o n  of t he  
r e d u c e d  species  of i n h i b i t o r  equa l s  the  c u r r e n t  e q u i v a l e n t  to  r educ -  
t ion  of i n h i b i t o r .  
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i za t ion  c u r v e  of the  m e t a l  can  be  d e t e r m i n e d  in  the  
r eg ion  close to t he  pa s s ive  po t en t i a l .  F o r  e x a m p l e ,  
i t  was  shown  tha t  the  loca l  anod ic  p o l a r i z a t i o n  c u r v e  
for  H a s t e l l o y  a l loy  F in  a f e r r i c - f e r r o u s  ch lo r ide  
s y s t e m  was  e s s e n t i a l l y  v e r t i c a l  w i t h  a cor ros ion  r a t e  
e q u i v a l e n t  to on ly  0 .02~a/cm ". This  s y s t e m  is an  
idea l  e x a m p l e  of t he  case  s h o w n  in Fig .  6 w h e r e  t he  
ox id i z ing  a g e n t  e x h i b i t s  an  e x c h a n g e  c u r r e n t  of Ioc. 

I n  t he  case  w h e r e  t h e  r e d o x  e x c h a n g e  cu r r en t ,  IoD, 
is m u c h  g r e a t e r  t h a n  the  p a s s i v e  cor ros ion  cu r ren t ,  
the  m e t a l  exh ib i t s  the  r e v e r s i b l e  r e d o x  po ten t i a l .  
This  has  been  o b s e r v e d  e x p e r i m e n t a l l y  for  s t a in less  
s tee l  in f e r r i c - f e r r o u s  su l f a t e  so lu t ions  (21) a n d  in 
two  o t h e r  cases  w h i c h  wi l l  be d e s c r i b e d  be low.  In  
th is  ins tance ,  one canno t  d e t e r m i n e  the  pas s ive  
co r ros ion  r a t e  b y  e l e c t r o c h e m i c a l  means .  H o w e v e r ,  
if  t he  m e t a l  exh ib i t s  t he  s a m e  p o t e n t i a l  as the  
e q u i l i b r i u m  r e d o x  po ten t i a l ,  t he  cor ros ion  c u r r e n t  
m u s t  be  a t  l eas t  one  o r d e r  of m a g n i t u d e  less  t h a n  
the  r e d o x  e x c h a n g e  c u r r e n t J  

Effect of Critical Anodic Current 

T h e r e  a r e  s e v e r a l  o t h e r  tes ts  w h i c h  e s t ab l i sh  the  
v a l i d i t y  of t he  concept  t h a t  p a s s i v a t i n g  i n h i b i t o r s  
func t ion  p r i m a r i l y  b y  c r e a t i n g  l o c a l - a c t i o n  c u r r e n t  
w h i c h  a n o d i c a l l y  po la r i ze s  t h e  m e t a l  in to  t he  p a s -  
s ive  region .  F o r  e x a m p l e ,  th is  concept  p r e d i c t s  
t h a t  a m e t a l  w i t h  a h igh  c r i t i ca l  anodic  c u r r e n t  
for  p a s s i v i t y  r e q u i r e s  a g r e a t e r  c r i t i ca l  c o n c e n t r a -  
t ion  of ox id i z ing  a g e n t  to p r o d u c e  s t ab l e  p a s s i v i t y  
t h a n  a m e t a l  w h i c h  e x h i b i t s  a low c r i t i ca l  anod ic  
cu r ren t .  This  is cons i s t en t  w i t h  t he  d a t a  of Ol iv ie r  
(22) who  m e a s u r e d  the  c r i t i ca l  anod ic  c u r r e n t  of 
F e  and  F e - C r  a l loys  in  10% H,SO4 at  r o o m  t e m -  
p e r a t u r e .  In  th is  e n v i r o n m e n t ,  Fe  e x h i b i t s  a c r i t i ca l  
c u r r e n t  of 1 a m p / c m  2, w h e r e a s  T y p e  304 s ta in less  
s tee l  r e q u i r e s  on ly  2.2 m a / c m  "~ for  pas s iv i ty .  I t  is we l l  
k n o w n  t h a t  s m a l l  a d d i t i o n s  of f e r r i c  ion  o r  o t h e r  
ox id i z ing  agen t s  wi l l  p a s s i v a t e  s t a in l e s s  s tee l  in  th is  
e n v i r o n m e n t ,  w h e r e a s  s i m i l a r  add i t i ons  (or  m u c h  
h i g h e r  c o n c e n t r a t i o n s )  a cce l e r a t e  t he  cor ros ion  r a t e  
of i ron.  This  p r i n c i p l e  is i l l u s t r a t e d  in Fig.  7. 8 

To o b t a i n  m o r e  q u a n t i t a t i v e  d a t a  conce rn ing  the  
p r e d i c t e d  effect of c r i t i ca l  anod ic  c u r r e n t  on the  

7 Th i s  is  a n  i m p o r t a n t  bas ic  p r i n c i p l e  w h i c h  app l i e s  no t  on ly  to  
m i x e d  p o t e n t i a l s  w h e r e  cor ros ion  m a y  be i n v o l v e d ,  b u t  a lso to in -  
er t  e lec t rodes  w h i c h  m a y  e x h i b i t  a m i x e d  p o t e n t i a l  in  e n v i r o n m e n t s  
w h e r e  more  t h a n  one  r cdox  r eac t i on  can occur.  Thus ,  P t  is a good  
i n d i c a t i n g  e lec t rode  for  m e a s u r i n g  t he  e q u i l i b r i u m  p o t e n t i a l  of s im-  
p le  redox  sys t ems  because  e x c h a n g e  c u r r e n t s  on P t  are  u s u a l l y  v e r y  
h igh .  S ide  e l e c t r o c h e m i c a l  p rocesses  w h i c h  r e s u l t  f r o m  m i n o r  
a m o u n t s  of  i m p u r i t i e s  occur  a t  r a tes  m u c h  l o w e r  t h a n  t he  e x c h a n g e  
ra te  of the  m a j o r  r edox  process.  Thus ,  t he  P t  p o t e n t i a l  is no t  s ig-  
n i f i can t ly  affected.  H o w e v e r ,  P t  w i t l  e x h i b i t  a m i x e d  p o t e n t i a l  i f  
two  or m o r e  m a j o r  r edox  processes  occur  on the  su r face  a t  r a tes  of 
t h e  same  o rde r  of m a g n i t u d e .  F o r  example ,  P t  in  h y d r o g e n - s a t u -  
r a t ed  20% H2SO4 e x h i b i t s  the  r e v e r s i b l e  h y d r o g e n  e lec t rode  p o t e n -  
t i a l  of  --0.20 vs.  s a t u r a t e d  ca lomel .  I f  t h e  s y s t e m  is  m a d e  •.hM i ~  
fe r r i c  ion  and  0.1M in  f e r rous  ion,  t he  P t  p o t e n t i a l  is +0.50. F i n a l l y ,  
i f  t h e  h y d r o g e n  gas  is  s u b s t i t u t e d  by  n i t r o g e n ,  t he  P t  p o t e n t i a l  is 
unaf fec ted .  I n  t h i s  case, t he  e x c h a n g e  c u r r e n t  fo r  t he  f e r rous - f e r r i c  
r edox  sys t em is cons ide r ab ly  g r e a t e r  t h a n  t he  e x c h a n g e  c u r r e n t  fo r  
the  h y d r o g e n  e lec t rode  s y s t e m  so t h a t  ]Pt e x h i b i t s  t he  r e v e r s i b l e  
f e r rous - f e r r i c  r edox  p o t e n t i a l  in  the  h y d r o g e n - s a t u r a t e d  so lu t ion .  
H o w e v e r ,  i f  t h e  f e r r o u s - f e r r i c  e x c h a n g e  c u r r e n t  is  r e d u c e d  cons id -  
e r ab ly  by  d e c r e a s i n g  the  f e r rous  i on  concen t r a t i on ,  t h e n  P t  e x h i b i t s  
a m i x e d  po ten t i a l .  Thus ,  in  t he  s ame  ac id  w i t h  0.hM fe r r i c  i on  and  
no i n t e n t i o n a l  a d d i t i o n  of  f e r rous  ions,  t he  P t  is +0.62 v vs. s a tu -  
r a t ed  ca lome l  w i t h  n i t r o g e n  passed  t h r o u g h  the  so lu t i on  b u t  on ly  
+0.58 w h e n  the  s y s t e m  is h y d r o g e n  sa tu ra ted .  These  two  p o t e n t i a l s  
a re  r e p r o d u c i b l e  u p o n  a l t e r n a t e l y  p a s s i n g  n i t r o g e n  and  h y d r o g e n  
t h r o u g h  t he  acid.  

I t  is p r o b a b l e  t h a t  P t  does no t  f u n c t i o n  as an  e f fec t ive  o x y g e n  
e lec t rode  because  t he  e x c h a n g e  c u r r e n t  for  t h i s  r edox  s y s t e m  on 
P t  is r e l a t i v e l y  low.  

s Th i s  s c h e m a t i c  f igure  does no t  cons ide r  t he  fac t  t h a t  s t a in less  
s teel  in  m a n y  e n v i r o n m e n t s  becomes  pa s s ive  a t  c ons ide r ab ly  m o r e  
ac t ive  p o t e n t i a l s  t h a n  Fe.  Th i s  is  a lso cons i s t en t  w i t h  p a s s i v a t i o n  of  
s t a in less  s teel  w i t h  cons ide r ab ly  l o w e r  c o n c e n t r a t i o n s  of o x i d i z i n g  
a g e n t  t h a n  are  r e q u i r e d  fo r  Fe. 

P A S S I V A T I N G - T Y P E  I N H I B I T O R S  643 

i L ~ i i , l q  ~ , I I ~ , H  I I , , , 1 1 1 1  i , , , i i , , [  I , , , , , I l l  

_.1 

z 
w 

Q 
G. 

. .~""ACT~VE " . : : . .  ~ I 

5 
~ I i I I I I I l l  i i i ~1 L I I j  I i i [ 1 [ 1 1 1  i i i 1 1 1 1 1 1  i f i 

CURRENT 

Fig. 7. Effect of criticol onodic current on the behovior 
of p o s s i v o t i n g  i n h i b i t o r s .  

c o n c e n t r a t i o n  of ox id i z ing  a g e n t  r e q u i r e d  to p a s -  
s ivate ,  m e a s u r e m e n t s  w e r e  conduc t ed  w i t h  c o m -  
m e r c i a l l y  p u r e  Ti in  v a r i o u s  c o n c e n t r a t i o n s  of bo i l -  
ing  H2SO~ c on t a in ing  5% Na..SO~. Cr i t i c a l  anod ic  
c u r r e n t  m e a s u r e m e n t s  w e r e  o b t a i n e d  b y  a m e t h o d  
d e s c r i b e d  b y  p r e v i o u s  i n v e s t i g a t o r s  (22, 23).  This  
m e t h o d  i n v o l v e s  p o l a r i z i n g  the  ac t ive  m e t a l  w i t h  a 
f ixed anod ic  c u r r e n t  w h i c h  is h i g h e r  t h a n  the  c r i t i -  
cal  va lue .  The  p o t e n t i a l  of t he  s a m p l e  is m e a s u r e d  
as a func t ion  of t ime  as i t  passes  f rom the  ac t ive  s ta te  
to the  pas s ive  s ta te ,  and  a c r i t i ca l  t i m e  for  p a s s i v i t y  
is se lec ted .  This  is r e p e a t e d  for  a n u m b e r  of anodic  
cur ren t s ,  and  a p lo t  is m a d e  of anod ic  c u r r e n t  d e n s i t y  
as a func t ion  of t he  r e c i p r o c a l  of  the  t i m e  for  p a s s i v i t y  
(tp).  The  d a t a  f a l l  on a r e a s o n a b l y  s t r a i g h t  l ine  
w h i c h  is e x t r a p o l a t e d  to a v a l u e  of 1lip equa l  to 
zero (tp = ~ ) .  This  is cons ide red  the  c r i t i ca l  anodic  
c u r r e n t  d e n s i t y  w h i c h  w i l l  p r o d u c e  p a s s i v i t y  if  one 
w a i t s  for  an  inf in i te  t i m e  and,  the re fo re ,  p r o v i d e s  a 
c onve n i e n t  m e t h o d  for  c o m p a r i n g  d i f fe ren t  a l loys  or  
condi t ions .  M e a s u r e m e n t s  r e p o r t e d  h e r e  w e r e  ob -  
t a i n e d  w i t h  a C a r y  Mode l  31 V i b r a t i n g  R e e d  E lec -  
t r o m e t e r  w h i c h  d r i v e s  a L&N a d j u s t a b l e  span,  a d -  
j u s t a b l e  zero r e c o r d e r  w i t h  a c h a r t  speed  of  30 in . /  
m in  and  a f u l l - s c a l e  p e n  speed  of 1 sec. C u r r e n t  was  
s u p p l i e d  f rom a s t ab le  h i g h - v o l t a g e  p o w e r  s u p p l y  
fed  t h r o u g h  h igh  r e s i s t ances  to m i n i m i z e  c u r r e n t  
c h a n g e  w h e n  t h e  s a m p l e  be c ome s  pass ive .  The  c r i t i -  
cal  t ime  for  p a s s i v i t y  was  se l ec t ed  as t he  i n t e r v a l  
b e t w e e n  the  i n i t i a l  a p p l i c a t i o n  of anodic  c u r r e n t  
and  t i m e  at  t he  m a x i m u m  s lope  of t he  p o t e n t i a l -  
t ime  curve .  P o t e n t i a l - t i m e  cu rves  w e r e  s i m i l a r  in 
shape  to those  shown  b y  Ol iv ie r  (22) e x c e p t  t ha t  
the  f inal  p a s s i v e  p o t e n t i a l  a s s u m e d  b y  Ti is cons id -  
e r a b l y  h ighe r .  F i g u r e  8 shows  p lo ts  of anodic  c u r -  
r en t  d e n s i t y  as a func t ion  of 1ltd. I t  is e v i d e n t  t h a t  
an  i nc rea se  in H~SO~ c onc e n t r a t i on  inc reases  the  
c r i t i ca l  c u r r e n t  for  pa s s iv i t y .  

To d e t e r m i n e  t h e  effect  of c r i t i ca l  anod ic  c u r r e n t  
on the  a m o u n t  of ox id i z ing  agen t  r e q u i r e d  to p a s -  
s iva t e  Ti, k n o w n  i n c r e m e n t s  of Fe~(SO,)~ w e r e  
a d d e d  to a cel l  in  w h i c h  Ti was  ac t ive .  The  Ti  p o -  
t e n t i a l  was  m e a s u r e d  as a func t ion  of  f e r r i c  ion  
concen t r a t i on ,  t he  r e su l t s  of w h i c h  a re  s h o w n  in 
Fig .  9. I t  is e v i d e n t  t ha t  the  c o n c e n t r a t i o n  of f e r r i c  
ion r e q u i r e d  to p r o d u c e  a nob le  p o t e n t i a l  i nc reases  
w i t h  i nc rea s ing  ac id  c o n c e n t r a t i o n  in a m a n n e r  
s i m i l a r  to the  i n c r e a s e  in  c r i t i ca l  anod ic  cu r r en t .  
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Fig. 9. The potential  of Ti as a function of ferric ion con- 
centrat ion in boil ing HsSO, solutions containing 5 %  NosSO4. 

The  p o t e n t i a l s  r e p o r t e d  he re  a r e  no t  f inal  s t e a d y -  
s t a t e  va lues ,  s ince  th is  is an  imposs ib l e  cond i t i on  to 
o b t a i n  in such  a sys t em.  I n  t h e  ac t i ve  reg ion ,  t h e  
ox id i z ing  a g e n t  is c o n s u m e d  in the  cor ros ion  p rocess  
and  thus  t he  c o n c e n t r a t i o n  changes  w i t h  t ime.  In  
the  pas s ive  reg ion ,  t he  p o t e n t i a l s  w e r e  s t ab l e  and  
close to, b u t  less  n o b l e  than ,  P t  in  t he  s a m e  solu t ion .  
F o r  f e r r i c  ion c o n c e n t r a t i o n s  close to t he  c r i t i ca l  
v a l u e  for  s t ab l e  pas s iv i ty ,  p o t e n t i a l s  w o u l d  osc i l l a t e  
c o n s i d e r a b l y  and  the  r e p o r t e d  v a l u e s  a r e  ave rages .  

C o r r o s i o n  tes t s  s h o w e d  t h a t  w h e n  a s t ab le  pa s s ive  
p o t e n t i a l  was  ach ieved ,  t he  co r ros ion  r a t e  was  n e g l i -  
gible,  w h e r e a s  w i t h  insuff ic ient  i n h i b i t o r  p resen t ,  
the  r a t e  was  a b o u t  e q u a l  to t he  r a t e  w i t h  no f e r r i c  
ion added .  I t  was  a lso  f o u n d  t h a t  t h e  m a r k e d  change  
in  cor ros ion  r a t e  o c c u r r e d  at  t he  c r i t i ca l  i n h i b i t o r  
c o n c e n t r a t i o n  s h o w n  in  Fig .  9. In  o r d e r  to e s t ab l i sh  
th is  l a s t  obse rva t ion ,  i t  was  n e c e s s a r y  to a d d  f e r r i c  
ion  to a s y s t e m  in  w h i c h  t h e  Ti  was  i n i t i a l l y  ac t ive .  
Tha t  is, Ti  was  p l a c e d  in  t he  bo i l ing  so lu t ion  u n t i l  
i t  was  ac t ive ,  and  t h e n  a k n o w n  i n c r e m e n t  of  f e r r i c  
ion was  added .  B l a n k  tes ts  w e r e  conduc t ed  to d e t e r -  
m i n e  t h e  w e i g h t  c h a n g e  d u r i n g  th i s  i n i t i a l  a c t i v a t -  
ing  per iod .  If  Ti  w a s  a d d e d  to a so lu t ion  in  w h i c h  
f e r r i c  ion  w a s  i n i t i a l l y  p resen t ,  t h e n  a m u c h  s m a l l e r  
c o n c e n t r a t i o n  of f e r r i c  ion  w o u l d  m a i n t a i n  t h e  

Table III. Comparison of corrosion rate, critical anodic current, and 
critical ferric ion concentration for passivity of Ti in boiling H2SO~ 

H=-SO~ + C r i t i c a l  
5% C o r r o s i o n  a n o d i c  C r i t i c a l  F e  ++* 

NaeSO4, r a t e ,  c u r r e n t ,  c o n c e n t r a t i o n ,  
% m d d  m a / c m ~  m g / m l  

1 280 0.05 0.040 
2 580 0.2 0.085 
3 1820 0.4 0.195 
5 2880 1.8 0.250 

o r ig ina l  p a s s i v i t y  c r e a t e d  b y  a i r  e x p o s u r e  of t he  
sample .  

T a b l e  I I I  s u m m a r i z e s  t he  effect  of H~SO, con-  
c e n t r a t i o n  on the  cor ros ion  ra te ,  c r i t i ca l  anod ic  c u r -  
ren t ,  and  f e r r i c  c o n c e n t r a t i o n  r e q u i r e d  for  pa s s iv i t y .  
A n  inc rea se  in c r i t i ca l  i n h i b i t o r  c o n c e n t r a t i o n  w i t h  
an  inc rease  in  c r i t i ca l  anod ic  c u r r e n t  is cons i s t en t  
w i t h  t he  m e c h a n i s m  of p a s s i v a t i n g  i nh ib i t o r s  d e -  
s c r i b e d  above .  

The  d a t a  of F ig .  8 p r o v i d e  some a d d i t i o n a l  i n -  
f o r m a t i o n  which ,  t h o u g h  no t  p e r t i n e n t  to t he  m e c h -  
a n i s m  of p a s s i v a t i n g  inh ib i to r s ,  p e r t a i n s  to t he  p r i -  
m a r y  cause  of pa s s iv i t y .  I t  c an  be  s h o w n  t h a t  t he  
s lope  of each  l ine  on th is  f igure  is i n v e r s e l y  p r o p o r -  
t i ona l  to t he  n u m b e r  of cou lombs  a s soc ia t ed  w i t h  
t he  p a s s i v a t i o n  process .  S ince  the  s c a t t e r  in  t he  d a t a  
is too g r e a t  to d e t e r m i n e  w h e t h e r  t h e  n u m b e r  of 
cou lombs  n e c e s s a r y  for  p a s s i v i t y  is a func t ion  of 
H~SO, concen t ra t ion ,  t he  l ines  w e r e  i n t e n t i o n a l l y  
d r a w n  pa ra l l e l .  The  d a t a  show t h a t  anod ic  p a s s i v a -  
t i on  of  Ti  r e q u i r e s  0.021 c o u l o m b / c m  ~ w h e r e  t he  
a r e a  m e a s u r e m e n t  is a p p a r e n t  a rea .  S ince  the  Ti  
su r f ace  is a c t i v a t e d  in t he  c o r r o d i n g  e n v i r o n m e n t ,  
and  i t  is e tched,  i t  a p p e a r s  r e a s o n a b l e  to a s sume  
t h a t  t he  t r u e  su r f a c e  a r e a  is f r om t h r e e  to f ive t i m e s  
as l a r g e  as the  m e a s u r e d  va lue .  I f  one p r e f e r s  to 
cons ide r  t ha t  the  cou lombs  r e q u i r e d  to p a s s i v a t e  
a r e  used  in  ox id i z ing  Ti  in  a c c o rda nc e  w i t h  t he  
o v e r - a l l  r e a c t i o n  Ti + 2H~O ~ TiO~ +t- 4H § + 4e, 
t h e n  the  c a l c u l a t e d  ox ide  f i lm th i ckness  is 25A us ing  
a su r f a c e  r o u g h n e s s  f ac to r  of 4. I t  shou ld  be  m e n -  
t i oned  t h a t  th is  k i n d  of  i n f o r m a t i o n  has  also b e e n  
used  to s u p p o r t  a d s o r b e d  l a y e r s  of oxygen .  

Quantity of Passivator Associated with the Surface 

I t  is i m p o r t a n t  to no te  t h a t  m a n y  i n v e s t i g a t o r s  
h a v e  used  r ad io i so topes  or  o t h e r  sens i t i ve  a n a l y t i c a l  
t e c hn ique s  to d e t e r m i n e  the  a m o u n t  of i n h i b i t o r  
on  a p a s s i v a t e d  m e t a l  sur face .  This  k i n d  of i n f o r -  
m a t i o n  has  been  used  to s u p p o r t  e i t h e r  o x i d e  f i lms 
or  a d s o r p t i o n  as the  bas ic  cause  of pa s s iv i t y .  D a t a  
of th is  t y p e  h a v e  no t  p r o v e d  p a r t i c u l a r l y  conc lus ive  
b e c a u s e  the  a m o u n t  of m a t e r i a l  found  v a r i e s  con-  
s i d e r a b l y  f r o m  s y s t e m  to sys tem.  F o r  e x a m p l e ,  
Cohen  and  Beck  (25) r e p o r t  the  p a s s i v e  f i lm on F e  
in  c h r o m a t e  so lu t ions  m a y  c o n t a i n  as m u c h  as 25% 
Cr~O~ w i t h  t he  r e m a i n d e r  i ron  oxide .  H a c k e r m a n  
a n d  P o w e r s  (26) ,  on the  o t h e r  hand ,  r e p o r t  t h a t  
a d s o r b e d  c h r o m a t e  a t  t h e  o x i d e - s o l u t i o n  i n t e r f a c e  
can  be  r e s p o n s i b l e  for  p a s s i v i t y  even  t h o u g h  the  
a m o u n t  of c h r o m a t e  f o u n d  is e q u i v a l e n t  to a b o u t  
t h r e e  m o n o l a y e r s .  In  add i t ion ,  C a r t l e d g e  (24) has  
s h o w n  t h a t  p e r t e c h n e t a t e  is a r e m a r k a b l y  ef fec t ive  
p a s s i v a t o r  for  F e  even  t h o u g h  t h e  a m o u n t  of r a d i o -  
ac t ive  t e c h n e t i u m  on the  su r f ace  c o r r e s p o n d s  to a 
v e r y  s m a l l  f r a c t i o n  of a m o n o l a y e r .  
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When one considers that the prime function of an 
oxidizing inhibitor is to produce passivity by pro-  
viding a redox system capable of anodically polar- 
izing the metal to a noble mixed potential, it be- 
comes obvious that the amount of inhibitor found 
on the surface is not necessarily related to the na- 
ture of the film causing passivity. The rate of reduc- 
tion of the oxidizing agent is dependent upon the 
final mixed potential, the exchange current,  and the 
Tafel slopes of the redox process. For example, 
Cartledge (24) has shown that iron passivated by 
either pertechnetate or osmic acid exhibits the re-  
versible potential of the redox system in solution. 
Thus, under these conditions the redox system is es- 
sentially at equilibrium on the passive surface, and 
there is no net reduction of inhibitor. Such a sys- 
tem has been illustrated in Fig. 6 where the ex-  
change current, IoD, is considerably greater than the 
passive corrosion current. In most cases of passivity, 
where sufficient data have been reported, the pas- 
sive potential is active to Pt in the same solution. 
This means that the passivator is being reduced at 
some finite rate which is equal to the rate of cor- 
rosion of metal in accordance with the theory of 
mixed potentials. Since the passive corrosion rate 
may be extremely small, the reduction rate may be 
quite difficult to detect. It should be mentioned, of 
course, that  the rate of reduction of inhibitor may 
not be related to the amount observed on the sur- 
face, since the reduced species may not remain as- 
sociated with the surface. 

Thus, the mixed potential concept provides a 
means for explaining large variations in quanti ty 
of inhibitor found on passive surfaces without the 
necessity of postulating adsorption or oxide films. 

Discussion 
It  has been shown that  many experimentally ob- 

served phenomena may be explained by consider- 
ing that the prime function of passivating inhibitors 
is to create a stable mixed potential more noble 
than the Flade region. This concept was suggested 
by Kolotyrkin (5, 10), who wrote, "The action of 
passivators need not involve their direct participa- 
tion in forming the passivity film. Apparently,  their 
action may be confined to increasing the overall rate 
of the cathodic reaction and thereby causing a shift 
of the steady-state potential in the positive direc- 
tion, conducive to increased passivity." Pourbaix 
and Van Rysselberghe (27) have suggested a simi- 
lar mechanism, but the details of their proposal, 
which is associated with potential-pH diagrams, are 
quite different from those given here. The concept is 
also implicit in the work of many  others who have 
treated passive potentials as mixed potentials (18- 
19, 28, 29). In addition, Uhlig (1) has indicated that 
any local-action current  greater than the critical 
anodic value is expected to create passivity. This is 
consistent with the mechanism supported here. 

It  is of value to discuss the interesting experi-  
ments by Cartledge (24) on passivation of Fe by 
pertechnetate. The rather  unusual ability of this 
ion to passivate may  be at tr ibuted to a high ex- 
change current on the metal surface in accordance 
with the mechanism illustrated in Fig. 5 and 6. 

This is consistent with several experimental ob- 
servations when one considers, as Cartledge has, 
that passive potentials are mixed potentials. First, 
the quanti ty of inhibitor required, and the loss due 
to reduction, were found to be highly dependent 
upon the composition and surface activity of the Fe. 
This is consistent with the recognized fact that  ac- 
tivation overvoltage parameters are sensitive to sur- 
face conditions. Also, as described above, the fact 
that  the passive potential is equal to the redox po- 
tential, along with the observation that  the per-  
technetate observed on the surface is constant and 
extremely small, shows that the exchange current  is 
considerably higher than the passive corrosion cur-  
rent. In addition, the exchange current for per-  
technetate must be considerably higher than that 
for chromate because of the following reported ob- 
servations: Pertechnetate is an effective inhibitor 
at lower concentrations than chromate in spite of 
the fact that  chromate is a stronger oxidizing agent. 
The passive potential of Fe is more noble in per-  
technetate solutions than in chromate solutions of 
equal concentration, al though the redox potential of 
the chromate solution is more noble. These observa- 
tions can only be explained by considering that 
pertechnetate exhibits an unusually high exchange 
current. 

In accordance with what  has already been de- 
scribed above, the particular behavior of a given 
passivating inhibitor is determined by the redox po- 
tential and oxidation-reduction parameters  (par-  
ticularly the exchange current)  on the metal sur- 
face. Some other characteristics may be equally im- 
portant. For example, a given inhibitor species may 
also affect the critical anodic current  by some un-  
specified mechanism, although as yet there appears 
to be no direct evidence for this. Should such a 
situation actually exist, then that inhibitor which 
reduces the critical anodic current will produce 
stable passivity at a lower concentration, provided 
all other factors are the same. Cartledge has shown 
that  the lelade potential of lee is apparently not 
affected by various inhibitors, so this factor, which 
would also influence the amount of inhibitor re-  
quired for passivity, will not  be considered. 

Inhibitors may  also function by influencing the 
reduction kinetics of another oxidizing agent in so- 
lution, thus enabling the mixed potential to occur 
in the passive region. For example, while molyb-  
date and tungstate are sufficiently oxidizing in na-  
ture to passivate stainless steel and Ti under es- 
sentially oxygen-free  conditions (Tables I and II) ,  
oxygen is required before they will passivate lee 
under the conditions described by Pryor  and Cohen 
(30) and Cartledge (24). Thus, while it is possible 
that  the sum of the reduction rates of these weak 
oxidizing agents and that of oxygen may be suf- 
ficient to polarize Fe above the Flade potential 
(whereas the reduction rate of oxygen alone is in- 
sufficient), it is also possible that these inhibitors 
raise the exchange current  or decrease the Tafel 
slope for oxygen reduction producing a noble mixed 
potential. There are not sufficient data available to 
determine which of these possibilities, i_~ most likely. 
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Fig. 10. The effect of concentrotion polor izat ion on the 
behavior of pcssivoting inhibitors. 

It is possible that either or both of these may play 
important  roles in some systems.'  

I t  should be noted that oxygen has been treated 
in the same manner as any other oxidizing agent. 
In accordance with the mechanism proposed, there 
is no apparent  need to consider that it functions in 
a manner  different from that of other passivators. 
This is consistent with the observation of Uhlig and 
Geary (14) that the passive potential of stainless 
steel becomes more noble as the partial pressure of 
oxygen is increased, and becomes less noble as the 
solution is made more alkaline. Such behavior is 
expected, since the reversible oxygen electrode po- 
tential (determined by the reaction O~+ 4H§ 
4e-~ 2H~O) becomes more noble as the oxygen par-  
tial pressure and hydrogen ion concentration are in- 
creased. As mentioned previously, other species in 
solution may affect the reduction kinetics of oxygen 
and thus produce passivity. 

The reduction kinetics of the oxidizing agent have 
been treated only in terms of activation polariza- 
tion. However, concentration polarization undoubt-  
edly plays an important  role under some circum- 
stances as is evidenced by the behavior of oxygen 
passivation of Fe in pure water  (where the critical 
anodic current  is relatively low). Under high solu- 
tion velocity conditions, passivity may be achieved, 
whereas stagnant conditions produce an active po- 
tential and a relatively high corrosion rate (31). 
The effect of concentration polarization is illus- 
trated in Fig. 10, where it is evident that  when con- 
centration polarization due to local-action currents 
exists, the mixed potential is active; whereas fac- 
tors which raise the limiting diffusion current  above 
the critical anodic current  create only one possible 
mixed potential which is in the passive region. 

There appears to be little doubt that passivity 
results from the formation of either an oxide or 
adsorbed film. The mechanism described here for 
the creation of passivity by oxidizing agents is in- 
dependent of whether  the unusual anodic behavior 
of passive metals results from an oxide or adsorbed 
film. However, it should be pointed out that  if the 

9 F o r  e x a m p l e ,  C a r t l e d g e  (24) h a s  s h o w n  t h a t  in  s y s t e m s  c o n t a i n -  
i n g  b o t h  o x y g e n  a n d  p e r t e c h n e t a t e ,  t h e  r e v e r s i b l e  p o t e n t i a l  o f  t h e  
p e r t e e h n e t a t e  s y s t e m  is  m o r e  a c t i v e  t h a n  t h e  F l a d e  p o t e n t i a l  o f  Fe .  
T h u s  i n  t h i s  case ,  o x y g e n  is the  p a s s i v a t i n g  i n h i b i t o r  a n d  p e r t e c h -  
n e t a t e  p r o b a b l y  a f f ec t s  t h e  r e d u c t i o n  k i n e t i c s  of  o x y g e n ,  

principles described here are accepted, then some of 
the argument  that adsorption is the prime cause of 
passivity must be re-evaluated, since a good deal 
of the evidence used to support this mechanism in- 
volves the behavior of passivating agents. The abil- 
ity of CO to inhibit stainless steel in HC1 has also 
been used as strong supporting evidence for adsorp- 
tion as the principal cause of passivity (32). There 
is little doubt that CO adsorbs on stainless steel and 
Fe, as indicated by King and Rau (33). However, 
this adsorption does not lead to passivity in the 
electrochemical sense of the term, and it is believed 
that CO inhibits by the same mechanism as acid 
pickling inhibitors, which apparently do function 
by adsorption (34). For example, the potential of 
CO inhibited stainless steel in 2.45N HC1 (35) is 
about 0.35 v more active than the saturated calomel 
electrode and is only about 0.1 v more noble than the 
same system without inhibitor. The evidence that 
CO should be considered in the same category as 
acid pickling inhibitors, and not included as a 
passivating inhibitor, is as follows: the inhibited 
potential is active; the change in potential resulting 
from inhibition is only about 0.1 v in the noble di- 
rection; commercial pickling inhibitors or additions 
like quinoline ethiodide and carbon disulfide pro- 
duce similar effects, and finally oxygen passivation 
produces a much more noble potential. 

I t  is believed that  the final answer to passivity 
will come from an acceptable explanation of metal 
dissolution kinetics. In particular, one must explain 
the reason for the existence of the Flade region and 
also the unusual electrode kinetics which result in 
a metal dissolution rate which is independent of 
potential. 

Conclusions 
1. Inhibitors which create passivity function 

primari ly by producing a mixed potential which is 
more noble than the Flade region. In order to achieve 
this, the solution must contain a redox system with 
a noble reversible potential (an oxidizing agent).  

2. The major  factors which determine whether  
a particular system will exhibit passivity are.the re-  
versible potential of the redox system created by 
the oxidizing inhibitor; the oxidation-reduction 
parameters for reduction of the inhibitor on the 
metal surface (exchange current, Tafel slope, limit- 
ing diffusion current ) ;  and the value of critical 
anodic current and Flade potential of the metal. 
If oxygen is present in the environment, other 
species in solution may affect its reduction kinetics 
and thus produce conditions favorable to passivity. 

3. Passivity is favored by high values of redox 
potential, exchange current, and limiting diffusion 
current, and by low values for the Tafel slope. A 
low critical anodic current for the metal and a rela- 
tively active Flade region also favor passivation. 

4. While there is little doubt that passivity pri-  
mari ly results from either an oxide film or adsorp- 
tion, the mixed potential concept proposed here is 
independent of which mechanism predominates. 
Thus, some of the argument  that adsorption is the 
prime cause of passivity should be re-evaluated, 
since much of the evidence used to support this 
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m e c h a n i s m  invo lves  the  b e h a v i o r  of p a s s i v a t i n g  
agents .  

5. I t  is b e l i e v e d  t h a t  a f inal  a n s w e r  to p a s s i v i t y  
wi l l  come  f r o m  an  a c c e p t a b l e  e x p l a n a t i o n  of m e t a l  
d i s so lu t ion  k ine t i c s  w h i c h  i nvo lves  bo th  t he  F l a d e  
r eg ion  a n d  the  p o t e n t i a l  r eg ion  w h e r e  m e t a l  d i s -  
so lu t ion  is i n d e p e n d e n t  of po t en t i a l .  
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A Study of Corrosion Films on Zirconium and Its Alloys 
by Impedance Measurements 

J. N. Wanklyn and D. R. Silvester 

Atomic Energy Research Establishment, Harwe~l, Berkshire, England 

ABSTRACT 

The oxide films formed on z i rconium and some of its al loys dur ing  corrosion 
in s team and wa te r  at  325~ have  been s tudied by impedance  measurements  
made  by  immers ion  in an electrolyte .  A fa l l  in the  pro tec t ive  charac te r  of the  
film is accompanied  b y  an increase of capacity,  and measurements  of the  l a t t e r  
provide  a useful  method  of compar ing  films. The behavior  of the res is t ive  pa r t  
of the  impedance  and the influence of f requency  and e lec t ro ly te  conduct iv i ty  
a re  complex,  and only a pa r t i a l  in te rp re ta t ion  can be given. 

The  in i t i a l  r e a c t i o n  of z i r c o n i u m  and  i ts  a l loys  fa l l s  w i t h  t ime .  A f t e r  a t ime  which ,  d e p e n d i n g  on 
w i t h  w a t e r  a n d  s t e a m  a t  t e m p e r a t u r e s  a r o u n d  the  a l l oy  a n d  condi t ions ,  va r i e s  f r o m  a f ew  hour s  to 
300~ is c h a r a c t e r i z e d  b y  a r a t e  of a t t a c k  w h i c h  m a n y  t h o u s a n d  hours ,  t he  r a t e  inc reases  and  r e -  
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mains constant until flaking of the oxide film pre-  
vents fur ther  accurate measurements. The phenom- 
enon causing this change is called "breakaway"  or 
"transition." Although Thomas and Kass (1) re- 
cently suggested that transition and breakaway are 
fundamental ly  different, the former implying only 
a change of kinetics, while the latter also involves 
loss of oxide by spalling, both conditions are ex- 
plicable by cracking of the film under the compres- 
sive stresses due to the expansion (about 50% by 
volume) accompanying the conversion of metal to 
oxide. Such stresses have been directly demon- 
strated by Wheeler (2), and Evans (3) has dis- 
cussed theoretically the types of cracking to be ex- 
pected under various conditions. 

It seems likely that the corrosion rate is con- 
trolled at all times by the diffusion of some species 
(almost certainly oxygen ions) through the oxide 
film, and that the change in kinetics occurs because 
the latter 's  protective character is reduced by the 
cracks. If cracking keeps pace with film growth, 
the effective rate-controll ing thickness remains 
constant and corrosion is linear with time. 

Numerous workers (4-6) have measured the ca- 
pacity of oxide films on metals, generally with the 
aim of determining their thickness. Young (5) 
studied the dependence of film capacity and re- 
sistance on frequency, reaching conclusions about 
the structure of the films, part icularly the variation 
of nonstoichiometry through their thickness. All 
this work referred to nominally crack-free films, 
generally produced by anodizing. Young, however, 
reported unduly high capacities for anodic films 
formed under breakdown conditions, and Misch (7), 
comparing anodic films formed on various metals in 
nitric acid found, that porous, nonprotective films 
had high capacities. 

These high values could be due to electrolyte 
entering cracks, so reducing the effective thickness 
of dielectric and increasing the observed capacity. 
Cracks formed in films during corrosion and oxida- 
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Fig. 1. Bridge circuit 

tion should behave similarly. The experiments de- 
scribed below and briefly reported elsewhere (8) 
were therefore carried out to study such films. This 
application of capacity measurements is similar to 
the work of Wormwell  (9, 10) and co-workers, who 
detected the failure of paint films on metal speci- 
mens immersed in electrolyte by observing a rise 
of capacitance. 

Experimental 
The circuit is shown in Fig. 1. The bridge ele- 

ments Rx, Ro, and Rs were Muirhead noninductive 
decade units and Co a Dawe three-dial  decade 
capacitor giving 0.001 to 1.11 ~F. Rx and Ro were 
generally kept at 10,000 ohms each and the bridge 
was balanced with Co and Rs which was variable 
in steps of 0.1 ohm up to 11,111 ohms. The oscillator 
(Dawe 400A) was connected to the bridge through 
a t ransformer since its output, which was earthed 
on one side, would be incompatible with the Wagner 
earthing circuit (see Fig. 1). The a-c voltage im- 
posed on the cell during measurements was only a 
few tens of millivolts root mean square. Only one 
capacity was provided in the Wagner earth, and this 
was switched into whichever limb required it for 
balance. The 10,000 ohms series resistance provided 
a fine variation of the capacity adjustment. The de- 
tector was a Cossor Type 1049 oscilloscope pre-  
ceded by Type TAA-16EA amplifier (MIT Radia- 
tion Laboratory)  which could be turned over the 
range 500-5000 cps. The oscilloscope was most con- 
veniently used with a simple t ime-base sweep, the 
amplified output being applied to the y plates. With 
this arrangement  it was possible to distinguish visu- 
ally the desired signal from background inter-  
ference. Tests with standard components showed 
the bridge to be accurate to about 2-3%. 

In the first experiments the d-c potential of the 
specimen was controlled by the d-c supply. The 
choke, L, prevented this circuit from short circuit- 
ing the a-c detector, while the condenser, C, blocked 
the latter 's low resistance d-c path. The d-c source 
was adjusted by measuring the potential of the 
specimen against a saturated calomel electrode with 
a pH meter. When it was found that small varia-  
tions of d-c potential did not influence the capacities 
significantly, the d-c source was disconnected and 
the specimen allowed to assume its natural  poten- 
tial. 
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Fig, 2. Meosuring cell 
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The cell was  as shown in Fig. 2. Spec imens  were  
a t tached  to the  suppor t ing  wi re  by  a smal l  n u t  and  
bolt  or wi th  a clip and  were  waxed  so as to leave  an  
exposed area of about  1-11/2 cm ~. Edges cut af ter  the 
corrosion e x p e r i m e n t  were  a lways  waxed,  and  care 
was t aken  not  to scratch the  surface to be measured .  
W h e n  d-c  po ten t ia l s  were  to be measured ,  the cell 
had a side a rm  lead ing  to a sa tu ra t ed  calomel  elec- 
t rode and  filled w i th  cell e lectrolyte ,  gene ra l ly  1N 
H_.SO~. Wi th  this  so lu t ion  the res i s tance  of the  cell, 
m e a s u r e d  wi th  a p la t in ized  p l a t i n u m  elect rode of 
the same d imens ions  rep lac ing  the  specimen,  was 
abou t  2 ohms. 

The oxide film impedance  was a lways  expressed 
as capaci ty  and  res i s tance  in  series. I t  is i n  series 
wi th  C~ and  C~, double  l aye r  capacit ies  at  the  speci-  
m e n  and  Pt,  respect ively ,  and  wi th  Re, the e lec t ro-  
ly te  res i s tance  (Fig. 3).  The va lues  of Rs and  Co 
(Fig. 1) gave the cell impedance  as res i s tance  and  
capaci ty  in series and,  since the capacit ies  were  a l -  
ways  m u c h  less t h a n  typ ica l  double  l ayer  values ,  

Table I. Analyses of materials 

Samp_e No. 24, Sample  No. 050, 
Unal loyed Kroll  Zr ppm ppm 

N~ 50 225 
C 280 550 
Fe 300 435 
Ni - -  32 
Cr 100 155 
Mg 50 20 
C1 50 20 
Cu - -  100 
O~ - -  1100 
H~ - -  37 
A1 I00 - -  

Binary  alloys: 1% wt Cr, 2.5% wt Ta, 0.25% wt A1. 
All nominal  compositions, based on Sample No. 24. 

Zircaloy 2 (Nominal)  : 1.5% wt  Sn, 0.12% wt Fe, 0.10% 
wt Cr, 0.05% wt Ni, balance Zr. 

Co gave Cf direct ly.  The m e a s u r e d  res i s tance  was 
of ten  m u c h  grea te r  t h a n  Re, bu t  w h e n  it  was  com-  
pa rab le  to Re, the l a t t e r  was sub t rac t ed  to give Rf. 

The ma te r i a l s  s tud ied  were  Kro l l  z i r con ium and  
b i n a r y  and  t e r n a r y  al loys based on it. Ana lyses  are 
g iven  in  Table  I. 

The p r e p a r a t i o n  of the al loys and  the i r  f ab r i ca -  
t ion  into sheet  has been  descr ibed e l sewhere  (11).  
As before, al l  spec imens  were  p ickled  in  n i t r i c /  
hydrof luor ic  acid'  before  the corrosion exper iments ,  
which  were  conducted  e i ther  in  w a t e r  at 325~ as 
descr ibed ear l ie r  (11),  or i n  s t e a m at  325~ and  1 
atm.  For  the l a t t e r  the spec imens  were  suspended  
in  a glass reac t ion  c h a m b e r  in  a ve r t i ca l  t ube  f u r -  
nace. Steam,  ra ised in  a smal l  boi ler  f rom which  all  
a ir  was  first expel led,  was  passed t h r o u g h  the re -  
act ion c h a m b e r  at abou t  100 cm~/min.  Approp r i a t e  
weigh ings  gave  the weigh t  gain  per  u n i t  area.  Most 
of the films were  a d h e r e n t  ( expe r imen t s  be ing  
stopped before  the  onset  of f laking)  so t ha t  this  
we igh t  was a good me a su r e  of the  ex t en t  of corro-  
s ion and  of the fi lm thickness.  

Results 

At first an  a rea  of exac t ly  1 cm ~ of spec imen  was 
w a xe d  off, but ,  as this  p roved  difficult to achieve,  
in  s u b s e q u e n t  e x p e r i m e n t s  a p p r o x i m a t e l y  1 cm 2 was 
m a s k e d  off a nd  ca re fu l ly  measured .  Capac i ty  resu l t s  
were  conver ted  t hen  to va lues  for 1 cm ~ by  d iv id ing  
by  the ac tua l  area, whi le  the res i s tance  va lues  were  
m u l t i p l i e d  by  the  area.  

Capac i ty  va lues  for va r ious  al loys are g iven  in  
Table  II which  also shows, for compar ison,  corrosion 
ra tes  i n  wa te r  at 325~ Resul ts  for spec imens  of 
una l l oye d  Zr  af ter  va r ious  per iods of exposure  to 
s t eam at 325~ and  1 arm are shown in  Tables  I I I  
to VI. Both these sets of m e a s u r e m e n t s  were  made  
in  1N H~SO~ at  a f r e que nc y  of 1000 cps and  are final 
s teady va lues  af ter  at leas t  24 h r  in  e lectrolyte .  

The effect of f r e que nc y  on the  i mpe da nc e  of sev-  
era l  spec imens  in  1N H~SO, is shown  in  Fig. 4 and  
5. The resul t s  are p lo t ted  as res i s tance  vs. 1 / f r e -  
quency  and  1 /capac i ty  vs. log f requency .  Young  (5) 
has shown  this to give s t ra igh t  l ines  for c rack - f r ee  
films. Accord ing  to his theory,  the  ra t io  of the  slope 

2 HNO3 (eonc),  45 cm3; HF  (48% soln),  5 cm3; and water ,  50 cm.~. 

Table II. Capacity values for various alloys after corrosion in water at B25~ (1000 cps) 

A v e r a g e  l inear  
T ime  of Weight  gain  C, corrosion ra te  Corrosion 

Alloy corrosion, h r  W, mg/cm~ #F/cm2 1/CW m g / c m 2 / m o  res is tance  

Zircaloy 2 72 ~0.1 0.039 260 Rate fall ing wi th  Good 
144 0.3 0.029 120 t ime 
228 0.3 0.029 120 
520 0.3 0.025 130 

Unalloyed 72 0.5 0.143 14 
Zirconium 144 1.3 0.135 5.7 4.4 
(No. 24) 228 2.1 0.140 3.4 Intermediate  

520 3.7 0.179 1.5 
Zirconium 72 1.0 0.093 11 

~- 1% wt Cr 144 2.8 0.257 1.4 14 
228 4.7 0.129 1.7 
520 11 0.392 0.24 

Zirconium 72 1.3 0.404 1.9 ~I0-20 [from Bad 
q- 2.5% wt Ta 520 ? F lak ing  0.526 - -  other expts (11) ] 

Zirconium 72 ~7  0.726 ,~0.2 ~70 
-~ 0.25 % wt A1 Flak ing  
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Table III. Capacity measurements on unalloyed zirconium (No. 050) 
after exposure to steam at 325~ I atm for various times (1000 cps) 

Speci -  
m e n  T ime ,  C, Color  of  
No. h r  W, m g / c m ~  ~F/cmS 1/CW oxide  f i lm 

Table V. Values of R~ at 1/ f  = 0 

Speci- 
men R~ a t  1 / f  = 0 Rf  a t  1 / f  = 0 
No. 1/CW in  1N H~SO4 (ohm) in N/IO Na~SO4 (ohm) 

1 27.4 ~1  N0* 
1 1 0.058 0.629 27.4 Blue-black 2 26.9 ~2  N0* 
2 0.054 0.688 26.9 3 34.6 N5 N0 
3 2 0.051 0.566 34.6 Blue-black 4 38.5 N8 N0* 
4 0.047 0.553 38.5 5 7.35 - -  N50 
5 2.5 0.142 0.960 7.35 Dark gray 6 8.70 ~ 0  - -  
6 0.128 0.898 8.70 7 4.55 N1 200-300 
7 3 0.295 0.744 4.55 Medium gray 8 4.22 N0 N50 
8 0.283 0.839 4.22 9 3.20 0 ~100 
9 4 0.351 0.890 3.20 Light gray 10 3.66 - -  N80 

10 0.319 0.856 3.66 11 2.37 ~1  ~100 
11 5 0.475 0.890 2.37 Light gray 12 2.15 <1 ~100 
12 0.485 0.962 2.15 13 2.12 - -  ~100 
13 6 0.497 0.946 2.12 Light gray, 14 1.72 <1 N80 
14 0.515 1.135 1.72 White spots 15 1.66 N0 ~220 
15 10 0.644 0.937 1.66 Light gray, 16 1.69 <1 N30 
16 0.662 0.892 1.69 White spots 

of the "capaci ty"  plot  to tha t  of the  " res i s tance"  plot  
should a lways  be 9.2 ( = 4  x log e 10). ( In  this  r e l a -  
t ion C is expressed in  Fa rads  per  cm' . )  F igu re  5 
gives the  observed  va lues  of the  ratio.  

F igu re  6 shows the  change  of capaci ty  wi th  t ime  
of i m m e r s i o n  in  e lec t ro ly te  for c racked and  u n -  
c racked films. 

Table  IV shows the effect of v a r y i n g  the  e lec t ro-  
lyte  res i s tance  f rom 1N H~SO, (p = 5 o h m - c m )  to 
N/IO sod ium sulfa te  (p = 130 o h m - c m ) ,  and  Fig. 7 
shows the  f r equency  dependence  of the  res i s tance  
of typ ica l  spec imens  of una l l oyed  Zr  in the two 
electrolytes .  

Discussion 

Table  II  shows that ,  as an t ic ipa ted ,  films of lower  
pro tec t ive  va lue  have  h igher  capacit ies.  Since the  
capaci ty  of a condense r  is i nve r se ly  p ropor t iona l  to 
the  th ickness  of dielectric,  it  is c o n v e n i e n t  to take  
1 /capac i ty  as a measu re  of the  "effective th ickness"  
of the  pro tec t ive  pa r t  of the  film. The  pro tec t ive  
charac te r  of d i f ferent  films m a y  be compared  by  ob-  
t a i n i n g  the  ra t io  of 1 / capac i ty  to the  tota l  th ickness  
of the  film. For  a d h e r e n t  films on Zr  (which  forms 
only  one oxide)  the weigh t  gain  per  u n i t  a rea  d u r -  

Table IV. Effect of electrolyte resistivity on film impedance 
( 1000 cps) 

1N H2SO~ N/IO Na2SO4 Rf  in  
Speci- (p = 5 o h m - c m )  (p = 130 o h m - e m )  N/IO Na~SO4 

m e n  Cf, Rf,  Cf, Rf ,  Rf  i n  
NO. W, m g / c m  e /zF o h m  /zF o h m  1N H~,S04 

1 0.058 0.629 30.7 0.099 239 7.8 
2 0.054 0.688 21.0 0.162 158 7.5 
3 0.051 0.566 38.4 0.072 410 11 
4 0.047 0.553 42.6 0.073 280 6.6 
5 0.142 0.960 14.2 0.257 340 24 
6 0.128 0.898 16.0 0.067 775 48 
7 0.295 0.744 20.3 0.038 1630 80 
8 0.283 0.839 20.6 0.027 1690 82 
9 0.351 0.890 19.4 0.050 1230 63 

10 0.319 0.856 16.0 0.233 357 22 
11 0.475 0.890 22.3 0.389 260 12 
12 0.485 0.962 20.4 0.235 595 29 
13 0.497 0.946 19.7 0.362 350 18 
14 0.515 1.135 18.8 0.316 472 25 
15 0.644 0.937 17.5 0.775 59 3.4 
16 0.662 0.892 17.4 0.735 90 5.2 

* N e g a t i v e  in te rcep t .  

ing corrosion (W) is a good me a su r e  of fi lm th ick-  
ness. P ro tec t ive  charac te r  is thus  m e a s u r e d  by  the  
q u a n t i t y  1/CW. Values  of 1 /CW are g iven  in  Tab le  
II and  compar i son  wi th  the  corrosion ra tes  shows 
tha t  good al loys are  sha rp ly  d i s c r i m i n a t e d  f rom bad.  
In  Tab le  III  the fal l  of 1 /CW wi th  film g rowth  re -  
veals  the progress ive  loss of p ro tec t ive  character .  
This  was  accompanied  by  a change  of fi lm color 
u sua l  wi th  cor rod ing  Zr alloys,  f rom b lack  t h rough  
shades of g ray  to white .  

I t  is not  possible  to decide ce r t a in ly  w h e t h e r  the  
best  mate r ia l ,  Z i rca loy  2, fo rms  films wh ich  are  
en t i r e ly  c rack- f ree ,  bu t  the re  are two  reasons  for 
suppos ing  tha t  it  does. First ,  if  the films are  c rack-  
free, the i r  capaci t ies  m a y  be ca lcula ted  approx i -  
m a t e l y  as s imple  pa ra l l e l  p la te  condensers .  T a k i n g  
the dielectr ic  cons t an t  (4) and  dens i ty  of z i r con ium 
dioxide as 27 and  5.7 g / c m  ~, respect ively ,  C = (3.5 
• 10 - ' r  ~ F / c m  ~ where  W is the weigh t  ga in  in  
m g / c m  ~ and  r is the rat io t rue  surface  a r e a / a p -  
p a r e n t  sur face  area. If ca lcu la ted  and  observed  
capacit ies  for Z i rca loy  2 are  equated,  r is found  to 
be abou t  1.5. Adams,  et al. (12) found  c N 2 for 
ab raded  Zr  and,  by  compar i son  wi th  this, a va lue  of 
1.5 for a b r i g h t  p ick led  sur face  seems reasonable .  
Second, films, such as those on Zi rca loy  2, which  
have  "good" va lues  of I / C W  (150 or more )  behave  
d i f fe rent ly  wi th  t ime  f rom less pro tec t ive  films. The 
final  capaci ty  of the  fo rmer  is es tab l i shed  a lmost  

7 O O 0  
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Fig. 4. Voriation of R~ with l / f  far various alloys 
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Fig. S. Var ia t ion of 1 /C with log f for various alloys 

at, once, bu t  in fe r io r  films show a m a r k e d  dr i f t  w i th  
t ime, p r e s u m a b l y  due to the  slow p e n e t r a t i o n  of 
e lec t ro ly te  in to  cracks. Some typ ica l  cases are  g iven  
in  Fig. 6, which  also shows that ,  w i th  a ve ry  bad  
film ( 1 / C W  = 1.7) the  dr i f t  d imin i shes  again,  
doubt less  because  the cracks are la rge  and  n u m e r -  
ous. 

I t  was t hough t  tha t  ex t r apo la t ion  to zero t ime  of 
the  plots for cracked films migh t  y ie ld  va lues  appro -  
p r ia te  to u n c r a c k e d  films of the  same thickness .  
Wi th  ex t ens ive ly  cracked spec imens  no cons is ten t  
resul ts  could be obta ined ,  the capaci ty  chang ing  too 
r ap id ly  for accura te  m e a s u r e m e n t  at shor t  t imes.  
For  a few specimens,  w i th  1 / C W  in  the r ange  30- 
100, the  ex t r apo la t ed  va lues  a p p r o x i m a t e d  to the  
theore t ica l  c r ack - f r ee  value ,  based on 1 / C W  ~ 200. 

As discussed more  fu l ly  later ,  the fi lm impe da nc e  
obeyed a p p r o x i m a t e l y  the  re la t ions  de r ived  by  
Young  for c rack - f r ee  films. Accord ing  to the l a t t e r  
the film res is tance  is i nve r se ly  p ropor t iona l  to the 
f r equency  and  so should  fal l  to zero at  1 / f  = 0. Wi th  
m u c h - c r a c k e d  films, the  capaci ty  is m u c h  la rger  
t h a n  the  u n c r a c k e d  va lue  and  therefore  m u s t  be 
p r e d o m i n a n t l y  composed of impedance  e lements  
each connec ted  to the b u l k  e lec t ro ly te  by  cracks 
filled w i th  l iquid.  When,  at 1/f  = 0 the  res i s tance  of 
the e l ements  themse lves  falls to zero, there  should 
r e m a i n  a res i s tance  charac ter i s t ic  of the  e lec t ro ly te  
in  the  cracks. This m igh t  be expected  to change  by  
the  appropr i a t e  ra t io  w h e n  the  res i s t iv i ty  of the 
e lec t ro ly te  is changed.  Values  of R~ at 1 / f  = 0 in  
two e lec t ro ly tes  are  g iven  in  Tab le  V for a n u m b e r  
of the  spec imens  exposed in s t eam at 325~ The 
behav io r  of two spec imens  is i l l u s t r a t ed  in  Fig. 7. 

In  H~SO, the  res is tances  are  smal l  and  the  ac-  
curacy  low, so t h a t  one can  on ly  say tha t  they  are of 

~cA~ l  r o I -  
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Table Vl. Mean protective thickness d and total thickness t, of films 
formed on unalloyed zirconium in steam at 325~ 1 atm 

(Sample No. 050} 

S p e c i m e n  
N o .  W ,  m g / c m  -~ 1/CW d, A t, A 

1 0.058 27.4 630 4000 
3 0.051 34.6 730 3500 
6 0.128 8.70 410 8800 
7 0.295 4.55 490 20000 
9 0.351 3.20 410 24000 

11 0.475 2.37 410 33000 
13 0.497 2.12 380 34000 
15 0.644 1.66 390 44000 

0"1 

0 
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Fig. 6. 
various electrolytes. 
capacities. 
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Var iat ion of capacity with t ime of immersion in 
Values of 1 /CW are based on f inal  

the  order  of a few ohms. The sod ium sul fa te  va lues  
are also r a t h e r  imprecise,  bu t  those for spec imens  
exposed for i n t e r m e d i a t e  t imes (No. 5 o n w a r d )  are 
def ini te ly  la rger  t h a n  in  H~SO,. 

Ear l i e r  spec imens  gave v e r y  low values ,  and  
somet imes  even  nega t ive  in tercepts ,  which  are r e -  
corded as " ~  zero." This t r e nd  m a y  be exp la ined  as 
follows: the first specimens,  corroded for shor t  
per iods only,  have  films which  are  on ly  s l ight ly  
cracked,  so tha t  "crack  e l emen t s"  con t r ibu t e  l i t t le  
to the i r  impedance ,  and  the i r  series res i s tance  is 
l i t t le  affected by  tha t  of the  e lec t ro ly te  i n  the  pores. 
As exposure  increases,  the  ex t en t  of c rack ing  i n -  
creases and  at abou t  spec imen  No. 7 the  res is tance  
of the l iqu id  in  the cracks exer ts  its greates t  effect. 
Wi th  st i l l  f u r t h e r  exposure,  however ,  the  cross- 
sect ional  area  of cracks is so m u c h  increased  tha t  
the i r  con t r i bu t i on  to res i s tance  aga in  falls. Thus  
the increase  in  R~ on chang ing  to an  e lec t ro ly te  of 
h igher  res i s t iv i ty  should  be leas t  for u n c r a c k e d  and  
m u c h - c r a c k e d  films and  should  reach a m a x i m u m  
for i n t e r m e d i a t e  specimens.  The increase  of c rack-  
ing as corrosion proceeds is i l l u s t r a t ed  by  the suc- 
cessive va lues  of 1 / C W .  

This  e x p l a n a t i o n  is c e r t a in ly  an  overs impl i f ica-  
tion. For  example ,  w i th  the  i n t e r m e d i a t e  spec imens  

�9 ~  v t . eoo  

~ q l  zd �9 

i o o  

.o . . . . .  ::~;~ 7:00 '~ ;g. 

Fig. 7. Determination of Rf at 1/f = 0, for unalloyed Zr 
exposed to steam at 325~ ] otto. 
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of Tab le  V, t he  r a t io  [R~(1 / f  = 0) in  Na~SO~]/[R,  
( 1 / f  = 0) in H~SO,] is c o n s i d e r a b l y  m o r e  t h a n  the  
r a t i o  of  t he  r e s i s t i v i t i e s  of  t he  e l e c t r o l y t e s  t h e m -  
selves,  viz.,  26. Tab le  IV shows  the  s ame  to be  t r u e  
of r e s i s t ances  at  1000 cps. Aga in ,  w h e n  the  i m p e d -  
ance  is p r e d o m i n a n t l y  m a d e  up  of c r a c k  e l e m e n t s  
(i.e., t he  c a p a c i t y  is m u c h  g r e a t e r  t h a n  the  u n -  
c r a c k e d  v a l u e  for  the  t h i cknes s  in  ques t ion )  the  
s imp le  p i c t u r e  w o u l d  sugges t  t h a t  t h e  c a p a c i t y  
shou ld  not  be af fec ted  b y  the  c h a n g e  of e l ec t ro ly t e .  
Tab le  IV shows  t h a t  th is  is b y  no m e a n s  so, c a p a c i t y  
v a l u e s  be ing  m u c h  r e d u c e d  in  s o d i u m  su l fa te .  As  
w i th  the  r e s i s t ances  t h e r e  is a t e n d e n c y  for  the  
i n t e r m e d i a t e  spec imens  to show the  g r e a t e s t  effect. 

I t  is t hus  not  y e t  poss ib le  to e x p l a i n  in d e t a i l  t he  
i m p e d a n c e  of a c r a c k e d  film, a n d  one canno t  use  the  
va lue s  to s t u d y  the  cracks ,  as f u l l y  as o r i g i n a l l y  
hoped.  In  p a r t i c u l a r ,  i t  is not  poss ib le  to ca l cu l a t e  
s e p a r a t e l y  t h e i r  a r e a  a n d  m e a n  d i s t a n c e  of a p p r o a c h  
to the  m e t a l / o x i d e  in t e r face .  A c r u d e  e s t i m a t e  of 
the  l a t t e r  m a y  h o w e v e r  be  m a d e  for  m u c h - c r a c k e d  
fi lms in the  fo l lowing  way .  

A crack ,  a l t h o u g h  d r a w n  in two  d imens ions  as a 
l ine,  is in fac t  a c o m p l i c a t e d  w a r p e d  sur face .  2~ 
s impl i f ied  c r ack  m a y  be  cons ide r ed  to be  a p l a n e  
f issure of u n i f o r m  w i d t h  and  th ickness .  The  l a t t e r  
m a y  h a v e  a n y  v a l u e  d o w n  to t h a t  a t  w h i c h  the  
p r o x i m i t y  of the  w a l l s  beg ins  to affect  the  e n t r y  
a n d  p r o p e r t i e s  of the  e l ec t ro ly t e .  S o m e w h a t  a r b i -  
t r a r i l y  t he  t h i n n e s t  c r a c k  m a y  be  t a k e n  as 100A, so 
t ha t  t he  r e s i s t ance  of a 1 cm l e n g t h  of such a c rack ,  
1 cm wide ,  f i l led w i t h  1N H~SO~ is a b o u t  106 ohms.  
N o w  the  c a p a c i t y  of 1 cm ~ of ZrO2 b e t w e e n  e lec-  
t rodes  1 cm a p a r t  is a b o u t  4 x 10 -6 t~F so t h a t  i ts  i m -  
p e d a n c e  ( =  1/C~) at  1000 cps is a b o u t  108 ohms.  
Thus  such an  e l e m e n t  of c a p a c i t y  i n t e r s e c t e d  b y  a 
c r a c k  p e r p e n d i c u l a r  to  t h e  faces  of t he  d i e l ec t r i c  
w i l l  h a v e  i ts  c a p a c i t a n c e  i m p e d a n c e  c o m p l e t e l y  
s h o r t - c i r c u i t e d  b y  the  crack .  This  w i l l  a lso be  t r u e  
of t h i n n e r  c a p a c i t y  e l e m e n t s  i n t e r s e c t e d  b y  ob l ique  
cracks ,  d o w n  to e l e m e n t s  whose  t h i cknes s  is a b o u t  
1/100 cm. A l l  c racks ,  t he re fo re ,  e x c e p t  those  a lmos t  
p a r a l l e l  to t he  m e t a l  sur face ,  s h o r t - c i r c u i t  t h e  con-  
t r i b u t i o n  to c a p a c i t y  of t he  o x i d e  t h r o u g h  w h i c h  
t h e y  pass.  Thus  a c r a c k e d  f i lm cons t i tu t e s  a con-  
denser ,  one p l a t e  of w h i c h  is t he  m e t a l  and  t h e  
o t h e r  a mass  of  c r acks  f i l led  w i t h  e l ec t ro ly t e ,  each  
c r ack  s h o r t - c i r c u i t i n g  the  m a t e r i a l  a b o v e  it, so t h a t  
t he  effect ive  a r e a  of the  c o n d e n s e r  " p l a t e "  w i l l  be  
t ha t  of the  cracks ,  p r o j e c t e d  p e r p e n d i c u l a r l y  to t he  
m e t a l  sur face .  I f  t he  f i lm is e x t e n s i v e l y  c racked ,  t he  
w h o l e  a r e a  of s p e c i m e n  wi l l  be  cove red  b y  c r a c k i n g  
so t ha t  the  p r o j e c t e d  a r e a  w i l l  be  e q u a l  to t he  
( t r u e )  a r e a  of the  spec imen .  K n o w i n g  the  a r e a  one 
m a y  c a l c u l a t e  the  m e a n  t h i c k n e s s  of  d ie lec t r ic ,  i.e., 
the  m e a n  s e p a r a t i o n  of t h e  i r r e g u l a r  su r f ace  of  
c racks  f rom the  m e t a l / o x i d e  in t e r f ace .  This  g ives  
the  m e a n  t h i cknes s  of the  p r o t e c t i v e  p a r t  of t he  film. 
(S ince  c a p a c i t y  is i n v e r s e l y  p r o p o r t i o n a l  to t h i c k -  
ness, th is  v a l u e  is t he  r e c i p r o c a l  of t h e  m e a n  v a l u e  
of 1 / t h i c k n e s s  which ,  c o m p a r e d  w i t h  the  a r i t h m e t i c  
mean ,  g ives  g r e a t e r  w e i g h t  to t he  l o w e r  t h i c k -  
nesses . )  Some  v a l u e s  of the  m e a n  t h i cknes s  d b a s e d  
on  a d i e l ec t r i c  c o n s t a n t  of 27 a n d  a su r face  r o u g h -  
ness  of 1.5 a r e  g iven  in T a b l e  u  

The  c a p a c i t y  va lue s  used  a r e  t he  inc reases  ove r  
t ha t  for  an  u n c r a c k e d  fi lm of the  s ame  t o t a l  we igh t ,  
i.e., t h e y  a r e  t h e  c o n t r i b u t i o n s  due  to c racks .  F o r  
e x t e n s i v e l y  c r a c k e d  spec imens  (1/CW ~ a b o u t  10) 
th is  is the  p r e d o m i n a n t  p a r t  of the  capac i ty .  The  
t a b l e  also g ives  the  t o t a l  t h i cknes s  of t he  f i lm t, 
o b t a i n e d  f r o m  the  w e i g h t  gain,  a s s u m i n g  a d e n s i t y  
of ZrO~ of 5.7 ( t  = 6.9.10 ' w A ) .  The  f igures  show 
t h a t  d fa l l s  to a f a i r l y  cons t an t  v a l u e  of  a b o u t  400A. 
Cons ide r ing  the  u n c e r t a i n t y  of t he  roughnes s  f ac -  
tors  and  d i e l e c t r i c  cons t an t  one m a y  conc lude  t h a t  
t he  p r o t e c t i v e  p a r t  of t h e  f i lm is of  t he  o r d e r  of 
500A th ick .  

The  l o w e r  capac i t i e s  of t he  e a r l i e r  spec imens  a r e  
due  e i t he r  to t he  c r a c k i n g  no t  be ing  so deep  or  to 
i ts  a r e a  b e i n g  less  t h a n  t h a t  of t h e  w h o l e  spec imen .  
Some  sho r t  e x p e r i m e n t s  in  d r y  o x y g e n  (no t  quo ted  
h e r e )  gave  f i lms for  which ,  a s s u m i n g  u n i t  a rea ,  
d ~ t, w h i c h  is imposs ib le .  On these  spec imens  the  
a r e a  of c r a c k i n g  m u s t  h a v e  been  less  t h a n  the  who le  
a r e a  of the  spec imen ,  so t h a t  d could  b e  less  t h a n  t. 
I t  is imposs ib l e  to dec ide  w h e t h e r  or  not  t he  first  
c r acks  go as  close to t h e  m e t a l  as t he  f inal  p r o t e c t i v e  
th ickness .  I t  is t e m p t i n g  to cons ide r  tha t ,  w h i l e  the  
" r e s i s t ance  r a t i o "  ( in  two  e l ec t ro ly t e s ,  see above )  is 
i nc r e a s ing  d u r i n g  the  e a r l y  p a r t  of t he  tes t ,  t he  
c racks  a r e  b e c o m i n g  d e e p e r  a n d  tha t ,  w h e n  the  r e -  
s i s tance  r a t i o  beg ins  to fa l l  aga in ,  t h e y  h a v e  r e a c h e d  
t h e i r  g r e a t e s t  d e p t h  a n d  t h e r e a f t e r  a r e  i nc rea s ing  
in ex ten t .  T h e r e  is, h o w e v e r ,  no p roo f  of this .  De -  
t e r m i n a t i o n  of t he  l i m i t i n g  p r o t e c t i v e  t h i ckness  for  
d i f fe ren t  a l loys  a n d  cond i t ions  of co r ros ion  m i g h t  be  
i l l u m i n a t i n g ,  and  i t  is h o p e d  to do this .  

Tha t  t he  v a l u e s  of d a r e  r e a s o n a b l e  m a y  be  seen 
b y  no t i ng  tha t ,  if d i f fus ion  t h r o u g h  the  p r o t e c t i v e  
p a r t  of t he  f i lm con t ro l s  t he  cor ros ion  ra te ,  the  
l a t t e r  should ,  l i ke  the  capac i ty ,  be  i n v e r s e l y  p r o p o r -  
t i ona l  to  d. I t  shou ld  also,  a g a i n  l i ke  t he  capac i ty ,  
be  p r o p o r t i o n a l  to t he  p r o j e c t e d  a r e a  of t he  c racks ,  
for  i t  is b y  the  l a t t e r  t h a t  t h e  c o r r o d i n g  m e d i u m  a p -  
p r o a c h e s  t he  m e t a l / o x i d e  in te r face .  As  d i scussed  for  
the  capac i ty ,  the  p~o jec ted  a r e a  a p p r o a c h e s  u n i t y  as 
co r ros ion  p r o c e e d s  so t h a t  t he  f inal  r a t e  shou ld  be  
e q u a l  to t ha t  f o u n d  in t he  e a r l y  p a r t  of t he  e x p e r i -  
m e n t  w h e n  the  f i lm is s t i l l  u n c r a c k e d  a n d  is of 
t h i ckness  e q u a l  to t he  f inal  p r o t e c t i v e  th ickness .  
Thus  a l ine  of  s lope  e q u a l  to t he  f inal  co r ros ion  r a t e  
shou ld  touch  the  i n i t i a l  p a r t  of the  c u r v e  at  a p o i n t  
e q u i v a l e n t  to t he  p r o t e c t i v e  t h i cknes s  (Fig .  8) .  I n -  

PAPALLY'L, ~~  
T I M E  

Fig. 8. Mean protective film thickness (diagrammatic) 
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sufficient  d a t a  a r e  a v a i l a b l e  to check  this  po in t  t h o r -  
oughly ,  b u t  a f ew  re su l t s  in  o x y g e n  at  325~ s u p -  
p o r t  i t  a p p r o x i m a t e l y .  

I t  has  a l r e a d y  been  sa id  t h a t  the  c a p a c i t y  and  r e -  
s i s tance  of co r ros ion  f i lms fo l low a p p r o x i m a t e l y  the  
f r e q u e n c y  d e p e n d a n c e  d e r i v e d  (5)  for  c r a c k - f r e e  
f i lms b y  cons ide r ing  the  p r o p e r t i e s  of t he  ox ide  
i tself .  F i g u r e s  4 a n d  5 show t h a t  f a i r  s t r a i g h t  l ines  
a r e  ob ta ined ,  and  the  r a t i o  va lue s  g iven  in  Fig .  5 
a g r e e  a p p r o x i m a t e l y  w i t h  the  t h e o r e t i c a l  v a l u e  of 
9.2, a l t h o u g h  the  i n d i v i d u a l  s lopes  v a r y  t en fo ld  b e -  
t w e e n  spec imens .  2 This  sugges t s  some s i m i l a r i t y  in 
the  " e q u i v a l e n t  c i r cu i t "  of sound  and  c r a c k e d  ox ide  
films, a l t h o u g h  the  i m p e d a n c e  of  t he  l a t t e r  owes  
much  to t he  l i qu id  in the  c racks  (cf. T a b l e  IV) .  

The  p r o b l e m  m a y  be  a p p r o a c h e d  b y  cons ide r ing  a 
c r a c k e d  f i lm not,  as he re to fo re ,  as a c o m b i n a t i o n  of 
i n d i v i d u a l  r e s i s t a n c e / c a p a c i t y  e lements ,  b u t  as a 
b lock  of m a t e r i a l  of cons t an t  d i e l ec t r i c  cons t an t  
w h o s e  r e s i s t i v i t y  v a r i e s  t h r o u g h  the  th ickness .  Th is  
is how Y o u n g  t r e a t s  c r a c k - f r e e  f i lms; and  in  the  
p r e s e n t  case  c o n d u c t i v i t y  due  to c racks  f i l led w i t h  
e l e c t r o l y t e  m u s t  be  s u b s t i t u t e d  for  c o n d u c t i v i t y  due  
to n o n s t o i c h i o m e t r y .  R e s i s t i v i t y  v a r i a t i o n  due  to 
v a r y i n g  n o n s t o i c h i o m e t r y  is r e p l a c e d  b y  v a r i a t i o n  
due  to t he  change  of a r e a  of c r a c k s  t h r o u g h  the  
t h i ckness  of the  film. F o r m a l  c o m p a r i s o n  w i t h  
Young ' s  t r e a t m e n t  shows  t h a t  his  r e l a t i ons  w i l l  
be  o b e y e d  if  the  t o t a l  c ro s s - s ec t i ona l  a r e a  of c racks  
at  a n y  p l a n e  in t he  f i lm p a r a l l e l  to the  ou te r  su r f ace  
is an  e x p o n e n t i a l  f unc t ion  of t he  d i s t ance  f r o m  t h a t  
s u r f a c e ?  Thus,  if  a~ is t he  f r a c t i o n  of t h e  a r e a  of a 
p l a n e  at  d i s t a n c e  x f r o m  the  s u r f a c e  w h i c h  is com-  
posed  of c racks ,  and  ao is t he  v a l u e  at  t he  o u t e r  
sur face .  

_ _  e - ~ ! k  

oLo 

be ing  a cons tan t .  T h e r e  a r e  a t  p r e s e n t  no i n d e -  
p e n d e n t  g rounds  for  e x p e c t i n g  a n  e x p o n e n t i a l  v a r i -  
a t ion  of c r a c k i n g  w i t h  th ickness .  P o s s i b l y  one m i g h t  
be r e a c h e d  b y  cons ide r ing  the  m e c h a n i c a l  p r o p e r t i e s  
of the  f i lm subs t ance  in w h i c h  case  a c o m p a r i s o n  of 
k and  a as b e t w e e n  d i f fe ren t  a l loys  m i g h t  be  i l lu -  
m i n a t i n g .  

A l t h o u g h  the  r e su l t s  g ive  fa i r  s t r a i g h t  l ines  w h e n  
p l o t t e d  acco rd ing  to Young ' s  r e l a t ions ,  f u r t h e r  use  
of the  l a t t e r  does no t  y i e l d  sens ib l e  v a l u e s  for  the  
r e s i s t i v i t i e s  of t he  c r a c k e d  films. F o r  e x a m p l e ,  w i t h  
a d i e l ec t r i c  cons t an t  of ~27,  t he  a b o v e  r e l a t i o n s  
l e ad  to:  

1 
log p~ --  + 7.8 

C~ooo • S 
a n d  

log po = log  p~--  (2.9 • 10 ' W ) / S  

w h e r e  po, p~ a re  t he  r e s i s t iv i t i e s  a t  t h e  ou t s ide  a n d  

I n  t h i s  c o n n e c t i o n  i t  is  i m p o r t a n t  to cons ide r  an  a d e q u a t e  r a n g e  
of f r equency ,  viz. ,  a b o u t  50-5000 cps. Ove r  1000-5000 c p s  o n e  c a n  ob- 
t a i n  f a i r  s t r a i g h t  l ines  a nd  a s lope ra t io  of a b o u t  10 f r o m  a s i m p l e  
c i r cu i t  of f ixed  res i s t ance  a nd  capac i ty  in  pa ra l l e l ,  the  v a l u e s  b e i n g  
c h o s e n  to g i v e  an  i m p e d a n c e  t y p i c a l  of  f i lms.  O v e r  t he  f u l l  f r e -  
q u e n c y  range ,  h o w e v e r ,  the  s i m p l e  m o d e l  de pa r t s  f r o m  these  re la -  
t i ons  f a r  m o r e  t h a n  do t he  f i lm impedances .  

The  r ea sonab le  a s s u m p t i o n  is he re  m a d e  t h a t  a < < l  so t h a t  t he  
d ie l ec t r i c  p r o p e r t i e s  of t he  f i lm are  i n d e p e n d e n t  of x ,  as Y o u n g  
assumes .  Th i s  is  no t  c o n t r a r y  to  t he  ea r l i e r  a s s u m p t i o n  t h a t  t he  
e f fec t ive  area  of condense r  p l a t e  f o r m e d  by  the  c racks  is u n i t y ;  for  
t h a t  a rea  was  t h e  p r o j e c t e d  area of an  i r r e g u l a r  su r f ace  of cracks,  
w h i l e  w e  a re  he re  c o n s i d e r i n g  t he  t r aces  of i n d i v i d u a l  c racks  cu t -  
t i n g  a n  i n f i n i t e l y  t h i n  p lane .  
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ins ide  of t he  f i lm r e s p e c t i v e l y ,  W is t h e  w e i g h t  ga in  
in  mg/cm'-', S is the  s lope  of 1/C vs. log  f, and  
C1~ is t he  v a l u e  a t  1000 cps, in f a r a d s / c m  ~. Con-  
d u c t i v i t y  be ing  due  to e l e c t r o l y t e  in t he  cracks ,  t he  
d e g r e e  of c r a c k i n g  shou ld  be  g iven  b y  the  r a t i o  of 
e l e c t r o l y t e  r e s i s t i v i t y  to f i lm re s i s t i v i ty ,  and  a t  t he  

p e l e c t r o l y t e  
o u t e r  su r f ace  a0 shou ld  be  e q u a l  to , b u t  

po 

most  of the  we l l  c r a c k e d  f i lms ( 1 / C W  ~ 30 or  less)  
gave  i m p o s s i b l y  low v a l u e s  of po, t h o u g h  some spec -  
imens  w i t h  l i t t l e  c r a c k i n g  ( 1 / C W  ~ 100) gave  
f igures  w h i c h  w e r e  a t  l eas t  p l aus ib le .  This  sugges t s  
t ha t  a c r a c k e d  f i lm is not  we l l  r e p r e s e n t e d  b y  a ca -  
p a c i t y  s h u n t e d  b y  a v a r y i n g  res i s tance ,  p r i n c i p a l l y  
because a large part of the latter is so low as to 
short-circuit completely the capacity with which it 
is in parallel. This conclusion was also reached 
earlier by considering the resistance of individual 
cracks. 

Further complications are suggested by some re- 
cent experiments in sodium nitrate solution which, 
though almost equal to IN H~SO, in resistivity, gave 
very different results. The capacities were much 
less, and the resistances greater, the values depart- 
ing more from those in H~SO, than do those in N/IO 
sodium sulfate, whose resistivity is 26 times greater. 
This suggests that electrolytes behave specifically, 
more properties than their resistivity being im- 
portant. 

Conclusions 
The  i m p e d a n c e  of Zr  spec imens  c a r r y i n g  ox ide  

f i lms f o r m e d  b y  co r ros ion  and  i m m e r s e d  in  e l ec -  
t r o l y t e  show h i g h e r  capac i t i e s  w i t h  t he  less  p r o t e c -  
t ive  films. This  is due  to p e n e t r a t i o n  of e l e c t r o l y t e  
in to  c racks  in t h e  l a t t e r .  The  d e g r e e  of c r a c k i n g  
m a y  b e  assessed  b y  e v a l u a t i n g  t h e  q u a n t i t y  1 /CW,  
w h e r e  C is the  c a p a c i t y  and  W the  w e i g h t  ga in  due  
to corros ion .  The  i m p e d a n c e  m e a s u r e m e n t s  also 
y i e l d  a r e s i s t i v e  c o m p o n e n t  w h i c h  is less easy  to 
i n t e r p r e t ,  a l t h o u g h  a p p r o x i m a t e  c o r r e l a t i o n  to t he  
p rog re s s  of c r a c k i n g  m a y  be  made .  The  i m p e d a n c e s  
a r e  in f luenced  b y  the  r e s i s t i v i t y  of t he  e l ec t ro ly t e ,  
and  o the r  p r o p e r t i e s  of t he  so lu t ion  m a y  b e  i m -  
po r t an t .  The  f r e q u e n c y  b e h a v i o r  of c a p a c i t y  and  r e -  
s i s tance  fo l low a p p r o x i m a t e l y  t he  r e l a t i o n s  a p p l i c a -  
b le  to c r a c k - f r e e  films. 

I t  has  not  been  poss ib le  to use  o b s e r v a t i o n s  to d e -  
t e r m i n e  the  e x t e n t  and  d e p t h  of  c r a c k i n g  in  a n y  
de ta i l ,  b u t  t h e  m e a n  t h i cknes s  of the' u n c r a c k e d  p a r t  
of the  f i lm a t  l a t e  s t age  in cor ros ion  can  be  c r u d e l y  
e s t ima ted .  The  p r e s e n t  use fu lness  of i m p e d a n c e  
m e a s u r e m e n t s  is conf ined to t h e  compar i son ,  b y  
va lue s  of 1/CW,  of f i lms f o r m e d  on d i f fe ren t  a l loys  
u n d e r  d i f fe ren t  cond i t ions  of cor ros ion .  H e r e  t h e y  
can  be  of va lue .  
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The Reaction of Germanium with Aqueous Solutions 

I. Dissolution Kinetics in Water Containing Dissolved Oxygen 

Walter W. Harvey and Harry C. Gatos 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

The dissolution of germanium in water was studied as a funct ion of oxygen 
part ial  pressure, temperature,  crystal lographic-orientat ion,  and mobi le-carr ier  
density. It was found that, although thermodynamica l ly  feasible, ge rmanium 
does not react with water, freed of oxygen, in the temperature  range studied 
(up to 100~ In  the presence of oxygen the dissolution rate in pure water  
is a funct ion of oxygen part ial  pressure, reaching a l imit ing value of the order 
of 1 t,g/cm~/hr at 35~ under  oxygen part ial  pressures greater than approxi-  
mately  0.5 atm. For a given oxygen pressure the dissolution rate is approxi- 
mately trebled for a ten-degree temperature  rise, the measured activation 
energy for the dissolution reaction being 19 __ 2 kcal/mole.  The order of disso- 
lu t ion  rates for the three principal  crystallographic faces was found to be 
{1O0}> {110}> {111}. No effect on the dissolution rate was found to result  from 
changes in mobile-carrier  concentrat ions brought  about by doping or i l lumina-  
tion. From dissolution rates and potentials it is concluded that  the dissolution 
process is unde r  cathodic control and that  the ra te -de te rmin ing  step is the 
reduction of oxygen by germanium. 

Wi th  the recent  advances  in  semiconduc tor  theory  
and  technology,  a grea t  deal  of in te res t  has cen-  
te red  abou t  the  react ions  of g e r m a n i u m  surfaces 
w i t h  va r ious  a m b i e n t s  and  the r e su l t i ng  changes  in  
e lec t ronic  proper t ies .  Chemica l  e tch ing  and  pol i sh-  
ing in  solut ions  con t a in ing  s t rong  oxidiz ing agents  
have  been  s tudied  ex tens ive ly  on a more  or less 
empi r ica l  basis  in  order  to mee t  the  needs  for r e -  
p roduc ib ly  smooth  and  und i s to r t ed  surfaces.  H o w -  
ever,  sys temat ic  s tudies  of the reac t ion  of Ge wi th  
aqueous  solut ions  con t a in ing  no oxidiz ing agents  
o ther  t h a n  dissolved oxygen  have  not  h i the r to  been  
repor ted.  Also l ack ing  is an  u n d e r s t a n d i n g  of the 
e lec t rochemis t ry  of d issolu t ion  w i thou t  e x t e r n a l l y  
appl ied  emf. 

I t  is k n o w n  tha t  direct  i n t e r ac t i on  of Ge wi th  
wa te r  is t h e r m o d y n a m i c a l l y  possible (1) 

G e + 2 H ~ O = G e O ~ +  4H § + 4e-; E ~ = - - 0 . 1 5  [1] 

I t  was  found  in  this  l abora tory ,  however ,  t ha t  at  
o r d i n a r y  t e m p e r a t u r e s  (up  to 100~ this reac t ion  
does no t  proceed at  a s ignif icant  rate.  In  the  p res -  
ence of oxygen,  the d isso lu t ion  ra te  of Ge in  w a t e r  
can  be m e a s u r e d  c o n v e n i e n t l y  by  ana lys i s  of the 
so lu t ion  for Ge. 

The p resen t  s tudy  was u n d e r t a k e n  in  an  a t t empt  
to e luc ida te  the  role  of oxygen  in  the  d issolu t ion  of 
Ge in  w a t e r  and  in  aqueous  solut ions  of nonox id i z -  
ing  electrolytes .  Emphas i s  has been  placed on the  
k ine t ics  and  e lec t rochemis t ry  of the  d issolu t ion  
process, t ak ing  into account  the semiconduc tor  
proper t ies  of Ge. This pape r  deals p r i m a r i l y  wi th  
the  k ine t ics  of the  d issolu t ion  of Ge in  w a t e r  con-  
t a i n i n g  dissolved oxygen.  

Experimental 
Materials 

German ium. - -Th in  r e c t a n g u l a r  s labs were  cut 
f rom single  crysta ls  g rown  in  this  l abo ra to ry  f rom 
high pur i ty ,  zone- re f ined  Ge. The d imens ions  of the 
slabs were  15 x 20 x 1 mm.  A 1 - m m  d i ame te r  hole 
was  dr i l led  u l t r a son ica l l y  in to  each slab for con-  
ven ience  in hand l ing .  The  crys ta ls  ( d i a m o n d  s t ruc-  
tu re )  were  o r ien ted  by  x - r a y  t echn iques  before 
cut t ing ,  so tha t  the  two large  faces of the  s labs cor-  
responded  to {100}, {110}, or {111} surfaces.  

Water . - -High  res i s t iv i ty  w a t e r  was p r epa red  in 
two stages of d i s t i l l a t ion  us ing  t i n - l i n e d  stills in  
t andem.  Dissolved CO~ was r emoved  by  b u b b l i n g  
CO~-free gas (05, N~, or a m i x t u r e  of the two gases) 
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through a p resa tu ra to r  for severa l  hours before 
forcing the p resa tu ra ted  wate r  (neu t ra l  to wi th in  
0.2 pH uni t )  into the react ion cells. 

Gases.--Cylinder gas was passed th rough  a 
U- tube  containing Ascar i te  for removal  of CO2 and 
then dispersed in dis t i l led  wate r  contained in a gas-  
scrubbing tube before being admi t ted  into the reac-  
t ion cells. Commercia l  prepur i f ied  ni t rogen was 
used. 

CP-4 etchant.--The chemical  polishing agent  
commonly known as "CP-4"  was p repa red  from 
chemical  reagent  grade conc. HNO, (5 par t s  by 
vo lume) ,  glacial  CH,COOH (3 pa r t s ) ,  48% HF (3 
pa r t s ) ,  and Br, (0.06 p a r t ) .  

Surface treatment.--Gross i r regular i t i es  on the 
surfaces of the  Ge slabs were  removed by  lapping 
on a flat glass p la te  using a s lu r ry  of wa te r  and 
1600-mesh garnet  powder .  The f reshly  abraded  
slabs were  then t rea ted  wi th  CP-4 for a t ime (usu-  
a l ly  30 sec to 1 rain) sufficient to remove al l  t races 
of the pits formed by  grinding.  The resul t ing  sur -  
faces were  microscopical ly  smooth and highly  pol-  
ished. The roughness factor  of CP-4 t rea ted  Ge 
surfaces has been repor ted  to be 1.3 (2).  

Before immersion,  the Ge slabs were  given a br ief  
cleansing etch in f reshly  p repa red  CP-4 and r insed 
thoroughly  wi th  doubly  dis t i l led water .  No Ge could 
be detected ana ly t i ca l ly  in the last  por t ion of r inse 
water .  Af te r  rinsing, the slabs were  t r ans fe r red  
immedia te ly  to the react ion cells. 

Analytical.--Samples of solut ion were  taken  dur -  
ing the course of an exper imen t  (see below) and 
analyzed color imetr ica l ly  for Ge employing  the oxi-  
d i zed -hematoxy l in  method (3).  The s tab i l i ty  of the 
reagents  was checked by  analyzing s tandard  Ge 
solutions along wi th  each set of samples.  Ageing of 
the hematoxy l in  reagent  for severa l  weeks or longer 
before use led to enhanced color s tabi l i ty .  Using a 
Beckman Model DU spect rophotometer  the useful  
range of Ge concentra t ion was 0-2 ~g /ml  wi th  a 
sensi t ivi ty  of 0.005 ~g /ml  or be t te r  and an accu- 
racy of about  1%. 

S tanda rd  solutions for analysis  were  p repa red  by  
bubbl ing  oxygen gas over Ge slabs immersed  in 
boil ing wa te r  under  reflux and de te rmin ing  the 
weight  loss wi th  a microbalance.  The color in tensi -  
t ies of solutions so p repa red  fel l  along the same cal-  
ibra t ion curve as for s tandards  p repa red  f rom high 
pur i ty  GeO~ powder,  but  the former  values were  
somewhat  more consistent  and reproducible ,  possi-  
b ly  because of the tendency of GeO2 to form col- 
loidal  solutions on dissolving in water .  

Apparatus and Procedure 
Three to eight Ge slabs were  mounted  on a holder  

made of glass rod and separa ted  by  spacers cut 
from 3-ram glass tubing.  The holder  was suspended 
in a react ion cell as i l lus t ra ted  in Fig. 1. Three such 
cells were  employed s imultaneously.  Beginning wi th  
the gas-scrubbing  tubes, the appara tus  was con- 
s t ructed ent i re ly  of glass. The s t ream of w a t e r - s a t u -  
ra ted  gas bubbles  enter ing the react ion cell  th rough  
the capi l la ry  orifice did not come into direct  con- 
tact  wi th  the Ge specimens. Continuous bubbl ing  of 
gas dur ing  the runs at a ra te  of 80 or 100 ml /min  

~ENT 

02 

SOLU "~'--| 

GERNANIUN _l_~a~l CAPILLkRY 
SPEC~#EN$ ~ OelFICE 

Fig. I. Apparatus for dissolution experiments 

provided  vigorous agi ta t ion and main ta ined  sa tu ra -  
t ion of the solution with  oxygen at  the desired pa r -  
t ia l  pressure.  For  va ry ing  the pa r t i a l  pressure  of 
oxygen and, thus, the concentrat ion of dissolved 
oxygen, s t reams of O~ and N2 at  p rede te rmined  flow 
rates  were  mixed in the gas -scrubbing  tubes and 
passed into the react ion cells. 

The ini t ia l  volume of solution in each cell was 
approx ima te ly  40 ml. Dur ing the course of the reac-  
tion, samples of the  solution were  w i thd rawn  
through the capi l la ry  s idearm by closing off the 
exi t  tube in the cap (Fig. 1). Depending on the ef- 
fect being studied, 5-10 samples (genera l ly  1.5 or 
2.5 ml)  from each cell were  discharged into weighed 
vials  for subsequent  analysis.  The amount  of solu-  
t ion remaining  in the cell at  the end of the exper i -  
ment  was de te rmined  by p ipe t t ing  into a weighed 
flask. A correct ion was made  for solution re ta ined  
by the specimens upon removal .  Sample  and res id-  
ual  solutior~s weights  were  de te rmined  to 0.01 g. 

In studies of the effect of l ight  on the dissolution 
process, i l lumina t ion  was p rov ided  by  40-wat t  in-  
candescent  lamps of tubu la r  shape immersed  in the 
water  ba th  on e i ther  side of the  cell. Tempera tu re  
rise in the cell dur ing  i l luminat ion  was p reven ted  
by ad jus tment  of the opera t ing  t empera tu re  of the 
wa te r  bath. Without  compensat ion the solution 
t empera tu re  increased 0.15~ as a resul t  of the rmal  
radiat ion.  In all  exper iments  repor ted  herein the 
t empera tu re  was control led to +--0.01~ 

Dissolution rates  were  obtained f rom plots of 
amount  of Ge dissolved as a function of time. Re-  
sults are  repor ted  in te rms of micrograms of Ge 
dissolved per  square cent imeter  of geometr ical  sur-  
face per  hour (~g/cm"/hr) .  Since the observed dis-  
solution rates are ve ry  small, they  are l ike ly  to be 
affected even by slight differences in surface t r ea t -  
ment.  For  this reason direct  comparisons of rates  
for different  specimens were  usual ly  made  by  em-  
ploying three sets of Ge slabs which were  etched and 
r insed s imultaneously,  and hence received near ly  
ident ical  surface t r ea tmen t  before they were  placed 
in individual  react ion cells. The dependence  of ra te  
on tempera ture ,  oxygen pa r t i a l  pressure,  or i l lumi-  
nat ion was eva lua ted  by changing the exper imenta l  
conditions midway  in a given run. 
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Fig. 2. Typical data showing amount of Ge dissolved in 
oxygen-saturated water at 35~ with and without an induc- 
tion period: comparison of {100}, {110}, and {111} surfaces. 

Prel iminary Exper iments  

In i t i a l  m e a s u r e m e n t s  c a r r i e d  ou t  in n i t r o g e n - ,  
a i r - ,  and  o x y g e n - s a t u r a t e d  w a t e r  e s t a b l i s h e d  t h a t  
r e a c t i o n  [1]  does  no t  t a k e  p l ace  or  p roceeds  a t  e x -  
c e e d i n g l y  s low ra t e s  b e t w e e n  30 ~ and  40~ In  a i r -  
s a t u r a t e d  w a t e r  t he  a v e r a g e  d i s so lu t ion  r a t e  was  
0.57 ~g/cm-Vhr a t  30~ and  in o x y g e n - s a t u r a t e d  
w a t e r  i t  was  0.72 ~ g / c m V h r  ({100} su r f ace s ) .  One 
~ g / c m  ~ c o r r e s p o n d s  a p p r o x i m a t e l y  to 10 a t o m  l a y e r s  
of Ge. The  o b s e r v e d  d i s so lu t ion  r a t e  in n i t r o g e n -  
s a t u r a t e d  w a t e r  (0.024 ~ g / c m V h r )  is l i k e l y  the  r e -  
su l t  of t r a c e  a m o u n t s  of o x y g e n  i n t r o d u c e d  w i t h  t h e  
p r e p u r i f i e d  n i t r o g e n  or  no t  r e m o v e d  b y  n i t r o g e n  
bubb l ing .  Indeed ,  Ge was  found  to be  c o m p l e t e l y  
i n e r t  to bo i l ing  w a t e r  r e f lux ing  u n d e r  a n i t r o g e n  
a t m o s p h e r e ;  even  a f t e r  p r o l o n g e d  i m m e r s i o n  (40 
h r )  no d e t e c t a b l e  a m o u n t s  of Ge w e r e  found  in 
solu t ion .  I t  is t h e r e f o r e  e v i d e n t  t h a t  d i s so lved  o x y g e n  
is e s sen t i a l  for  the  d i s so lu t ion  of Ge in wa t e r .  

Dissotution as Function 05 Time. Induction P e r i o d  

T y p i c a l  d a t a  r e l a t i n g  the  a m o u n t  of Ge d i s so lved  
to t ime  of i m m e r s i o n  in  o x y g e n - s a t u r a t e d  w a t e r  a r e  
p l o t t e d  in Fig.  2. I t  is seen  t h a t  t he  r a t e  of d i s so lu -  
t i on  (slope} r e m a i n s  c o n s t a n t  for  r a t h e r  long p e r i o d s  
of t ime .  This  b e h a v i o r  was  o b s e r v e d  for  the  v a r i o u s  
t e m p e r a t u r e s ,  su r f ace  o r i en ta t ions ,  a n d  o x y g e n  p a r -  
t i a l  p re s su res .  

The  p e r i o d  of i n d u c t i o n  for  t he  r e a c t i o n  as d e t e r -  
m i n e d  b y  g r a p h i c a l  e x t r a p o l a t i o n  (Fig .  2b) v a r i e d  
u n p r e d i c t a b l y  f r o m  e x p e r i m e n t  to e x p e r i m e n t  and  
is b e l i e v e d  to be a m a n i f e s t a t i o n  of c o m m o n l y  en -  
c o u n t e r e d  d i f fe rences  in su r face  t r e a t m e n t .  A l t h o u g h  
a p p a r e n t  i n d u c t i o n  pe r i ods  as long  as 1.7 h r  w e r e  
occas iona l ly  obse rved ,  an  a v e r a g e  v a l u e  of 0.5 h r  
was  found  for  a n u m b e r  of i n d e p e n d e n t  runs  at  35~ 
R e g a r d l e s s  of the  l e n g t h  of the  i nduc t ion  per iod ,  
h o w e v e r ,  r e l a t i v e  d i s so lu t ion  r a t e s  w e r e  s a t i s f ac -  
t o r i l y  r e p r o d u c i b l e .  In  genera l ,  abso lu t e  d i s so lu t ion  
r a t e s  w e r e  h i g h e r  and  also less r e p r o d u c i b l e  w h e n  
the  a p p a r e n t  i nduc t i on  p e r i o d  was  r e l a t i v e l y  long  
( s ay  m o r e  t h a n  30 m i n ) .  Thus,  in 12 runs  w i t h  
n e a r l y  zero i nduc t i on  p e r i o d  the  a v e r a g e  d i s so lu -  

t ion  r a t e  was  1.03 • 0.09 ~g /cm~/hr  at  35~ for  {110} 
surfaces .  On the  o the r  hand ,  in 28 runs  w i t h  an  
a v e r a g e  i nduc t i on  p e r i o d  of 0.5 hr,  t h e  a v e r a g e  d i s -  
so lu t ion  r a t e  was  2.2 _+ 1.1 ~g/cm2/hr .  S a m p l e s  w i t h  
{100} and  {111} su r f ace  o r i e n t a t i ons  gave  s i m i l a r  
s t a t i s t i ca l  resu l t s .  

The  ex i s t ence  of an  i n d u c t i o n  p e r i o d  p r e c e d i n g  
Ge d i s so lu t ion  is b e l i e v e d  to be  a s soc ia t ed  w i t h  s u r -  
face  changes  b r o u g h t  abou t  b y  t r e a t m e n t  w i t h  CP-4 .  
W i t h  th is  r e a g e n t  an inv i s ib l e  GeO~ fi lm is f o r m e d  
on the  Ge sur face ;  th is  f i lm is b e l i e v e d  to be  s e v e r a l  
a t o m  l a y e r s  t h i c k  (4) and  u s u a l l y  has  t he  p r o p e r t i e s  
of t he  so lub le  h e x a g o n a l  modi f ica t ion .  The  f o r m a t i o n  
of inso luble ,  t e t r a g o n a l  GeO,  is also poss ib le ,  and  
its p r e sence  on the  su r face  t o g e t h e r  w i t h  t he  so lub le  
modi f i ca t ion  w o u l d  l e ad  to an  a p p a r e n t  i nduc t i on  
p e r i o d  p r e c e d i n g  Ge d isso lu t ion .  This  d i f f icul t ly  so lu-  
b le  f i lm is mos t  l i k e l y  f o r m e d  b y  r e a c t i o n  w i t h  CP-4  
v a p o r  d u r i n g  t r a n s f e r  of  the  spec imens  to t he  r i n s -  
ing ba th .  A c c o r d i n g l y ,  i t  was  f o u n d  tha t ,  b y  d i s p l a c -  
ing  the  C P - 4  w i t h  a l a r g e  v o l u m e  of d i l u t e  H F  b e f o r e  
r e m o v a l  of t he  spec imens ,  t he  i nduc t i on  p e r i o d  could  
u s u a l l y  be e l i m i n a t e d .  T r e a t m e n t  w i t h  H F  fo l lowing  
r e m o v a l  of the  spec imens  f rom the  C P - 4  d id  no t  
h a v e  this  effect.  The  h i g h e r  r a t e s  m e a s u r e d  w h e n  
Ge d i s so lu t ion  was  p r e c e d e d  b y  an  i n d u c t i o n  p e r i o d  
a re  p r o b a b l y  a s soc ia t ed  w i t h  an  i nc rea se  in sub-  
mic roscop ic  su r f ace  roughness  r e s u l t i n g  f r o m  u n d e r -  
m i n i n g  of t he  i n so lub le  ox ide  r e s idue  or  m a y  be the  
r e su l t  of ga lvan i c  act ion.  No a t t e m p t  was  m a d e  to 
c l a r i f y  th is  po in t  e x p e r i m e n t a l l y .  

Dependence of Dissolution Rate on 
Crystallographic Orientation 

F o r  t he  t h r e e  p r i n c i p a l  c r y s t a l l o g r a p h i c  faces  the  
o r d e r  of the  o b s e r v e d  d i s so lu t ion  r a t e s  was  {100}~ 
{110}>{111} (Fig .  2) .  A b s o l u t e  a n d  r e l a t i v e  d i s so lu -  
t ion r a t e s  a t  30 ~ a n d  35~ a re  l i s t ed  in  T a b l e  I. The  
r a t i o  of abso lu t e  r a t e s  c o r r e s p o n d i n g  to shor t  or  zero  
i nduc t i on  pe r i ods  is c o m p u t e d  f r o m  the  t a b l e  to be  
{100}/{110}/{111} : 1.00/0.91/0.70 a t  35~ in f a i r  
a g r e e m e n t  w i t h  r e l a t i v e  r a t e s  o b t a i n e d  in  a l a r g e  
n u m b e r  of e x p e r i m e n t s  and  a v e r a g e d  w i t h o u t  r e g a r d  
to a p p a r e n t  t i m e  of i n d u c t i o n  (or  a b s o l u t e  v a l u e  of 
r a t e ) .  I t  is s ign i f ican t  t ha t  e l e c t r o n  mic roscop ic  e x -  
a m i n a t i o n  of C P - 4  t r e a t e d  Ge  spec imens  r e v e a l e d  no 
c h a r a c t e r i s t i c  d i f fe rences  in  m i c r o s t r u c t u r e  among  
the  va r i ous  su r f ace  o r i en ta t ions .  

C o m p a r a b l e  d i f fe rences  in  d i s so lu t ion  r a t e  w e r e  
f o u n d  by  C a m p  (5) in  a s t u d y  of t he  e t ch ing  of 

Table I. 

A b s o l u t e *  d i s s o l u t i o n  r a t e s  ( ~ g / c m ~ / h r )  

{100} {110} {111} 
35~ 1.13 _ 0.08 1.03 ___ 0.09 0.79 ___ 0.08 
30~ (0.68) (0.60) (0.41) 

R e l a t i v e t  d i s s o l u t i o n  r a t e s  

{110}/{100} {111}/{100} {111}/{110}$ 
30~ 0.89 _+ 0.03 0.63 _+ 0.04 0.73 ___ 0.04 
35~ 0.90 +_ 0.03 0.62 +_ 0.06 0.72 • 0.04 

* A v e r a g e s  of r u n s  e x h i b i t i n g  v e r y  s h o r t  i n d u c t i o n  pe r i ods .  A t  
30~ t h e  v a l u e s  l i s t ed  r e p r e s e n t  t h e  a v e r a g e  of  on ly  t w o  r u n s .  

t A v e r a g e  r a t i o s  fo r  a l l  r u n s  i n v o l v i n g  c o m p a r i s o n  of d i f f e r e n t  o r i -  
e n t a t i o n s  r e g a r d l e s s  of  i n d u c t i o n  p e r i o d .  

$ V a l u e s  i n  t h i s  c o l u m n  a r e  e x p e r i m e n t a l  r a t i o s ;  t h e y  m a y  be  
c o m p a r e d  w i t h  v a l u e s  c a l c u l a t e d  f r o m  t h e  f i r s t  a n d  m i d d l e  c o l u m n s .  
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Fig. 3. Dissolution of  Ge in water,  100~ ref lux ing under 
oxygen at  various f low rates. 

o r i e n t e d  Ge su r faces  in H~O~-HF-H~O solut ions .  The  
o b s e r v e d  o r d e r  for  th is  s y s t e m  a b o v e  25~ was  
{110}>(100}>{111};  b e l o w  25~ the  o r d e r  of 
{100} and  {111} was  r eve r sed .  B y  compar i son ,  RSs-  
ne r  (6)  conc luded  f r o m  a s t u d y  of t he  ac t ion  of a 
n u m b e r  of e t ch ing  m e d i a  on Ge t h a t  t he  effect  of 
su r face  o r i e n t a t i o n  was  no t  p ronounced ,  b u t  t h a t  
{100} sur faces  m a y  be  s o m e w h a t  m o r e  s t r o n g l y  a t -  
t acked .  

Temperature Dependence 
The  ac t i va t i on  e n e r g y  of t he  d i s so lu t ion  process  

was  e v a l u a t e d  in i n d i v i d u a l  e x p e r i m e n t s  b y  a l l o w i n g  
the  r e a c t i o n  to p roceed  for  a t i m e  a t  a g iven  t e m -  
p e r a t u r e  a n d  t hen  b r i n g i n g  the  b a t h  to a h i g h e r  
( b y  5 ~ or  10 ~ or  l o w e r  t e m p e r a t u r e .  The  t e m p e r a -  
t u r e s  e m p l o y e d  w e r e  30 ~ 35 ~ and  40~ In  gene ra l ,  
r a t e s  w e r e  i n c r e a s e d  t h r e e f o l d  for  a 10~ r i se  in 
t e m p e r a t u r e .  No cons i s t en t  v a r i a t i o n  of t he  ca l cu -  
l a t ed  ac t i va t i on  e n e r g y  w i t h  su r f ace  o r i e n t a t i o n  was  
found;  the  a v e r a g e  v a l u e  of AE ~ for  15 d e t e r m i n a -  
t ions  e m p l o y i n g  {100}, {110}, and  {111} su r faces  was  
f o u n d  to be  19.3 • 1.9 kcal .  Moreover ,  s ince  t he  
a v e r a g e  r e l a t i v e  r a t e s  ( T a b l e  I)  do no t  v a r y  a p p r e -  
c i ab ly  in t he  t e m p e r a t u r e  r a n g e  cons idered ,  i t  fo l -  
lows t h a t  i n h e r e n t  d i f fe rences  in  a c t i va t i on  e n e r g y  
a m o n g  t h e  v a r i o u s  o r i en t a t i ons  m u s t  be  smal l ,  p r o b -  
a b l y  less t h a n  2 kcal .  

The  v a l i d i t y  of c o m p a r i n g  the  d i s so lu t ion  r a t e s  
o b t a i n e d  at  d i f fe ren t  t e m p e r a t u r e s  m i g h t  a p p e a r  
q u e s t i o n a b l e  owing  to the  t e m p e r a t u r e  v a r i a t i o n  of 
o x y g e n  so lub i l i ty .  H o w e v e r ,  the  so lub i l i t y  of o x y g e n  
in w a t e r  a t  a t o t a l  p r e s s u r e  of 760 m m  va r i e s  on ly  
f r o m  1.112 x 104 to 0.964 x 10~M b e t w e e n  30 ~ and  
40 ~ (7) .  F u r t h e r m o r e ,  t h e  o b s e r v e d  d i s so lu t ion  
ra t e s  do not  change  a p p r e c i a b l y  w i t h  o x y g e n  p a r -  
t i a l  p r e s s u r e  in  t he  v i c i n i t y  of 1 a t m  (see b e l o w ) .  

T a k i n g  the  a c t i v a t i o n  e n e r g y  as 20 kca l  and  the  
d i s so lu t ion  r a t e  a t  35~ as 1.0 ~g /cmVhr ,  t he  r a t e  
a t  100~ and  a t  t he  s a m e  c o n c e n t r a t i o n  of d i s so lved  
o x y g e n  (1.0 x 10-~M), is c a l c u l a t e d  to be  a b o u t  300 
~g /cmVhr .  E x p e r i m e n t a l  r e su l t s  on the  d i s so lu t ion  
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of Ge at  100~ for  s e v e r a l  o x y g e n  flow ra t e s  a r e  
s h o w n  in Fig .  3. The  p a r t i a l  p r e s s u r e  of o x y g e n  in t h e  
s y s t e m  can  be  on ly  a p p r o x i m a t e d  ( f r o m  the  flow r a t e  
of t he  gas and  the  r a t e  of re f lux  of the  w a t e r ) ;  a t  
100 m l  O J m i n ,  po~ was  abou t  0.03 a tm.  The  o b s e r v e d  
d i s so lu t ion  r a t e s  (e.g., 40 ~g /cm2/hr  at  100 m l  
O J m i n )  seem qu i t e  r e a s o n a b l e  in  t e r m s  of the  r a t e s  
p e r t a i n i n g  to l o w e r  t e m p e r a t u r e s  (cf. b e l o w ) .  A 
d i s so lu t ion  r a t e  of 22 ~g /cm~/hr  was  r e p o r t e d  b y  
RSsner  (6) for  Ge i m m e r s e d  in  bo i l ing  w a t e r .  Con-  
s ide r ing  t ha t  in  t he  l a t t e r  case  the  s u p p l y  of o x y g e n  
was  not  con t ro l led ,  the  a g r e e m e n t  b e t w e e n  the  two  
r e su l t s  is s a t i s f ac to ry .  

A f t e r  d i s so lu t ion  a t  100~ the  Ge spec imens  b e -  
c ame  v i s i b l y  e tched,  in c o n t r a s t  to t he  e x p e r i m e n t s  
n e a r  r oom t e m p e r a t u r e  w h e r e  the  spec imens  r e -  
t a i n e d  the i r  h igh  lus te r .  Microscopic  e x a m i n a t i o n  
u n d e r  p o l a r i z e d  l igh t  r e v e a l e d  t ha t  the  sur faces  w e r e  
p i t t e d  b u t  f ree  of b u l k  oxide .  E t ch ing  t a k e s  p lace  
soon a f t e r  immers ion ,  w h i c h  m a y  account  for  the  
fac t  t ha t  the  o b s e r v e d  d i s so lu t ion  r a t e s  a t  100~ d id  
no t  v a r y  a p p r e c i a b l y  w i t h  t ime  (see  inse t  in Fig.  3) .  

Variation with Oxygen Partia~ Pressure 

Disso lu t ion  r a t e s  of {110} sur faces  w e r e  d e t e r -  
m i n e d  a t  40~ for  v a r i o u s  o x y g e n  p a r t i a l  p r e s s u r e s  
b y  b u b b l i n g  N~-O~ m i x t u r e s  of k n o w n  compos i t i on  
t h r o u g h  the  r e a c t i o n  cells.  The  d a t a  o b t a i n e d  a re  
s u m m a r i z e d  in  Fig.  4. In  t he  inset  of t he  f igure,  
s t e a d y - s t a t e  d i s so lu t ion  r a t e s  a r e  p l o t t e d  as a func -  
t ion  of o x y g e n  p a r t i a l  p r e s su re .  The  e x p e r i m e n t a ]  
r e su l t s  can  be  e x p r e s s e d  b y  the  fo l lowing  g e n e r a l  
e q u a t i o n  

r - -  kip"~(1 + k~p n) [2]  

w h e r e  r is t he  d i s so lu t ion  ra te ,  p is the  o x y g e n  p a r -  
t i a l  p re s su re ,  kl and  ks a r e  cons tan ts ,  and  n is an  e x -  
p o n e n t  not  g r e a t e r  t h a n  un i ty .  N u m e r i c a l  va lue s  of 
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Fig. 4. Dissolution of  Ge in water ,  40~  saturated wi th  
oxygen at  various part ia l  pressures. For c lar i ty,  runs d, e, 
and f have been omi t ted f rom the lower par t  of  the f igure. 
In each case, steady-state dissolut ion rates were measured at  
an ini t ia l  oxygen part ia l  pressure (subscript I )  and again, in 
the same run, a t  a lower oxygen pressure (subscript 2). 
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kl and  k~ w e r e  c a l c u l a t e d  us ing  the  m e t h o d  of l ea s t  
squa re s  for  the  case  n = Y2 a n d  n = 1. A b e t t e r  fit 
was  o b t a i n e d  us ing  n = 1, t he  c o r r e l a t i o n  coefficient  
be ing  0.948 as  c o m p a r e d  to 0.899 fo r  an  a s s u m e d  
v a l u e  of  n ---- ~/2. F u r t h e r m o r e ,  on s e t t i ng  n e q u a l  to 
un i ty ,  t he  c a l c u l a t e d  l i m i t i n g  r a t e  ( k ~ p ~ > > l )  is 5.0 
~g /cmVhr ,  in good a g r e e m e n t  w i t h  obse rva t ion ,  
w h e r e a s  for  n = Y2 the  c o r r e s p o n d i n g  l i m i t i n g  r a t e  
is 10.4. A f i r s t - o r d e r  d e p e n d e n c e  on po~ is, thus,  m o r e  
c o m p a t i b l e  w i t h  the  e x p e r i m e n t a l  da ta .  

I t  is, of course ,  poss ib l e  t h a t  a s t i l l  b e t t e r  c o r r e l a -  
t ion  could  be  f o u n d  us ing  some f r a c t i o n a l  p o w e r  of 
po~, b e t w e e n  0.5 and  1.0; the  s ca t t e r  of  the  da ta ,  h o w -  
ever ,  d i s c o u r a g e d  a m o r e  d e t a i l e d  s t a t i s t i c a l  ana lys i s .  

Effect o~ Mobile Carriers 
In  the  e x p e r i m e n t s  d e s c r i b e d  thus  far ,  n e a r l y  i n -  

t r ins ic ,  n - t y p e  s ing le  c rys t a l s  w e r e  e m p l o y e d ;  h o w -  
ever ,  d i s so lu t ion  r a t e s  w e r e  also d e t e r m i n e d  for  
bo th  n -  and  p - t y p e  Ge  of v a r i o u s  r e s i s t i v i t i e s  f r o m  
3 to 40 o h m - c m .  No s igni f icant  v a r i a t i o n  in  d i s so lu -  
t ion r a t e  was  o b s e r v e d  w i t h  changes  in  s ign o r  b u l k  
c o n c e n t r a t i o n  of the  m a j o r i t y  ca r r i e r .  

I t  is w e l l  k n o w n  t h a t  the  dens i t i e s  of c a r r i e r s  of 
bo th  t y p e s  can  be  a u g m e n t e d  c o n s i d e r a b l y  b y  i l l u m -  
ina t ion .  Moreover ,  s ince  t he  r e l a t i v e  inc rease  in  t he  
d e n s i t y  of  t he  m i n o r i t y  c a r r i e r  is c o m p a r a t i v e l y  
la rge ,  t he  effect of i l l u m i n a t i o n  can  be  used  to d e -  
t e r m i n e  the  ro le  of holes  or  e l ec t rons  in r eac t i ons  
i n v o l v i n g  s emiconduc to r  surfaces .  B r a t t a i n  and  
G a r r e t t  (8)  h a v e  i n v e s t i g a t e d  the  effect of  l igh t  on 
Ge e l ec t rodes  and  have  shown  t h a t  r a t e  of the  anod ic  
r e a c t i o n  is con t ro l l ed  b y  the  s u p p l y  of holes  a t  t he  
G e / e l e c t r o l y t e  in te r face .  A c c o r d i n g l y ,  d u r i n g  anodic  
c u r r e n t  flow the  photoef fec t  was  v e r y  m u c h  g r e a t e r  
on n - t y p e  Ge t h a n  on p - t y p e .  The  d e t a i l e d  m e c h a n -  
i sm of anod ic  d i s so lu t ion  p r o p o s e d  b y  T u r n e r  (9) ,  
viz.  

Ge -~ 2e + + 2  OH- = G e ( O H ) ~  ++ + 2e- [3]  

G e ( O H ) ~  ++ -t- 2 OH- = H2GeO, + H~O [4]  

or  a s o m e w h a t  modi f ied  fo rm thereof ,  m a y  a p p l y  to 
t he  anodic  c o m p o n e n t  of the  o v e r - a l l  d i s so lu t ion  
reac t ion .  

In  o r d e r  to e l u c i d a t e  t he  ro le  of m o b i l e  c a r r i e r s  in 
t he  d i s so lu t ion  of  Ge  in o x y g e n a t e d  w a t e r ,  a se r ies  
of e x p e r i m e n t s  was  c a r r i e d  out  in  w h i c h  t h e  r e a c -  
t ion was  a l l o w e d  to p r o c e e d  for  a t i m e  in n e a r l y  
t o t a l  d a r k n e s s  and  t h e n  u n d e r  s t rong  i l l umina t i on .  
No s igni f icant  photoef fec t  was  found  in the  d i s so lu -  
t ion  r a t e  for  e i t he r  n -  or  p - t y p e  m a t e r i a l ,  a l t h o u g h  
u n d e r  t he  s ame  e x p e r i m e n t a l  cond i t ions  the  disso-  
lu t ion  p o t e n t i a l  of n - t y p e  ( b u t  no t  t ha t  of p - t y p e )  
Ge sh i f t ed  t o w a r d  a m o r e  anodic  v a l u e  b y  a p p r o x i -  
m a t e l y  100 my.  This  sh i f t  in  p o t e n t i a l  as a r e s u l t  of 
i l l u m i n a t i o n  d e c r e a s e d  w i t h  d e c r e a s i n g  o x y g e n  p a r -  
t i a l  p r e s s u r e  and  was  e s s e n t i a l l y  zero  in  t he  absence  
of oxygen .  

Discussion 
The  fo rego ing  e x p e r i m e n t a l  r e su l t s  show t h a t  t he  

r a t e  of d i s so lu t ion  of Ge in w a t e r  is d e t e r m i n e d  
p r i m a r i l y  b y  the  concen t r a t i on  of d i s so lved  oxygen ,  
t e m p e r a t u r e ,  and  su r face  t r e a t m e n t ;  to a l esser  e x -  
t en t  t he  r a t e  d e p e n d s  on the  c r y s t a l l o g r a p h i c  o r i e n -  

t a t ion ,  bu t  is no t  s ign i f i can t ly  a f fec ted  b y  changes  
in  f r ee  c a r r i e r  dens i t ies ,  as b r o u g h t  a b o u t  b y  dop ing  
or  i l l umina t i on .  

D i r ec t  i n t e r a c t i o n  of Ge  w i t h  w a t e r  a cco rd ing  to 
Eq. [ 1 ] does  no t  t a k e  p lace ,  or  p r o c e e d s  a t  a n e g l i -  
g ib le  r a t e  in  t h e  t e m p e r a t u r e  r a n g e  s t u d i e d  (up  to 
100~ In  t he  p re sence  of d i s so lved  oxygen ,  h o w -  
ever ,  Ge reac t s  a t  a m e a s u r a b l e  r a t e  v i a  r e d u c t i o n  of 
oxygen .  By e m p l o y i n g  l a r g e  Ge su r faces  ( p o w d e r e d  
s a m p l e s )  S c h w a b  (10) was  ab l e  to m e a s u r e  o x y g e n  
c o n s u m p t i o n  in th is  reac t ion .  I t  is g e n e r a l l y  r e c o g -  
n ized  t ha t  t he  s t ab le  Ge species  in  n e u t r a l  or  ac id ic  
so lu t ions  and  in  the  absence  of c o m p l e x i n g  agen t s  
is m e t a g e r m a n i c  acid,  H~GeO~ (11 ). A c c o r d i n g l y ,  t he  
o v e r - a l l  d i s so lu t ion  r e a c t i o n  of Ge in  w a t e r  con-  
t a i n ing  d i s so lved  o x y g e n  m a y  be  r e p r e s e n t e d  as fo l -  
lows:  

Ge + O~c,q~ + H~O(1) = H~GeO,~oq~ [5]  

The  d r i v i n g  force  for  th is  r e a c t i o n  c o r r e s p o n d s  to a 
l a r g e  f ree  e n e r g y  decrease ,  c a l c u l a t e d  f rom the  d a t a  
g iven  b y  J o l l y  a n d  L a t i m e r  (12) to be  113 k c a l / g -  
a tom.  On the  bas i s  of the  k n o w n  d i s soc ia t ion  con-  
s t an t s  of H~GeO3 (13) and  the  a m o u n t  of Ge d i s -  
solved,  p H  changes  w e r e  c a l c u l a t e d  for  r e a c t i o n  
[5]  w h i c h  w e r e  cons i s t en t  w i t h  those  m e a s u r e d  in 
our  s a m p l e  solut ions .  

The  d i s so lu t ion  of Ge u n d e r  the  p r e s e n t  e x p e r i -  
m e n t a l  condi t ions  is ac t iva t ion ,  r a t h e r  t h a n  d i f fus ion 
con t ro l l ed ,  as e v i d e n c e d  b y  the  fo l lowing :  (a )  for  
d i f fus ion  con t ro l  the  t e m p e r a t u r e  coefficient  is in 
g e n e r a l  less t h a n  1.5 p e r  10~ and  for  a c t i v a t i on  
c on t ro l  g r e a t e r  t h a n  2.0 p e r  10~ (14) ( in  t he  p r e s e n t  
case  a t e m p e r a t u r e  coefficient of a p p r o x i m a t e l y  3.0 
p e r  10~ was  o b s e r v e d ) ;  (b)  for  a g iven  o x y g e n  
p a r t i a l  p r e s su re ,  changes  in  t he  r a t e  of s t i r r i n g  h a d  
no effect  on the  d i s so lu t ion  r a t e  e x c e p t  a t  m u c h  
l o w e r  s t i r r i n g  r a t e s  t h a n  those  n o r m a l l y  e m p l o y e d ;  
(c)  the  o b s e r v e d  v a r i a t i o n  of the  d i s so lu t ion  r a t e  
w i t h  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  is not  c o m p a t i b l e  
w i t h  d i f fus ion control .  

The  p lo t  of d i s so lu t ion  r a t e  as a func t ion  of o x y g e n  
p a r t i a l  p r e s s u r e  (Fig .  4) has  t he  f o r m  of a L a n g m u i r  
a d s o r p t i o n  i so the rm.  T h e  fac t  t h a t  Eq. [2]  b e t t e r  
desc r ibes  t he  d a t a  for  n = 1, r a t h e r  t h a n  n = 1~, 
sugges t s  t h a t  o x y g e n  is m o l e c u l a r l y  adso rbed .  The  
d i f f e r en t i a l  h e a t  of a d s o r p t i o n  of w a t e r  on Ge has  
been  r e p o r t e d  to be  16 k c a l / m o l e  a t  m o n o l a y e r  
c o v e r a g e  (15) .  Thus,  d i s so lved  o x y g e n  c he miso rbs  
b y  d i sp l a c ing  c h e m i s o r b e d  wa te r .  Owing  to t he  h igh  
h e a t  of  a d s o r p t i o n  of o x y g e n  [ found  in th is  l a b o r a -  
t o ry  to be  a p p r o x i m a t e l y  80 k c a l / m o l e  at  a c o v e r a g e  
c o r r e s p o n d i n g  to one m o n o l a y e r  (16) ], d i s p l a c e m e n t  
of w a t e r  b y  o x y g e n  is e n e r g e t i c a l l y  feas ib le ,  a l -  
t h o u g h  the  p r e s e n t  s y s t e m  is no t  d i r e c t l y  c o m p a r a b l e  
to those  for  w h i c h  the  hea t s  of a d s o r p t i o n  w e r e  d e -  
t e r m i n e d .  

The  s t e a d y - s t a t e  d i s so lu t ion  p o t e n t i a l  of Ge in 
w a t e r  becomes  m o r e  ca thod ic  as the  o x y g e n  p a r t i a l  
p r e s su re ,  and  t h e r e f o r e  t he  d i s so lu t ion  r a t e  i nc reases  
(Fig .  5) .  Moreove r ,  t he  p o t e n t i a l  is f a r  r e m o v e d  
f r o m  the  o x y g e n  r e v e r s i b l e  po t en t i a l .  Th is  b e h a v i o r  
ind ica tes  t h a t  the  d i s so lu t ion  process  is p r i m a r i l y  
u n d e r  ca thod ic  control .  U n d o u b t e d l y  t he  o v e r - a l l  
d i s so lu t ion  p rocess  is mod i f i ed  b y  the  h igh  ohmic  r e -  
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Fig, 5. Effect of oxygen on the dissolution potential of Ge 

s i s tance  of the  w a t e r  ( c o m b i n e d  ca thod ic  and  ohmic  
con t ro l ) .  Thus,  s m a l l  a m o u n t s  of  e l e c t r o l y t e  e n -  
hance  the  d i s so lu t ion  r a t e  a t  a g iven  o x y g e n  p a r t i a l  
p r e s su re ,  w h i l e  the  process  r e m a i n s  u n d e r  ca thod ic  
control .  Specif ic  effects  of a d d e d  e l e c t r o l y t e s  wi l l  be  
d i scussed  in  a f u t u r e  c o m m u n i c a t i o n .  

On the  bas is  of our  f indings  w e  conc lude  t ha t  t he  
Ge is in  a d s o r p t i v e  e q u i l i b r i u m  w i t h  d i s so lved  o x y -  
gen and  t ha t  the  r a t e - d e t e r m i n i n g  s tep  in t he  d i s -  
so lu t ion  p rocess  l ies  in t he  r e d u c t i o n  of oxygen .  A l -  
t h o u g h  a d e t a i l e d  m e c h a n i s m  for  t he  r e d u c t i o n  of  
o x y g e n  b y  Ge canno t  be  f o r m u l a t e d  a t  p resen t ,  a 
m e c h a n i s m  w h i c h  is r e a s o n a b l e  f rom the  p o i n t  of 
v i ew  of so lu t ion  t h e r m o d y n a m i c s  invo lves  t he  fo r -  
m a t i o n  of  p e r o x i d e  ion, a c c o m p a n i e d  b y  p r o t o n  e x -  
change  w i t h  w a t e r :  

O~ + H~O + 2e- ---- HO~- + OH- [6]  

Yeager and co-workers (17) have found a similar 
mechanism for the reduction of oxygen at a graphite 
electrode, and Handler (18) has considered forma- 
tion of a peroxide structure as a possible mode of 
chemisorption of oxygen onto bare germanium. 
R6sner (6) has proposed that the etching of Ge in ox- 
idizing liquid media proceeds by the intermediate 
formation of H=O=, which subsequently reacts as 
follows: 

Ge + H=O=-~ GeO + H=O [7] 

OeO + H=O=-~ GeO2 + H~O [8] 

Attempts were made in the present study to detect 
H~O~ among the soluble reaction products of the dis- 
solution of crushed Ge samples presenting a very 
large surface area, but no H=O= was detected. This 
result does not, of course, exclude the formation of 
a peroxide intermediate at the surface. 

The observed variation of dissolution rate with 
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of the  Ge su r f ace  for  
the  t h r e e  p r i n c i p l e  l o w - i n d e x  p l anes  m a y  be  a t -  
t r i b u t a b l e  to d i f fe rences  in the  n u m b e r  of s i tes  
a v a i l a b l e  for  chemiso rp t ion .  A c o r r e l a t i o n  is s h o w n  
in Tab le  II  b e t w e e n  r e l a t i v e  d i s so lu t ion  r a t e s  in o x y -  
g e n - s a t u r a t e d  w a t e r  a n d  dens i t i e s  of unf i l l ed  o r -  
b i t a l s  a t  the  v a r i o u s  surfaces .  A s igni f icant  po in t  to 
be  m a d e  is t ha t  t he  o b s e r v e d  d i f fe rences  in  d i s so lu -  
t ion  r a t e  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  one w o u l d  

Table II. Correlation between density of free surface bonds and 
dissolution rates in O~-saturated H~O 

R e l a t i v e  f ree  R e l a t i v e  d is -  
O r i e n t a t i o n  F r e e  b o n d s / c m  2 b o n d  dens i t y  so lu t i on  rates  

(100} 1.25 X 10 TM 1.00 1.00 
{110} 8.83 • 1014 0.71 0.89 
{111} 7.22 X 10" 0.58 0.62 

e x p e c t  on the  bas is  of  e n t i r e l y  d i f fe ren t  modes  of  
o x y g e n  c h e m i s o r p t i o n  [cf. H a n d l e r  (18) ]. 

The  absence  of  a photoef fec t  in ou r  d i s so lu t ion  
r a t e s  is in  c o n t r a s t  to t h e  r e su l t s  r e p o r t e d  b y  
S c h w a b  (10) who  found  t h a t  t he  r a t e  of u p t a k e  of 
o x y g e n  b y  n - t y p e  Ge s h a k e n  w i t h  o x y g e n  u n d e r  
w a t e r  was  a c c e l e r a t e d  b y  l ight ,  w h e r e a s  the  r e a c -  
t ion  of p - t y p e  was  r e t a r d e d .  S c h w a b  also no ted  t h a t  
in  the  d a r k  the  r a t e  of o x i d a t i o n  was  s o m e w h a t  
l o w e r  for  p - t y p e  Ge and  conc luded  t ha t  t he  r a t e  is 
d e t e r m i n e d  b y  the  f r e e - e l e c t r o n  concen t r a t i on .  
H o w e v e r ,  his  e x p l a n a t i o n  in t e r m s  of  s e p a r a t i o n  of 
c a r r i e r s  f rom i m m o b i l e  i m p u r i t y  a t o m s  b y  a b s o r p -  
t ion  of l i gh t  is no t  cons i s t en t  w i t h  the  fac t  t h a t  donor  
and  accep to r  i m p u r i t i e s  in  Ge a re  v i r t u a l l y  com-  
p l e t e l y  ion ized  at  r o o m  t e m p e r a t u r e  (19) .  The  sh i f t  
of t he  d i s so lu t ion  p o t e n t i a l  t o w a r d  m o r e  anodic  
va lues ,  w h i c h  was  o b s e r v e d  on i l l u m i n a t i o n  of n -  
t y p e  Ge e lec t rodes ,  could  r e s u l t  f r o m  d e p o l a r i z a t i o n  
of t he  anodic  reac t ion .  On th is  bas is  and  s ince  t he  
d i s so lu t ion  p rocess  is u n d e r  ca thod ic  control ,  on ly  a 
v e r y  s m a l l  photoef fec t  is to be  e x p e c t e d  in t h e  d i s -  
so lu t ion  ra tes .  I t  is, thus,  poss ib l e  t ha t  in  p u r e  w a t e r  
the  photoef fec t  l ies  w i t h i n  the  l imi t s  of e x p e r i m e n t a l  
e r ro r .  

The  ro le  of e l e c t r o l y t e s  in  t he  d i s so lu t ion  p rocess  
and  the  e l ec t rode  b e h a v i o r  of Ge u n d e r  no e x t e r n a l l y  
a p p l i e d  emf  wi l l  be  d i scussed  in f u t u r e  c o m m u n i c a -  
t ions.  
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Anodic Oxide Film Formation on Zirconium Kinetics 
with and without Concurrent Oxygen Evolution 

George B. Adams, Jr., Tien-Shuey Lee, 1 Samuel M. Draganov7 and Pierre Van Rysselberghe 3 

Department of Chemistry, University o~ Oregon, Eugene, Oregon 

ABSTRACT 

Compara t ive  studies were  made  with  z i rconium to de te rmine  whe the r  
different ia l  fo rmat ion  fields measured  be low oxygen  evolut ion potent ia ls  agreed  
wi th  those measured  at  high voltages.  I t  was found tha t  the  low-vo l tage  field 
is some fifteen to th i r ty  per  cent h igher  than  the corresponding field obta ined 
at h igh voltages. However ,  the  field lower ing  of the act ivat ion energy for  the 
anodic oxidat ion is the same whe the r  der ived  f rom high or low-vo l tage  meas -  
urements .  This is also t rue  of the  act ivat ion energy.  

These resul ts  confirm the view tha t  the meta l  is anodical ly  oxidized to the  
corresponding oxide at uni t  cur ren t  efficiency below the revers ib le  oxygen 
evolut ion potent ial .  Ionic cur ren t  efficiencies a re  r epor ted  for  z i rconium at 
severa l  cur ren t  densi t ies  in the h igh-vol tage  range and for the  low-vo l tage  
localized oxygen evolut ion process.  

In  p r e v i o u s  w o r k  (1, 2) i t  was  f o u n d  t h a t  t he  
e q u a t i o n  

I = Ae BP [1]  

he ld  for  t he  v a r i a t i o n  of ionic  c u r r e n t  d e n s i t y  w i t h  
f o r m a t i o n  field, F,  in  t he  g r o w t h  of anod ic  z i r -  
con ium d iox ide  films. In  Ref.  (2)  va lue s  w e r e  r e -  
p o r t e d  for  t he  d i f f e r en t i a l  f o r m a t i o n  fields r e q u i r e d  
to ox id ize  Z r  a n o d i c a l l y  to t h e  a m o r p h o u s  o x i d e  in  
aqueous  solut ion .  These  va lue s  w e r e  o b t a i n e d  b y  
p o l a r i z a t i o n  w i t h  c o n s t a n t  c u r r e n t s  a t  p o t e n t i a l s  b e -  
low tha t  r e q u i r e d  for  the  r e v e r s i b l e  evo lu t i on  of 
oxygen .  A g r e e m e n t  was  o b t a i n e d  w i t h  f o r m a t i o n  
field va lue s  r e p o r t e d  for  t he  s ame  process  o c c u r r i n g  
at  h i g h e r  v o l t a g e s  w i t h  c o n c u r r e n t  evo lu t ion  of 
o x y g e n  (1 ) .  A m o r e  r e c e n t  d e t e r m i n a t i o n  of t he  
h i g h - v o l t a g e  d i f f e ren t i a l  f ield for  th is  p rocess  (3)  
casts  some d o u b t  on the  a g r e e m e n t  in  t he  l o w -  and  
h i g h - p o t e n t i a l  f ield r e su l t s  o b t a i n e d  p r e v i o u s l y .  

The  p r e s e n t  i n v e s t i g a t i o n  is an  a t t e m p t  to  c l ea r  
up  th i s  poin t .  T h a t  is, to d e t e r m i n e  w h e t h e r  t h e  
p o l a r i z a t i o n  p rocess  w h i c h  occurs  w i t h  Zr  and  Nb  
on l o w - p o t e n t i a l  anod i za t i on  is a c t u a l l y  t he  f o r m a -  
t ion  of t he  ox ide  a t  un i t  c u r r e n t  efficiency. 

S ince  i t  is k n o w n  t h a t  ox ide  f i lms of t he se  m e t a l s  
a r e  f o r m e d  on anod ic  o x i d a t i o n  a t  h igh  vo l t ages  
(1) ,  a c o m p a r i s o n  of t he  v a l u e s  of the  f o r m a t i o n  
fields r e q u i r e d  for  t he  g r o w t h  of t he  h i g h - v o l t a g e  
ox ide  fi lms w i t h  those  d e r i v e d  f r o m  p o l a r i z a t i o n  
m e a s u r e m e n t s  a t  l ow  p o t e n t i a l s  was  ind ica ted .  
Q u a n t i t a t i v e  a g r e e m e n t  w o u l d  be  good  ev idence  fo r  

1 P r e s e n t  a d d r e s s :  R e s e a r c h  L a b o r a t o r i e s ,  W e s t i n g h o u s e  E l e c t r i c  
C o r p o r a t i o n ,  P i t t s b u r g h ,  P e n n s y l v a n i a .  

e P r e s e n t  a d d r e s s :  U n i t e d  S t a t e s  B o r a x  a n d  C h e m i c a l  C o r p o r a t i o n ,  
L o s  A n g e l e s ,  C a l i f o r n i a .  

3 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  S t a n f o r d  U n i v e r s i t y ,  
S t a n f o r d ,  C a l i f o r n i a .  

f o r m a t i o n  of the  ox ide  a t  un i t  c u r r e n t  eff iciency in  
the  p o t e n t i a l  r a n g e  b e l o w  o x y g e n  evo lu t ion .  

The  w o r k  consis ts  of s e v e r a l  i n d i v i d u a l  i n v e s t i -  
ga t ions ;  each  is a c o m p a r i s o n  of e q u i v a l e n t  m e a s -  
u r e m e n t s  for  t h e  l ow and  h i g h - p o t e n t i a l  r a nges :  
first, Z r  fields a r e  c o m p a r e d  a t  one t e m p e r a t u r e  and  
a t  a s ingle  c u r r e n t  dens i t y ;  then ,  fields, f ield l o w e r -  
ings  of a c t i v a t i o n  energ ies ,  and  a c t i v a t i o n  ene rg ie s  
a r e  c o m p a r e d .  

I--Comparison of Formation Fields (Zirconium) 

Experimental  Approach and ResuLts 

The  h i g h - p o t e n t i a l  d i f f e r en t i a l  f ield ~ was  d e r i v e d  
f r o m  p o l a r i z a t i o n  m e a s u r e m e n t s  a t  c o n s t a n t  t o t a l  
c u r r e n t  ove r  a p o t e n t i a l  r a n g e  w h e r e  t he  c u r r e n t  
eff iciency r e m a i n e d  e s s e n t i a l l y  cons tan t .  The  a v e r -  
age c u r r e n t  eff iciency for  each  p o l a r i z a t i o n  r u n  was  
m e a s u r e d  p o l a r o g r a p h i c a l l y  f r o m  the  i nc rea se  in  
o x y g e n  c o n c e n t r a t i o n  w h i c h  o c c u r r e d  ove r  t h e  p o -  
l a r i z a t i o n  i n t e r v a l .  F r o m  a n u m b e r  of these  r u n s  
t a k e n  a t  the  s ame  to t a l  c u r r e n t  dens i ty ,  an  a v e r a g e  
v a l u e  of the  d i f f e r e n t i a l  f ield was  o b t a i n e d  for  t he  
r e s u l t i n g  a v e r a g e  ionic  c u r r e n t  dens i ty .  L o w - p o t e n -  
t i a l  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  t h e n  c a r r i e d  
out  w i t h  t he  s a m e  e l ec t rode  a t  a c u r r e n t  d e n s i t y  
equa l  to the  a v e r a g e  ionic  c u r r e n t  d e n s i t y  w h i c h  
w a s  m e a s u r e d  for  t h e  c o r r e s p o n d i n g  ser ies  of h i g h -  
p o t e n t i a l  runs .  D i f f e ren t i a l  f ields o b t a i n e d  f r o m  the  
two  ser ies  of r u n s  w e r e  t h e n  c o m p a r e d  (see  T a b l e  I ) .  

Bo th  the  K r o l l  p rocess  and  the  iod ide  p rocess  z i r -  
c o n i u m  w e r e  used.  E l e c t r o d e  su r faces  w e r e  p r e -  

4 F i e l d s  r e p o r t e d  a r e  a p p a r e n t  f ields,  F/or, w h e r e  ~ is  t h e  r o u g h -  
n e s s  f a c t o r  of  t h e  e l e c t r o d e  s u r f a c e .  ( V a lue s  f o r  p a r a m e t e r s  b a n d  B ,  
r e f e r r e d  to  l a t e r ,  a r e  a lso  a p p a r e n t ,  i .e. ,  ~b a n d  ~B.) 
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Table I. Formation of anodic oxide films on zirconium. Direct comparison of differential fields measured with and without oxygen 
evolution (1.ON Na2S04, 26~ 

M e a n  l o w -  M e a n  h i g h -  
C u r r e n t  M e a n  i o n i c  p o t e n t i a l  p o t e n t i a l  
d e n s i t y ,  c u r r e n t  effi-  f ield,* f ie ld ,  P e r  c e n t  

E l e c t r o d e  S u r f a c e  / m / c m  2 c i ency ,  % v / c m  x 10 -6 v / c m  x 10 -8 d i f f e r e n c e  

1 E-1 (Kroll) Abraded 750 6.3 • 4.8 3.49 • 0.07 [14] 3.56 _ 0.23 [6] 2 
2 E-2 (Iodide) Abraded 750 81.2 • 0.5 3.46 _ 0.08 [10] 4.17 _ 0.09 [6] 17 

(Emery) 
3 E-3 (Iodide) Abraded 750 73.6 • 8.3 3.65 • 0.19 [9] 4.20 _ 0.31 [10] 13 

(SIC) 
4 E-3 (Iodide) Abraded 100 47.6 • 6.5 3.30 _ 0.11 [25] 3.60 _ 0.29 [8] 8 

(SIC) 
5 E-3 (Iodide) Chemically 100 66.0 _ 6.6 4.67 _ 0.17 [33] 4.17 • 0.16 [8] 12 

polished 

* N u m b e r  of d e t e r m i n a t i o n s  i n  b r a c k e t s .  

pared  by  bo th  abras ion  and  b y  chemica l  pol ishing.  
Al l  of the  resul t s  a re  for a s ingle  t empe ra tu r e ,  a nd  
each compar i son  was  made  at  a s ingle  c u r r e n t  
densi ty .  

Typica l  ch ronopo ten t iog rams  are shown  in  Fig. 1-5 
for bo th  the  l o w - a n d  h i g h - p o t e n t i a l  po la r iza t ions  
and  for severa l  e lectrode surface  states. The  b r e a k  
in  slope observed  at  abou t  40 v for  the  h igh  vol tage  
regress ion  l ines is qu i te  a p p a r e n t  and  appears  to 
be  character is t ic  of the  meta l ,  r a the r  t h a n  of the  
surface p r e p a r a t i o n ?  Most of the  curves  for Kro l l  
process me t a l  did no t  show this  break .  Much of the 
da ta  was  t a k e n  above the  40-v  break .  A va l ue  of 
5.7 was  t a k e n  for the dens i ty  of the  oxide, fo l lowing  
Char lesby.  

Tab le  II  lists ionic c u r r e n t  efficiencies as me a s -  
u r ed  po la rograph ica l ly  for ab r aded  surfaces a long  
the l o w - p o t e n t i a l  "flat" in  the ch ronopo ten t i og ram 
(Fig. 1). At  this po ten t i a l  the  electrode is depo la r -  
ized by  the  passage of e lec t ronic  c u r r e n t  t h r ough  
low res is tance  paths  (pores)  i n  the  oxide film. Af te r  
these pores become sealed the  electrode m a y  be 
polar ized to h igh  voltages.  

5 S c h m i d t  a n d  M i c k e l  (5) h a v e  r e p o r t e d  c h r o n o p o t e n t i o g r a m s  f o r  
the anodic oxidation of P-type silicon which show breaks in slope 
at potentials between 100-250 v. They ascribe these breaks to spark- 
ing effects. 

With the zirconium electrodes used in this work, visible sparking 
usually occurred around 150 v. This sparking so greatly affected 
s u b s e q u e n t  p o l a r o g r a p h i c  m e a s u r e m e n t s  as to  r e n d e r  t h e m  c o m -  
p l e t e l y  i n v a l i d .  S i n c e  n o r m a l  p o l a r o g r a m s  w e r e  o b t a i n e d  a t  t h e  
s l o p e - b r e a k  p o i n t s  i n  t h e  c h r o n o p o t e n t i o g r a m s  a n d  o v e r  t h e  p o t e n -  
t i a l  r a n g e  a b o v e  t h e s e  b r e a k  po in t s ,  i t  does  n o t  s e e m  l i k e l y  t h a t  
s p a r k i n g ,  v i s i b l e  o r  i n v i s i b l e ,  c ause s  t h e  b r e a k  i n  t h i s  case.  

,4o  
1 2 0  

u J  
( J  

Ioo 

~ so 
.J 
12) 

~ 60 

z 40 
w 

20 

i i i i i 

I I I I I 
S I0 15 20 25 

TIME (MINUTES) 

Fig. 1. Chronopotent iogram at  750 /~a/cm ~. Kroll process 
Zr, 1.0N Na~SO~ at  26~ 

Discussion 

F r o m  Tab le  I it  is seen t ha t  there  is a g r e e m e n t  
b e t w e e n  low-  and  h i g h - p o t e n t i a l  va lues  of the field 
for a b r a de d  Kro l l  process z i r c on i um at  750 ~ a / c m  ~. 

The a g r e e m e n t  is r a t h e r  poor, however ,  for 
a b r a de d  iodide process m e t a l  at  750 /La/cm ~, b u t  
cons ide rab ly  be t t e r  at 100 /~a/cm ~. 

For  ab raded  surfaces,  t he  a p p a r e n t  f o r ma t ion  
fields d e t e r m i n e d  f rom l o w - p o t e n t i a l  m e a s u r e m e n t s  
are  gene ra l l y  lower  t h a n  those ob ta ined  at  h igh  po-  
tent ia ls .  This  m a y  be the  resu l t  of a lower  roughness  
factor  for the r e l a t i ve ly  th ick  oxide films found  at  
h igh  potent ia ls .  

The  rat io of the  l o w - p o t e n t i a l  field va lues  at  100 
~ a / c m  ~ for chemica l ly  pol ished to a b r a de d  surfaces 
is 1.41. This ra t io  for the h i g h - p o t e n t i a l  fields is 
1.14. The  roughness  factor  for the  chemica l ly  pol -  
ished surfaces is 1.2. This  wou ld  m a k e  the  roughness  
factors for a b r a de d  surfaces  1.7 at  low po ten t ia l s  
a nd  1.4 at  h igh potent ia ls .  

The  e l i m i n a t i o n  of m u c h  of this  u n c e r t a i n t y  in  
sur face  roughness  was  the p r inc ipa l  r eason  for 
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Fig. 2. Chronopotent iogram at 100 /~a/cm 2. Iodide process 
Zr, 1.0N Na~SO~ at  26~ (o) chemical ly polished; (b) abraded 
( # 2 8 0 C  silicon carbide paper); (c) abraded (3 /0  emery cloth). 
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Table II. Ionic current efficiencies along the flat of the 
potential-time curve (1.0N Na~SO~, 26~ 

current density, Current efficiency, 
~a/cra~ % 

I00 3.0 
300 6.0 
300 6.3 
500 3.3 
500 6.0 

working with chemically polished surfaces. How- 
ever, the low-potential  results here turn out to be 
anomalously high; the discrepancy is definitely 
greater than the experimental  uncertainties in the 
measurements. 

Fur ther  work along these lines has confirmed this 
anomaly but has also provided additional informa- 
tion for interpretation. This work constitutes an- 
other study and is described below. 

II--Comparison of Formation Fields, Field Lowerings 
of the Activation Energies, and Activation Energies 

Experimental Approach 

The pr imary  purpose of this work was to deter- 
mine the temperature dependence of the Tafel slope 
for the low-potential  anodization process. Another  
aim was to provide equivalent low-potential  data 
for comparison with a high-potential  kinetic study 
which was also in progress. Unfortunately, the pre-  
cision of the data obtained from the low-potential  
work was too low to provide a valid test of Tafel 
slope temperature dependence. But it served as an- 
other comparative test of low and high-potential  
fields. 

Low-potent ial  differential formation fields were 
obtained from constant current chronopotentiograms 
taken at five current  densities for each of four tem- 
peratures. Five runs were taken  at each current 
density. Chemically polished surfaces were used 
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Fig. 4. Low-potential chronopotentiogram at 100 #a/cm *, 
iodide process Zr, 1.ON Na~,S04 at 26~ (a) chemically pol- 
ished; (b) abraded (~280C silicon carbide paper)�9 

exclusively in this work and in the high-potential  
study described below. 

The high-potential  work itself constitutes an in- 
vestigation which will be reported in detail later 
(4). Some results which are applicable to the pres- 
ent comparative study are included here. 

The work at constant voltage proved to be the 
most reproducible and is used in the present equi- 
valent high-potential  comparison. In this work 
formation fields were measured as a function of 
ionic current density and temperature at constant 
voltage. The methods used were similar to those 
reported by Vermilyea (5). A standard color gauge 
was prepared and calibrated by means of microbal- 
ance measurements of weight increases, using ca- 
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Table III. Parameters in the formation of anodic oxide films Table Y. Comparison of activation energies for anodic oxide film 
on zirconium at low potentials (constant current) formation on zirconium at low and high potentials 

6.5~ 35~ 50~ 65~ 
I (/~a/cm 2) L o w  p o t e n t i a l s  H i g h  p o t e n t i a l s  

Go X 10 -6 (volt cm -') 5.17 4.82 4.24 4.17 
F10o X 10 -6 (volt cm -1) 5.63 5.29 4.72 4.56 1000 
F ~  X 10 -~ (volt cm -~) 6.08 5.75 5.18 4.95 100 
B • 10 ~ (cm volt -') 5.07 5.00 4.90 5.91 I0 
BFI~ 28.5 26.5 23.1 27.0 1 
b (A) 3.0 3.7 3.4 2.8 

pac i tance  m e a s u r e m e n t s  as a secondary  s t a n d a r d  
for d e t e r m i n a t i o n  of oxide film thicknesses.  F i l m  
th icknesses  were  t h e n  m e a s u r e d  as a f unc t i on  of 
t ime  at  cons tan t  potent ia l .  Al l  m e a s u r e m e n t s  were  
m a d e  above  40 v. 

Results 

Tables  I I I  and  IV 6 s u m m a r i z e  the  resul t s  of this  
compar ison.  The ra t io  of the low-  to h i g h - p o t e n t i a l  
fields ranges  f rom 1.17 to 1.30. Bu t  the  d i m e n s i o n -  
less p roduc t  BF which  is a measu re  of the  lower ing  
of the  ac t iva t ion  ene rgy  for the  ox ida t ion  process 
by  the  appl ied  field, is the same for bo th  low-  a nd  
h i g h - p o t e n t i a l  resul ts .  This  wou ld  ind ica te  t ha t  the 
ac t iva t ion  ene rgy  i tself  was  p r o b a b l y  the  same for 
the oxidat ion,  w h e t h e r  it occurs w i t h  or w i t hou t  
s imu l t aneous  evo lu t ion  of oxygen.  This p roved  to be 
correct,  as shown  below.  

Ac t iva t i on  energies  for both  the  low-  and  h igh -  
po ten t i a l  processes were  ob ta ined  by  p lo t t ing  fields 
vs. absolu te  t e m p e r a t u r e  and  ex t r apo la t ion  to the  
absolu te  zero us ing  the  fo rm of Eq. (1) g iven  by  the  
Mott  and  Cabre ra  theory  (6) 

W = b q F -  k/bq In ( I /Ao)T  [2] 

where  A = Aoe -~/~, B = bq/kT,  Ao is a constant ,  
W is the he ight  of the  m e t a l - o x i d e  in te r fac ia l  b a r -  
rier,  q is the charge on me ta l  ions crossing the 
bar r i e r ,  and  b is the  b a r r i e r  ha l f -w id th .  These  r e -  
sults  are compared  in  Table  V. A logar i thmic  cu r -  
r en t  dens i ty  dependence  is appa ren t7  These va lues  

e The  f igures  i n  Tab les  I I I  a n d  IV are  s m o o t h e d  v a l u e s  o b t a i n e d  
f r o m  the  bes t  s t r a i g h t  l i ne s  t h r o u g h  t he  Ta fe l  plots .  The  da t a  a t  
65~ fo r  t he  l o w - p o t e n t i a l  runs ,  espec ia l ly ,  s ca t t e red  r a t h e r  bad ly .  
Less w e i g h t  s h o u l d  be  g i v e n  to t he  l a s t  t h r e e  f igures  in  c o l u m n  f o u r  
o f  T a b l e  I I I .  

7 E q u a t i o n  [2] r e q u i r e s  t h a t  the  r e g r e s s i o n  l ines  for  t he  F vs .  T 
p lo t  s h o u l d  e x t r a p o l a t e  to a c o m m o n  i n t e r c e p t  a t  t he  a b s o l u t e  zero. 
F o r  b o t h  t he  l ow-  a n d  h i g h - p o t e n t i a l  da ta  h o w e v e r ,  the  s lopes f o r  
t h e  l ines  a t  i n c r e a s i n g  cons t an t  c u r r e n t s  r e m a i n  e s sen t i a l l y  cons tan t .  
The  l ine  fo r  u n i t  c u r r e n t  dens i ty ,  h o w e v e r ,  s h o u l d  pass  t h r o u g h  the  
cor rec t  i n t e r c e p t  s ince  t h e  c u r r e n t - d e p e n d e n t  t e r m  drops  out .  The  
e x t r a p o l a t i o n  to u n i t  c u r r e n t  dens i t y  i n d i c a t e d  i n  Tab le  V gives  
the e q u i v a l e n t  resu l t .  

Table IV. Parameters in the formation of anodic oxide films 
on zirconium at high potentials (constant voltage) 

6.5~ 35~ 50~ 65~ 

Flo X 10 -6 (volt cm -1) 4.40 3.71 3.41 3.14 
F, oo X 10 -6 (volt cm -1) 4.81 4.08 3.78 3.50 
F I ~  X 10 -6 (volt cm -1) 5.22 4.44 4.16 3.90 
B X 10" (cm volt -1) 5.62 6.31 6.14 6.06 
BFI| 27.1 25.7 23.2 21.2 
b (A)  3.4 4.2 4.3 4.4 

1.17 1.19 
1.12 1.13 
1.08 1.08 
1.05 (extr.) 1.04 (extr.) 

are  ob ta ined  for an  a s sumed  ba r r i e r  ha l f -wid th ,  b, 
of 2.5A. This  va l ue  of 1.04 ev for the ac t iva t ion  e n -  

e rgy  is in  a g r e e m e n t  w i th  a va lue  of 1 ev repor ted  

by  Char l e sby  The  j u m p  dis tances  de r ived  f rom the  
l o w - p o t e n t i a l  d a t a  are  less t h a n  those ob t a i n ing  at  
h igh potent ia ls ,  b u t  .still r a t h e r  high. 

The average  t e m p e r a t u r e  coefficient of the field 

is --1.96 and  --2.33 x 10' vol t  cm -1 deg -1 for the  low-  
a nd  h i g h - p o t e n t i a l  resul ts ,  respect ively .  

Conclusions 

The a g r e e m e n t  i n  bo th  the ac t iva t ion  energies  
a nd  the field l ower ing  of the  ac t iva t ion  energies  is 

good ev idence  for  the  v iew tha t  the me ta l  is oxi -  
dized to the oxide at  u n i t  c u r r e n t  efficiency be low 

the  revers ib le  po ten t i a l  for  oxygen  evolut ion .  

Tha t  fact t ha t  a l a rger  field is r equ i r ed  to pass a 

g iven  c u r r e n t  w h e n  all  of tha t  c u r r e n t  is ionic 

r a the r  t han  be ing  pa r t i a l l y  e lectronic  migh t  be  
ascr ibed to an  in t r in s i c  difference in  the j u m p  dis-  

tances  for a ba r r i e r  located at the m e t a l - o x i d e  in -  

ter face  a nd  for an  i n t e r n a l  ba r r i e r  located w i t h i n  
the oxide. Wi th  bo th  ba r r i e r s  the same height  a 
shor ter  b a r r i e r  h a l f - w i d t h  d is tance  at the m e t a l -  

oxide in te r face  wou ld  t h e n  r equ i r e  a l a rger  field to 

provide  a field lower ing  of the ac t iva t ion  ene rgy  
equa l  to tha t  g iven  by  the  l a rger  j u m p  dis tance  for 
the i n t e r n a l  ba r r i e r .  This  i n t e r p r e t a t i o n  is r a t h e r  

u n a t t r a c t i v e  for severa l  reasons.  

The j u m p  dis tances  ob ta ined  e x p e r i m e n t a l l y  f rom 

the k inet ics  for h igh vol tage  anodic  oxide films are 
a lways  a noma l ous l y  la rger  t h a n  seem reasonab le  

for the la t t ice  p a r a m e t e r s  i nvo lved  (4, 5). 

I t  wou ld  also seem that ,  if there  were  to be a 

shif t  in ra te  control  f rom an  in te r fac ia l  ba r r i e r  to 
an  i n t e r n a l  bar r ie r ,  the t r a n s i t i o n  should be a r a the r  
g r a dua l  one. Bu t  for z i r con ium the observed de-  

crease in  field appears  to set in  a b r u p t l y  as soon as 
an  e lec t ronic  c ompone n t  of the c u r r e n t  t h rough  the  

oxide  fi lm sets in.  

I t  wou ld  seem tha t  a more  reasonab le  v iew wou ld  
be t ha t  the  l o w - p o t e n t i a l  field is i n t r i n s i ca l l y  la rger  
t h a n  tha t  ob ta ined  f rom h i g h - p o t e n t i a l  m e a s u r e -  

ments .  The  j u m p  dis tances  ob ta ined  f rom the low-  
po ten t i a l  k inet ics  agree somewha t  be t t e r  w i th  wha t  

one would  an t ic ipa te  f rom the la t t ice  p a r a m e t e r s  
involved.  The  lower ing  of the  field observed  w h e n  

c o n c u r r e n t  oxygen  evo lu t ion  sets in  is t hen  to be 
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ascr ibed to the action of this electronic component  
of the  anodic current  t ravers ing  the oxide film. This 
leakage cur ren t  p robab ly  flows through low-res i s t -  
ance paths  in the oxide film (9) .  This would effec- 
t ive ly  decrease the average  field across the meta l -  
oxide  in ter rac ia l  barr ier .  An  anomalously  large  
jump dis tance ( la rger  f ract ion of this decreased 
field) would  then be requ i red  to provide  the neces-  
sary  lower ing  of the act ivat ion energy for the meta l  
oxidat ion to proceed at  a given rate.  

Experimental Details 

Descript ion of the exper imenta l  methods used in 
this work  may  be found e lsewhere  (4, 7, 8). Some 
of the more sal ient  points are sketched here. 

Metal Samples 

Zirconium analyses  appear  in Table  VI. Kro l l  
process sheet and iodide process crys ta l  bar  rod 
were  used in the first pa r t  of this paper  and 70 rail  
sheet, rol led f rom iodide process rod was used in 
the second part .  Al l  zirconium samples were  vac-  
uum annealed  at 750~ 

Electrodes 

Detai led descript ions of the electrodes used in the 
sections on Comparison of Format ion  Fields  and in 
Comparison of Format ion  Fields,  F ie ld  Lowering,  
and Act iva t ion  Energy appear  e lsewhere (4, 7). A 
brief  descr ipt ion appears  in Table VII. 

Electrode Surface Preparation 

Abras ives  used were  3/0 emery  cloth (Behr -  
Manning)  and #280-C silicon carb ide  paper  (TRI-  
M-ITE) .  In  the first pa r t  of this pape r  chemical ly  
pol ished surfaces were  p repa red  by swabbing  wi th  
a solution of 50% concentra ted  HNO~, 45% water ,  
and 5% of 48% HF (al l  by  vo lume) .  In the second 
pa r t  of this paper  electrodes were  chemical ly  pol -  
ished by  swir l ing  in this solution unt i l  m a x i m u m  
br ightness  was obtained.  

Table VI. Zirconium analyses 

K r o l l  s h e e t  I o d i d e  rod  I o d i d e  s h e e t  
I m p u r i t y  p 'pm p p m  p p m  

A1 50 80 30-60 
C 140 - -  100 
Ca - -  - -  < 50 
Cr 50 i0 10-20 
Cu 100 I0 5 
Fe 800 300 400-600 
Hf <500 (est.) <300 (est.) 100-150 
N 80 50 10-25 
Ni < 5 < 5 25-60 
O 1450 - -  200 
Pb 50 300 < 10 
Si 20 20 20-80 
Sn 50 10 < I0 
Ti < 50 < 50 20-40 
W - -  - -  <lOO 

99.6% 99.8% 99.8+ % 

Table VII. Construction of electrodes 

A p p r o •  
m a t e  
a r e a  

R e f e r e n c e  E l e c t r o d e  ( c m  ~) M a s k i n g  D e s c r i p t i o n  

Zr-E-1 5.3 Baked Two coupled square 
enamel electrodes 1.6 x 1.6 

cm--f rom 70 rail 
sheet 

Part  I Zr-E-2 12.0 Baked Three coupled 
enamel circular-faced 

electrodes--from 
segments of half 
inch rod--s ix  faces 

Zr-E-3 13.5 Baked Single electrode--  
enamel one face--rectangu-  

lar with semicir- 
cular ends 2 x 7 cm 

Part  II Zr 5.5 None Single electrode 
1.6 x 1.6 cm. Both 
sides and edges 
exposed--from 70 
rail sheet 

The roughness factor  for a zirconium surface p re -  
pared  by  d ry  abras ion on 3/0 emery  cloth as de te r -  
mined by  K r yp t on  adsorpt ion was repor ted  p re -  
viously as 2.1 _ 0.2 (1) and is 1.2 +--- 0.1 as de te r -  
mined by the same method for chemical ly  polished 
surfaces p r epa red  as in Pa r t  II. 

Solutions 

The anolytes were  1.0N Na~SO~ in Pa r t  I, and 0.5N 
Na.~SO, in Par t  II, all  made  up from the AR salt  and 
dist i l led water .  
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Electrochemical Calorimetry 

J. M. Sherfey and Abner Brenner 

National Bureau o~f Standards, Washington, D. C. 

ABSTRACT 

The heat  effects of electrochemical processes have been measured cal- 
orimetrical ly to find those areas where such measurements  might prove useful. 
The determinat ion of reaction heat (AH) is one such area. The AH of the 
reaction W + 2H20 + 2NaOH (aq) ~ Na2WO, (aq) ~ 3H~ was measured. The 
results indicate that  the heat of formation of Na2WO~ (aq) given in the l i tera-  
ture is in error by at least 12 kcal. The heat of the reaction Cu ~ + nCN- + H~O 
z Cu (CN)(~-1)- ~ OH- ~- 1/2 H~ was determined as a funct ion of the cyanide to 
copper ratio of the electrolyte. These data confirm the existence of the 
Cu(CN)(-  ion. 

Another  application for such measurements  is in studies of electrode polari-  
zation. Equations are derived which show the relat ion between polarization 
and the other hea t -producing phenomena in electrolytic cells. This t rea tment  
is extended to include simultaneous reactions, such as alloy deposition, and to 
compare the calorimetric measurement  of polarization with the more conven- 
tional methods. 

Researches  on the t h e r m o d y n a m i c s  of e lec t ro-  
chemical  processes are most  of ten based on vol tage  
m e a s u r e m e n t s  or on  ca lcula t ions  which  employ  i n -  
d e p e n d e n t l y  de r ived  t h e r m o d y n a m i c  data.  I t  is 
r a t h e r  su rp r i s ing  tha t  the re  have  been  few ca lor i -  
met r i c  m e a s u r e m e n t s  of the ene rgy  re la t ions  of 
e lec t rochemica l  processes. 

Most s tudies  of this  type  have  been  concerned  
wi th  the so-cal led e lect rolyt ic  Pe l t i e r  effect. These 
have  been  r ev iewed  in  a comprehens ive  t r e a t m e n t  
of this  sub jec t  by  Lange  [1] who has h imse l f  con-  
t r i bu t ed  s igni f icant ly  to the field. J a h n  (2-4)  a t -  
t emp ted  to eva lua t e  these ene rgy  re la t ions  by  i m -  
mer s ing  in  a ca lo r imete r  the  b a t t e r y  used to d r ive  
the  cell  u n d e r  s tudy.  Richards  (5) e lec t ro lyzed a 
d i lu te  so lu t ion  of H2SO, in  a cell con ta ined  w i t h i n  a 
ca lo r imete r  and  was  able  to demons t r a t e  tha t  the  
ene rgy  associated w i th  overvo l tage  appears  as hea t  
in  the  cell. 

This  paper  descr ibes  the  in i t i a l  resul t s  of a con-  
t i n u i n g  research  p r o g r a m  concerned  wi th  the  calo-  
r ime t r i c  m e a s u r e m e n t  of the  hea t  effects which  a t -  
t end  e lec t rochemica l  processes. The  p r i m a r y  ob-  
jec t ive  is to iden t i fy  those areas in  which  such 
m e a s u r e m e n t s  m igh t  p rove  to be a use fu l  tool. 

The re  has been  no a t t e mp t  to accumula t e  a la rge  
mass  of da ta  or to refine the  m e a s u r e m e n t s  too 
highly.  

The work  repor ted  here  en ta i l ed  the s imu l t aneous  
m e a s u r e m e n t  of at  leas t  th ree  quan t i t i e s ;  (a)  the  
hea t  evolved  by  an  e lec t rochemica l  process;  (b)  the  
e lectr ical  ene rgy  necessa ry  to effect this  process;  
and  (c) the ex t en t  of this  process as ind ica ted  by  the  
n u m b e r  of f a r adays  passed. The necessa ry  a p p a r a -  
tus  can be descr ibed  v e r y  brief ly on this  basis  as 
cons is t ing  of two par t s :  a ca lo r imete r  in  which  the  
reac t ion  takes  place and  an  e lect r ical  c i rcui t  which  
suppl ies  e lectr ical  ene rgy  to the reac t ion  and  pe r -  
mi ts  the m e a s u r e m e n t  of bo th  c u r r e n t  a nd  vol tage  
as a f unc t i on  of t ime.  

Since this  appa ra tu s  is d i f ferent  f rom tha t  of con-  
v e n t i o n a l  ca lor imet ry ,  a deta i led  descr ip t ion  is 
g iven  in  the  appendix .  The  two ca lor imet r ic  tech-  
n iques  employed,  the  " ra te  me thod"  and  the  " tota l  
hea t  method ,"  are  also g iven  in  the appendix .  

Determination of Reaction Enthalpy 
The s imples t  app l ica t ion  of e lec t rochemica l  calo- 

r i m e t r y  is the m e a s u r e m e n t  of the  e n t h a l p y  change  
(~H) wh ich  accompanies  e lec t rochemica l  react ions.  
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This  is a c c o m p l i s h e d  b y  m e a s u r i n g  the  e l e c t r i c a l  
e n e r g y  s u p p l i e d  to t he  cel l  and  the  h e a t  e n e r g y  r e -  
l ea sed  as a r e su l t  of t he  e lec t ro lys i s .  The  d i f fe rence  
b e t w e e n  these  two  quan t i t i e s  r e p r e s e n t s  t he  e n -  
t h a l p y  change  of t he  process .  

If  t h e r e  is no gas  evo lu t i on  or  o the r  p r e s s u r e -  
v o l u m e  work ,  th is  conc lus ion  is a d i r ec t  conse -  
quence  of t h e  f irst  l a w  of t h e r m o d y n a m i c s ,  I,H = 
AE = Q - W, w h e r e  AH is the  e n t h a l p y  change,  •  
the  change  in  i n t e r n a l  ene rgy ,  Q the  h e a t  a b s o r b e d  
b y  the  sys tem,  and  W the  w o r k  done  b y  the  sys tem.  
Neg l ec t i ng  sign, Q is d e t e r m i n e d  b y  the  t e m p e r a -  
tu re  r i se  of the  c a l o r i m e t e r  in w h i c h  the  r e a c t i o n  
t a k e s  p lace ,  and  W is t he  e l ec t r i ca l  e n e r g y  neces -  
s a r y  to effect  the  reac t ion .  

This  r e a s o n i n g  is e q u a l l y  v a l i d  if  the  r e a c t i o n  
p r o d u c e s  a gas. This  can  be  s h o w n  b y  d i v i d i n g  W 
into  two  par t s ,  We, the  e l e c t r i c a l  w o r k  p e r f o r m e d ,  
a n d  W~,  t he  w o r k  r e s u l t i n g  f r o m  gas  evo lu t ion .  
Then ,  

AE = Q -  (W,v + Wo) 

a n d  a d d i n g  
AH= Q - - W ,  

Experimental 

Heat o] the reaction H~O ---- H.~ + {/2 O.k.--The 
m e t h o d  and  a p p a r a t u s  w e r e  e v a l u a t e d  b y  s t u d y i n g  
a r e a c t i o n  h a v i n g  an  a c c u r a t e l y  k n o w n  r e a c t i o n  
heat .  The  h e a t  of d e c o m p o s i t i o n  of w a t e r  was  
chosen  for  s e v e r a l  reasons .  F i r s t ,  th is  r e a c t i o n  fulf i l ls  
the  a b o v e  cond i t ion  and ,  second,  i t  p r e s e n t s  a r a t h e r  
seve re  tes t  in  t ha t  i t  i nvo lves  gas  evo lu t ion ,  a com-  
p l i c a t i ng  e x p e r i m e n t a i  fac tor .  Because  of t he  l a r g e  
p o l a r i z a t i o n  vo l t ages  at  bo th  e lec t rodes ,  i t  i nvo lves  
a r e l a t i v e l y  l a r g e  a m o u n t  of i r r e v e r s i b l e  hea t ,  also 
a c o m p l i c a t i n g  fac tor .  

B r i g h t  p l a t i n u m  w a s  used  for  b o t h  e l ec t rodes  a n d  
the  e l e c t r o l y t e  was  0.5N NaOH.  

I n i t i a l l y  t he  AH va lues  o b t a i n e d  w e r e  s e v e r a l  
k i l oca lo r i e s  l ow  a n d  s e e m e d  to be  s o m e w h a t  d e -  
p e n d e n t  on c u r r e n t  dens i ty .  I t  was  b e l i e v e d  t h a t  th is  
d i f f icul ty  was  caused  b y  r e c o m b i n a t i o n  of d i s so lved  
h y d r o g e n  a n d  o x y g e n  on the  p l a t i n u m  e l ec t rodes  to 
g ive  w a t e r  (6 ) .  C o n s e q u e n t l y ,  t he  n u m b e r  of f a r a -  
days  passed  was  no t  an  a c c u r a t e  m e a s u r e  of t he  
o v e r - a l l  e x t e n t  of t he  reac t ion .  

This  r e v e r s e  r e a c t i o n  can  be  e l i m i n a t e d  b y  e i t he r  
of two  e x p e d i e n t s :  c h a n g i n g  the  e l ec t rode  m a t e r i a l s  
or  enc los ing  one  of t he  e l ec t rodes  in  a d i a p h r a g m  
in such a w a y  as to p r e v e n t  m i x i n g  of t he  d i s so lved  
h y d r o g e n  and  o x y g e n  b y  convect ion .  The  l a t t e r  
course  was  chosen  because  a n e e d  for  such  a d i a -  
p h r a g m  in f u t u r e  w o r k  was  an t i c i pa t ed ,  a n d  i t  
s e e m e d  bes t  to so lve  a n y  p r o b l e m s  i n v o l v e d  w h i l e  
the  a p p a r a t u s  was  b e i n g  tes ted .  

S e v e r a l  d i a p h r a g m  m a t e r i a l s  w e r e  t e s t ed  for  th i s  
app l i ca t ion ,  i n c l u d i n g  porous  a l u m i n a  a n d  s i n t e r e d  
glass.  A s y n t h e t i c  m e m b r a n e ,  1 s e l ec t i ve ly  p e r m e a b l e  
to  ca t ions ,  was  f ina l ly  chosen,  no t  b e c a u s e  of th is  
se lec t iv i ty ,  b u t  b e c a u s e  th is  t y p e  of m e m b r a n e  offers 
a r e l a t i v e l y  s m a l l  r e s i s t ance  to t he  pa s sage  of ions 
y e t  is n e a r l y  i m p e r m e a b l e  to  t h e  f low of w a t e r  and ,  
p r e s u m a b l y ,  d i s so lved  gases.  

1 " A r n b e r p l e x  C - I " ,  l~ohm a n d  Haas  C o m p a n y .  

Fig. 1. Cathode compartment shown (left) assembled and 
(right) disassembled. A, current lead to cathode; B, hydrogen 
exhaust tube leading to chimney; C, plastic cover for current 
lead to cathode; D, electrolyte level; E, rubber compression 
rings (stretched "O"  rings); F, membrane; G, plastic clamping 
block (opposing block on inside of frame not visible); H, 
stainless steel screws; I, spiral glass tube; J, spray trap; K, 
opening in glass frame; L, rubber tubing; M, cathode. 

The  m e m b r a n e ,  in  t he  fo rm of a shee t  4 in. x 4 in. 
x 1/32 in., w a s  s t r e t c h e d  a r o u n d  a c y l i n d r i c a l  g lass  
f r a m e  to fo rm a ca thode  c o m p a r t m e n t ,  i l l u s t r a t e d  
in  Fig .  1. The  h y d r o g e n  g e n e r a t e d  in th i s  c o m p a r t -  
m e n t  was  c a r r i e d  off b y  a s p i r a l  g lass  t ube  w{hich 
pa s sed  t h r o u g h  the  a n o l y t e  a n d  out  of the  ca ]o r im-  
e t e r  t h r o u g h  a ch imney .  This  s p i r a l  b r o u g h t  t he  
evo lved  h y d r o g e n  in to  t h e r m a l  e q u i l i b r i u m  w i t h  t he  
a n o l y t e  and  also ac t ed  as a s p r a y  t r ap .  A n  e n l a r g e -  
m e n t  of t he  t u b i n g  at  t he  b o t t o m  of the  s p i r a l  s e r v e d  
as a r e s e r v o i r  for  t he  t r a p p e d  sp ray .  Bo th  of these  
func t ions  w e r e  cons ide red  i m p o r t a n t  because  t he  
c a t h o l y t e  was  a t  a s ign i f i can t ly  h i g h e r  t e m p e r a t u r e  
d u r i n g  the  e l ec t ro lys i s  t h a n  was  the  ano ly te .  The  
b r i g h t  p l a t i n u m  a n o d e  used  in  p r e v i o u s  e x p e r i m e n t s  
was  r e t a i n e d ,  a n d  no p r o v i s i o n  was  m a d e  for  t r a p -  
p i n g  t h e  s p r a y  caused  b y  o x y g e n  evo lu t ion .  

T h e r e  runs  w e r e  m a d e  w i t h  th is  i m p r o v e d  a p -  
p a r a t u s ,  a l l  b a s e d  on the  t o t a l  e n e r g y  me thod .  One 
was  d i s c a r d e d  because  of e x p e r i m e n t a l  diff icult ies .  
The  o t h e r  two  gave  va lue s  of 68.1 a n d  67.8 k c a l /  
mole.  T h e s e  m u s t  be  c o r r e c t e d  for  the  h e a t  r e q u i r e d  
to v a p o r i z e  t he  w a t e r  c a r r i e d  off b y  t h e  e v o l v e d  
gases,  abou t  0.5 k c a l / m o l e  of w a t e r  decomposed .  
This  dec reases  the  above  va lue s  to 67.6 a n d  67.3 
k c a l / m o l e .  The  accep ted  v a l u e  is 68.317 k c a l / m o l e  
(7) .  R e c a l c u l a t i n g  to s t a n d a r d  cond i t ions  p r o d u c e s  
a neg l i g ib l e  change  as does  co r r ec t i ng  for  t he  h e a t  
of  d i l u t i o n  of t he  0.5N NaOH.  

The  p rec i s ion  of t he  h e a t  c a p a c i t y  m e a s u r e m e n t s  
ind ica t e s  t ha t  r a n d o m  c a l o r i m e t r i c  e r r o r s  w e r e  less 
t h a n  0.1 k c a l / m o l e .  H o w e v e r ,  a s ign i f ican t  e r r o r  
could  h a v e  been  i n t r o d u c e d  b y  hea t  lag.  The  c a t h -  
ode c o m p a r t m e n t ,  w h i c h  h a d  abou t  o n e - t e n t h  t h e  
v o l u m e  of  t he  c a l o r i m e t e r ,  was  m o r e  o r  less  t h e r -  
m a l l y  i so la ted  f r o m  the  b u l k  of the  e l ec t ro ly t e .  This  
i n t r o d u c e d  a l ag  w h i c h  was  in one d i r ec t ion  d u r i n g  
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Table I. Heat capacity determination 

1. Approx.  hea te r  cur ren t  (amp)  0.60 0.53 
2. Approx.  hea te r  vol tage (v) 11.5 10.2 
3. Heat ing  per iod  (min) 19.00 20.00 
4. In tegra ted  cu r r en t -vo l t age - t ime  

produc t  (wat t  min.) 130.16 108.72 
5. Observed t empe ra tu r e  r ise (ohm) 0.3071 0.2648 
6. Ca lor imete r  constant  (min -1) 0.00495 0.00493 
7. Correc ted  t empera tu re  r ise (ohm) 0.2866 0.2396 
8. Heat  capaci ty  (wat t  min ohm -1) 454.1 453.8 

an  e l ec t ro lys i s  r u n  and  in  the  oppos i t e  d i r ec t i on  
d u r i n g  a h e a t e r  run .  

Our  r e su l t s  show t h a t  r e c o m b i n a t i o n  of t he  gases  
was  m u c h  r e d u c e d  b y  t h e  p r e s e n c e  of t he  m e m b r a n e ,  
b u t  t he  fac t  t ha t  t he  v a l u e s  o b t a i n e d  w e r e  l ow in -  
d ica tes  t h a t  th is  effect  w a s  no t  c o m p l e t e l y  e l i m i -  
na ted .  

T h e  a b o v e  v a l u e s  for  t h e  h e a t  of  d e c o m p o s i t i o n  of  
w a t e r  a r e  l ooked  u p o n  as  be ing  suff ic ient ly  a c c u r a t e  
to j u s t i f y  conf idence  in  b o t h  t h e o r y  a n d  m e t h o d .  
This  is e spec i a l l y  t r ue  w h e n  cons ide r ed  in  t he  l i gh t  
of the  above  difficult ies.  This  a c c u r a c y  could  be  
g r e a t l y  i m p r o v e d  b y  su i t ab l e  modi f i ca t ion  of t he  
c a l o r i m e t e r  and  e lec t rodes .  

Heat of the reaction W q - 2 N a O H ( a q )  3- 2H20 = 
Na~WO,(aq)  3 - 3 H ~ . - - T h e  m a i n  a d v a n t a g e  of e lec -  
t r o c h e m i c a l  c a l o r i m e t r y  ove r  c o n v e n t i o n a l  c a l o r i -  
m e t r y  is t ha t  i t  a f fords  a d i r ec t  o n e - s t e p  d e t e r m i n a -  
t ion  of c e r t a i n  hea t s  of r e a c t i o n  i n s t e a d  of t he  d e -  
v ious  m u l t i - s t e p  d e t e r m i n a t i o n s  t h a t  w o u l d  be  
o t h e r w i s e  necessa ry .  F o r  e x a m p l e ,  t u n g s t e n  does  
no t  r eac t  s p o n t a n e o u s l y  w i t h  aqueous  s o d i u m  h y -  
d rox ide ,  b u t  i t  does  d i s so lve  r e a d i l y  w h e n  m a d e  the  
anode  of an  e l ec t ro ly t i c  cell.  This  r e a c t i o n  was  
chosen  b e c a u s e  i t  exempl i f i e s  th is  a d v a n t a g e  of the  
e l e c t r o c h e m i c a l  m e t h o d  and  b e c a u s e  t h e  l i t e r a t u r e  
value for the heat of formation of aqueous Na~WO~ 
seemed to be of doubtful accuracy. 

The anode current efficiency of the reaction was 
studied by electrolyzing a IN NaOH solution be- 
tween a tungsten anode and a bright platinum 
cathode. Both electrodes were in the form of rec- 
tangular sheets about 5 cm x i0 cm. Based on the 
weight loss of the anode, a value of 100.15% was 
obtained at an anode current density of 6 amp/dm 2. 
At 4 amp/din ~ the current efficiency dropped to 
99.05%. Analysis of the anode gave a tungsten con- 
tent of 99.9 --+0.1%. 

C a l o r i m e t r i c  r uns  w e r e  made ,  two  at  the  h i g h e r  
c u r r e n t  d e n s i t y  a n d  one a t  t he  l o w e r  u s ing  the  to ta l  
e n e r g y  me thod .  The  va lue s  o b t a i n e d  for  the  r e -  
ac t ion  as w r i t t e n  a b o v e  w e r e  --8.37, --8.04, and  
--5.65 k c a l / m o l e .  The  d a t a  and  ca l cu la t ions  a r e  
g iven  in a b b r e v i a t e d  f o r m  in Tab les  I and  II. 

The  a g r e e m e n t  b e t w e e n  the  first  two  v a l u e s  for  
the  hea t  of r e a c t i o n  is w i t h i n  t h e  e s t i m a t e d  e x p e r i -  
m e n t a l  e r ror .  The  d i f f e rence  b e t w e e n  e i t he r  of t he  
first  two  and  t h e  t h i r d  is a b o u t  e q u a l  to  t h e  e r r o r  
t h a t  w o u l d  b e  i n t r o d u c e d  i f  1% of t he  c u r r e n t  h a d  
been  d i v e r t e d  to a s ide  reac t ion ,  such as t h e  e v o l u -  
t ion  of o x y g e n  a t  t he  anode.  The  c u r r e n t  eff iciency 
va lue s  i nd i ca t e  t ha t  th is  is v e r y  possible .  In  short ,  
those  r e su l t s  a r e  m u t u a l l y  cons i s t en t  and,  in  v i e w  
of t he  w o r k  on  de c ompos i t i on  of  w a t e r ,  w e  have  a 
c o n s i d e r a b l e  a m o u n t  of conf idence  in a v a l u e  of --7 
--+1.5 k c a l / m o l e .  

The  h e a t  of f o r m a t i o n  of  Na~WO, ( aq )  was  ca l -  
c u l a t e d  us ing  th is  r e a c t i o n  h e a t  and  t h e  hea t s  of 
f o r m a t i o n  of N a O H  (aq )  a n d  H~O (7) .  A v a l u e  of 
- -368 k c a l / m o l e  was  ob ta ined .  G r a h a m  and  H e p l e r  
r e p o r t  t he  h e a t  of  so lu t ion  of Na~WO, to be  --1.59 
k c a l / m o l e  (8) .  This  h e a t  of so lu t ion ,  t o g e t h e r  w i t h  
the  h e a t  of f o r m a t i o n  of Na~WO, (c)  ( - -395 k c a l /  
mo le )  (7) ,  g ives  --396.5 k c a l / m o l e  for  t he  h e a t  of 
f o r m a t i o n  of Na~WO, ( a q ) .  This  v a l u e  is in  se r ious  
d i s a g r e e m e n t  w i t h  t he  l i t e r a t u r e  v a l u e  for  Na2WO~ 
(aq )  (--380.9 k c a l / m o l e )  and  bo th  a r e  c o n s i d e r a b l y  
l a r g e r  t h a n  the  v a l u e  of - -368 k c a l / m o l e  r e p o r t e d  
here .  

The  v a l u e  --380.9 k c a l / m o l e  de pe nds  on the  w o r k  
of H u t t i g  and  K u r r e  (9) who  c a l c u l a t e d  the  h e a t  of  
formation of H~WO~ from data on the vapor pres- 
sure-temperature relations of the system H2WO~- 
WO3-H~O. These results are uncertain because of 
the irreversibility of this system. Only two points 
of the dp/dt curve were related to the reaction 
WO3 + H~O = H~WO~ and one of the two tempera- 

tures used was given as "red heat." 
The heat of formation of Na2WO, (c) was ob- 

tained from Mixter's (i0) measurement of the heat 
of reaction of tungsten powder with excess Na~O2. 
Mixter assumed the reaction to be W 3- 3Na~O~---- 
Na~WO, 3- 2Na20 but did not demonstrate that the 
indicated products were obtained. It is possible that 
complex tungstates or peroxytungstates form in 
this reaction. Several experiments were performed 

Table II. Determination of AH of the reaction 
W 3- 2NaOH (aq) 3- 2H~O = Na2WO~ (aq) 3- 3H~ 

1. Approx.  cur ren t  densi ty  (amp/dm'-') 
2. Approx.  cur ren t  (amp)  
3. Electrolysis  per iod  (min) 
4. In t eg ra ted  cu r ren t - t ime  produc t  (amp min) 
5. In tegra ted  cu r r en t - t ime  produc t  ( fa raday)  
6. Approx .  cell  vol tage (v) 
7. In t eg ra t ed  cu r r en t - t ime -vo l t age  produc t  (wa t t  min)  
8. Observed  t empe ra tu r e  r ise (ohm) 
9. Ca lor imete r  constant  (rain 1) 

10. Correc ted  t e m p e r a t u r e  r ise  (ohm) 
11. Heat  capaci ty  of ca lor imeter  f rom Table I (wa t t  m in /ohm)  
12. Energy  equiva lent  of t empe ra tu r e  r ise (wat t  min)  
13. I t em 7 less i tem 12 (wat t  min)  
14. I tem 13 divided by  i tem 5 (wat t  m i n / f a r a d a y )  
15. I t em 13 d iv ided  by  i tem 5 (kca l /mole )  

6 
2.8 

22.00 
62.29 

0.03874 
2.0 

124.49 
0.3072 
0.0491 
0.2825 

454.0 
128.26 
--3.77 

--97.3 
--8.37 

6 
2.8 

21.00 
59.31 

0.03688 
2.0 

118.63 
0.2945 
0.0491 
0.2689 

454.0 
122.08 

--10.40 
--93.5 
--8.04 

4 
1.8 

22.00 
39.55 

0.02459 
1.7 

68.09 
0.1931 
0.0492 
0.1535 

454.0 
69.69 

--1.60 
--64.9 

--5.65 
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CYANIDE / OOPPER RATIO 

Fig. 2. Enthalpy change per equivalent of the reaction 
Cu~ 4- nCN- ~ H~O = Cu(CN)~ ~n-~- 4- OH- 4- Y2 H~ as a 
function of the ratio of total dissolved cyanide to total 
dissolved copper. 

in this l abora to ry  in order  to confirm or disprove 
this supposition, but  al l  were  inconclusive. I t  must  
be concluded tha t  the heats  of format ion of Na2WO, 
and H~WO, are not  known  wi th  any degree of cer-  
t a in ty  and should be the subject  of a careful  r ede -  
terminat ion.  The react ion WC16 or WF~ wi th  aque-  
ous NaOH might  be sui table  for this  determinat ion.  

Study of Complex Equilibria in Solution 
There are  severa l  papers  in the l i t e ra tu re  tha t  

deal  wi th  the  ca lor imetr ic  de te rmina t ion  of the 
formulas  and the equi l ib r ia  of complex ions in solu-  
t ion (11-13).  Such studies  can be made  by  means  of 
e lect rochemical  as wel l  as convent ional  ca lor imetry .  

For  example ,  we have s tudied the sys tem CuCN- 
NaCN-H~O. This was done by  dissolving copper 
anodical ly  into solutions containing var ious  rat ios 
of cyanide to copper and de te rmin ing  the en tha lpy  
change per  f a r aday  as a function of the composit ion 
of the solution. The resul ts  of these  exper iments  
are shown graph ica l ly  in Fig. 2. The pronounced 
change in the heat  of the  reac t ion  at  cyanide  to 
copper rat ios in the  range 3.5 to 4.5 confirms the 
existence of the Cu (CN)j-  ion. 

Electrochemical  ca lo r imet ry  is not r ead i ly  appl i -  
cable to solutions containing low rat ios of cyanide  
to copper because of poor anode corrosion. There-  
fore, these exper iments  were  cont inued by means  of 
conventional  ca lor imetry .  F r o m  this the formulas  of 
the var ious  complexes present ,  the i r  heats  of fo rma-  
tion, and one of the equi l ib r ium constants  involved 
were  determined.  

A de ta i led  discussion on this wi l l  be repor ted  
separate ly .  

Polarization 
The voltage, E, of a cell opera t ing  at  a finite ra te  

differs in genera l  f rom E', the vol tage of the same 
cell opera t ing  under  s t r ic t ly  revers ib le  (equi l ib-  
r ium)  conditions. The dynamic  voltage, E~, may  be 
defined as E less the ohmic vol tage  drop across the 
electrolyte,  

E ~  = E ~ IR 

Then the polar iza t ion  of the  cell may  be defined as 

P = E~ --  E ~ [1] 

This definition is equal ly  appl icable  to a cell or an 
electrode. 

Polar izat ion,  or overvoltage,  is present  when the 
system is opera ted  under  i r revers ib le  conditions. I t  
represents  the effect of al l  i r revers ib le  elements,  
other than  Joule  Heat,  in the to ta l  system. Because 
of this its value  depends on the cur ren t  density.  
Here the sys tem is considered under  s t eady-s t a t e  
conditions only, i.e., constant  cur rent  densi ty  and 
no concentrat ion or the rmal  gradients .  In practice,  
these gradients  exist  but  can be minimized  exper i -  
men ta l ly  and thei r  effects are  undoub ted ly  small.  
The majo r  i r revers ib i l i ty  occurs in the region of the  
e lec t rode-e lec t ro ly te  interface.  

A de ta i led  theory  of e lect rode polar iza t ion  must  
re la te  the overvol tage to the var ious  ra te  processes 
occurr ing at  the  electrode interface.  However,  we 
are concerned here  p r imar i l y  wi th  the p rob lem of 
measurement  of polarizat ion.  In  some cases E~ and 
E ~ can be d i rec t ly  measured  as voltages by  means 
of a reference e lect rode and the fami l ia r  Luggin 
capi l lary.  

Polar iza t ion  may  also be eva lua ted  from meas-  
u rements  of the total  heat  evolved dur ing  the op-  
era t ion of the cell. As this method has not been used 
previously,  it  is t r ea t ed  here  in some deta i l  as ap-  
pl ied to the s t eady-s t a t e  system. 

Since polar izat ion is a voltage,  the energy as-  
sociated wi th  i t  equals Pi t  joules or 0.2390 Pi t  cal, 
where  P is the polar izat ion in volts, I is the current  
in amperes,  and t the t ime in seconds. The re la t ion 
be tween the heat  developed in a cell and the po la r -  
ization is der ived  as follows. If  a finite number  of 
coulombs could be passed through an electrolyt ic  
cell revers ibly ,  the heat  effect per  mole of react ion 
would be equal  to the TAS of the cell  process. To 
e l iminate  the heat  due to the resis tance of the elec-  
t ro ly te  in this hypothe t ica l  process, e i ther  the e lec -  
t rodes would have  to be placed an infini tesimal 
distance apar t  or an infini tesimal cur ren t  would 
have to be passed through the cell. In a rea l  cell 
there  a re  hea t  effects from two sources other  than  
the en t ropy  change, tha t  due to the resis tance of the 
e lec t ro ly te  and tha t  due to polar iza t ion  at  the  two 
electrodes.  The re la t ion  be tween  the measured  heat  
effect in calories and the other  quant i t ies  is: 

q ~ TA Si t /96 ,500 n 4- 0.2390 [PRtq- (Pcq-P~)It]  [2] 

Q : TA S / n  4- 23,060 (IR 4- Po 4- P~) [3] 

where  q is calories evolved in a given react ion;  Q, 
calories per  equiva lent  of react ion;  T, absolute  t em-  
pera tu re ;  AS, molar  en t ropy  change of the reaction;  
/, current ,  amp; R, resis tance of the solution be -  
tween electrodes, ohms; t, per iod of electrolysis,  
sec; n, number  of fa radays  per  mole of react ion;  
PA, anode polarizat ion,  volts;  and P~, cathode po la r -  
ization, volts. 

The measurement  of polar iza t ion  based  on Eq. 
[1] wi l l  be re fe r red  to as the vol tage  method and 
the indirect  measuremen t  made  through its heat  
effect, and based on Eqs. [2] or [3], wi l l  be re fe r red  
to as the heat  method. The results  of polar izat ion 
studies are usual ly  p resen ted  in the form of a curve 
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w h i c h  is o b t a i n e d  b y  p l o t t i n g  t h e  c u r r e n t  d e n s i t y  
as o r d i n a t e  aga in s t  a v o l t a g e  as abscissa .  W h e n  the  
v o l t a g e  used  in  p l o t t i n g  is t he  po la r i za t ion ,  P,  of t he  
cel l  or  e lec t rode ,  t h e  c u r v e  wi l l  be  r e f e r r e d  to as  the  
p o l a r i z a t i o n  curve .  W h e n  t h e  v o l t a g e  is the  d y n a m i c  
po ten t i a l ,  E~, of the  cel l  or  e lec t rode ,  the  c u r v e  wi l l  
be  r e f e r r e d  to as the  c d - p t l  curve .  These  two  cu rves  
a r e  i d e n t i c a l  in shape  b u t  differ  in  t h e i r  pos i t ions  on 
the  v o l t a g e  ax i s  b y  the  v a l u e  of E ~. 

Comparison of the Measurement  o] Polarization 
by the Voltage and by the Heat Method 

M e a s u r e m e n t  of e l ec t rode  p o l a r i z a t i o n  b y  the  
vo l t age  m e t h o d  r e q u i r e s  t h a t  t he  r e v e r s i b l e  p o t e n -  
t i a l  of t h e  e l ec t rode  be  k n o w n .  H o w e v e r ,  r e v e r s i b l e  
e l ec t rodes  a r e  the  e x c e p t i o n  r a t h e r  t h a n  the  ru le ,  
a n d  mos t  of t he  c o m b i n a t i o n s  of m e t a l s  a n d  so lu -  
t ions  t h a t  a r e  of i n t e r e s t  in  e l e c t r o d e p o s i t i o n  a n d  
cor ros ion  do no t  f o r m  r e v e r s i b l e  sys tems .  S ince  the  
e q u i l i b r i u m  p o t e n t i a l s  a r e  s e ldom ava i l ab le ,  t he  
p o l a r i z a t i o n  o r d i n a r i l y  canno t  be  ca l cu la t ed ,  and  
o the r  m e t h o d s  of r e p o r t i n g  the  d a t a  m u s t  be  used.  
One  such m e t h o d  consis ts  of p l o t t i n g  the  i vs. E 
c u r v e  w i t h  no a t t e m p t  to  e s t i m a t e  t r u e  p o l a r i z a t i o n  
va lues ,  t hus  s i d e s t e p p i n g  the  issue.  The  o t h e r  
m e t h o d  invo lves  us ing  t h e  s ta t ic  p o t e n t i a l  as a bas i s  
of r e f e r e n c e  in  p l a c e  of t h e  t r u e  E ~ of Eq. [1] .  The  
va lue s  of p o l a r i z a t i o n  o b t a i n e d  b y  the  l a t t e r  p r o -  
cedure ,  w h e n  a p p l i e d  to an  i r r e v e r s i b l e  e l e c t r o d e  
process ,  h a v e  no t h e r m o d y n a m i c  s ign i f icance  and  
canno t  be  used  to  e s t ab l i sh  an  e n e r g y  b a l a n c e  for  
the  cell .  

The  m e a s u r e m e n t  of p o l a r i z a t i o n  b y  the  h e a t  
m e t h o d  ( see  Eq. [ 3 ] )  r e q u i r e s  a k n o w l e d g e  of t he  
e n t r o p y  change  of t he  r e a c t i o n  a n d  the  r e s i s t a nc e  
of t h e  e l ec t ro ly t e .  The  l a t t e r  can  be  m e a s u r e d  b y  
c o n v e n t i o n a l  p r o c e d u r e s  w h i c h  a r e  d e s c r i b e d  l a te r .  
The  fo rmer ,  h o w e v e r ,  o f t en  p r e s e n t s  a diff icul ty .  
The  e n t r o p i e s  of t he  m e t a l s  a n d  the  s t a n d a r d  s t a t e  
va lue s  of m a n y  of t he  c o m m o n  ions  h a v e  b e e n  d e -  
t e r m i n e d  and  a re  t a b u l a t e d  in  t he  l i t e r a t u r e  (7, 14, 
15).  W h e n  on ly  these  k n o w n  quan t i t i e s  a r e  i n -  
vo lved ,  t h e  e n t r o p y  c h a n g e  can  be  c a l c u l a t e d  w i t h -  
out  i n t r o d u c i n g  s ign i f ican t  e r ro r .  

H o w e v e r ,  t h e  en t rop i e s  of m a n y  of t he  less  c o m -  
m o n  m e t a l l i c  ions, p a r t i c u l a r l y  t he  o x y -  a n d  com-  
p l e x  ions,  a r e  no t  ava i l ab l e .  W h e n  this  is t h e  case,  
t he  s i t ua t i on  is s i m i l a r  to t ha t  e n c o u n t e r e d  w h e n  
an  a t t e m p t  is m a d e  to use  the  v o l t a g e  m e t h o d  w i t h -  
out  a k n o w l e d g e  of  E ~. The  c u r v e  r e p r e s e n t i n g  c u r -  
r e n t  d e n s i t y  as a func t ion  of p o t e n t i a l  can  be  o b -  
t a ined ,  b u t  t h e  pos i t i on  of th is  c u r v e  a long  t h e  
vo l t age  ax i s  c anno t  be  e s t ab l i shed .  In  the  one case, 
t h e  u n k n o w n  a d d i t i v e  cons t an t  is t h e  T~S of t h e  
cel l  p rocess ;  in the  o t h e r  i t  is t he  e q u i l i b r i u m  vol tage .  

In  t he  absence  of a r e l i a b l e  v a l u e  for  t he  e q u i l i b -  
r i u m  v o l t a g e  of a cel l  and  for  t he  e n t r o p y  c h a n g e  of 
t h e  cel l  r eac t ion ,  t he  h e a t  m e t h o d  has  a n  a p p a r e n t  
a d v a n t a g e  ove r  t h e  v o l t a g e  me thod .  C a l c u l a t i o n  of 
E '  i nvo lves  no t  on ly  the  e n t r o p y  c h a n g e  b u t  also t he  
change  in e n t h a l p y .  S ince  the  l a t t e r  is o r d i n a r i l y  
a b o u t  fou r  t imes  as l a r g e  as the  fo rmer ,  th i s  i n t r o -  
duces  a n e w  a n d  p r o b a b l y  g r e a t e r  u n c e r t a i n t y  in  
t he  ca lcu la t ion .  

Polarization at an Electrode at Which Two or More 
Reactions Occur Simultaneously 

The  d i scuss ion  above  is r e s t r i c t e d  in  i ts  a p p l i c a -  
t ion to e l ec t rodes  a t  w h i c h  on ly  one r e a c t i o n  is t a k -  
ing  p l ace  ( h e r e i n a f t e r  r e f e r r e d  to as an  OR e lec-  
t r o d e ) .  The  p o l a r i z a t i o n  a t  an  a l loy  ca thode  or  a n y  
e l ec t rode  at  w h i c h  two  or  m o r e  s i m u l t a n e o u s  r e a c -  
t ions  a r e  o c c u r r i n g  ( h e r e i n a f t e r  r e f e r r e d  to as an  
SR e l e c t rode )  is no t  s u b j e c t  to th i s  r e l a t i v e l y  s imp le  
t h e o r e t i c a l  t r e a t m e n t .  Th is  does  no t  s eem to h a v e  
been  r ecogn ized  p r e v i o u s l y .  The  accep t ed  p r a c t i c e  
w h e n  s t u d y i n g  the  p o l a r i z a t i o n  a t  an  SR e l ec t rode  
is to use  as E ~ the  s ta t ic  p o t e n t i a l  of t h a t  r e a c t i o n  
w h i c h  occurs  a t  the  l o w e s t  c u r r e n t  dens i ty ,  i.e., in 
t he  case of  a ca thode  process ,  a t  t h e  mos t  nob le  p o -  
ten t ia l .  This  m e t h o d  of m e a s u r i n g  p o l a r i z a t i o n  is 
no t  cons i s t en t  w i t h  t he  def in i t ion  of p o l a r i z a t i o n  
g iven  above .  

To d e t e r m i n e  the  p o l a r i z a t i o n  of an  S R  e lec t rode ,  
t h e  d e p a r t u r e  of each  r e a c t i o n  f r o m  e q u i l i b r i u m  
m u s t  be  m e a s u r e d ,  t h a t  is, t h e r e  m u s t  be  an  e q u a -  
t ion  s im i l a r  to Eq. [1]  fo r  each  reac t ion .  F u r t h e r -  
more ,  s ince  these  r eac t ions  a r e  occu r r i ng  at  d i f fe ren t  
ra tes ,  t h e  c u r r e n t  m u s t  ~ be  p r o r a t e d  a m o n g  t h e  v a r i -  
ous reac t ions .  These  r e l a t i ons  a r e  e x p r e s s e d  in  t he  
fo l lowing  e q u a t i o n  w h i c h  r e p r e s e n t s  t he  p o l a r i z a -  
t ion  of t he  e l e c t r o d e  as t he  s u m  of t h e  p a r t i a l  p o -  
l a r i z a t i o n s  due  to each  reac t ion .  

P o l a r i z a t i o n  = 

~(E~--E~a) ~- ~ ( E ~ E % )  ~- f~(E,--Eeo) -F . . .  [4]  

In  th is  equa t ion ,  f r e p r e s e n t s  t he  f r ac t i on  of t he  c u r -  
r en t  u sed  for  an  e l e c t r o d e  r e a c t i o n  (~]  = 1) ;  E ,  is 
t h e  d y n a m i c  p o t e n t i a l  of t he  e lec t rode ,  a n d  E ~ is t he  
s ta t ic  e q u i l i b r i u m  p o t e n t i a l  of a reac t ion .  The  v a l u e  
of ~ m u s t  be  d e t e r m i n e d  b y  some  s u i t a b l e  a n a l y t i c a l  
scheme.  

The  c o r r e s p o n d i n g  e q u a t i o n  for  t h e  h e a t  m e t h o d  
is s im i l a r  to Eq. [3] ,  e x c e p t  t h a t  i t  con ta ins  the  s u m  
of the  en t rop i e s  of the  v a r i o u s  r e a c t i o n s  p r o r a t e d  
acco rd ing  to t he  f r ac t i on  of t he  c u r r e n t  u sed  for  
each.  

Q =  T - k ~ - t -  . . .  -F 
na nb nc 

23,060 (IR ~- P~ -F Pa) [5]  

E q u a t i o n s  [4]  a n d  [5]  a r e  b o t h  r e s t r i c t e d  in  t h e i r  
a p p l i c a t i o n  to  e l ec t rode  processes  i n v o l v i n g  no sec-  
o n d a r y  r eac t i ons  such  as the  f o r m a t i o n  of an  i n t e r -  
m e t a l l i c  c o m p o u n d  a t  an  a l l o y  ca thode .  

I f  Eq. [4]  is a p p l i e d  to a n  SR c a thode  a n d  E% is 
t he  e q u i l i b r i u m  p o t e n t i a l  of t he  r e a c t i o n  w h i c h  
t a k e s  p l ace  a t  the  mos t  nob le  po ten t i a l ,  t hen  i t  can  
be  seen  t ha t  the  c o n v e n t i o n a l  m e t h o d  for  o b t a i n i n g  
the  p o l a r i z a t i o n  a m o u n t s  to a d i s r e g a r d  for  a l l  t he  
t e r m s  on t h e  r i g h t  s ide of Eq. [4]  e x c e p t  t he  first,  
and  ~ becomes  un i ty .  I t  can  also be  seen t h a t  th is  
a p p r o a c h  p r o d u c e s  p o l a r i z a t i o n  va lue s  w h i c h  a r e  
l a r g e r  t h a n  the  t r u e  p o l a r i z a t i o n  as def ined  b y  Eqs. 
[4]  a n d  [5] .  The  l a t t e r  conc lus ion  fo l lows  f r o m  the  
fac t  t ha t  the  d i f fe rence  b e t w e e n  the  d y n a m i c  p o -  
t e n t i a l  and  the  mos t  n o b l e  e q u i l i b r u m  p o t e n t i a l  
( E ~ - - E ~ )  m u s t  be  t he  l a r g e s t  of t he  b r a c k e t e d  
qua n t i t i e s  in Eq. [4] .  
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In  the  discussion of the po la r iza t ion  of an  OR 
electrode,  it was po in ted  out  tha t  i vs. E curve  had  
the  same shape as the t rue  po la r iza t ion  curve,  f rom 
which  it  differed on ly  by  a constant .  This  r e l a t ion  
does no t  hold  for s imu l t aneous  e lect rode react ions,  
since u n d e r  these c i rcumstances  both  posi t ion and  
shape are different.  I t  follows tha t  in  dea l ing  wi th  
SR electrodes the more  r igorous  def ini t ion of po l a r -  
izat ion assumes  a co r re spond ing ly  increased  i m -  
por tance .  

The discussion of po la r iza t ion  at an  OR electrode 
also indica tes  tha t  e s t ima t ion  of en t ropies  ord i -  
n a r i l y  in t roduces  a smal le r  e r ror  t h a n  does the  es- 
t ima t ion  of e q u i l i b r i u m  voltages.  This a d v a n t a g e  
of the hea t  me thod  over  the  vol tage  me thod  is 
equa l ly  appl icab le  to the po la r iza t ion  at SR elec-  
trodes. 

Comparison of the Voltage and Heat Method 
wi th  Respect  to Experimental  Di]ficulty 

The vol tage  me thod  is by  far  the  s impler  to apply  
expe r imen ta l l y .  The  s imples t  t e chn ique  in  us ing  
this  me thod  invo lves  the use of a Lugg in  capi l lary .  
This me thod  has the advan t age  tha t  it  l a rge ly  cir-  
c u m v e n t s  the IR drop th rough  the so lu t ion  a nd  
yields  d i rec t ly  the  po ten t i a l  of a s ingle  electrode.  
A l t e rna t i ve ly ,  as in  the H a r i n g  cell, the IR drop in  
the solut ion is m e a s u r e d  w i th  probes  and  sub-  
t rac ted  f rom the  cell potent ia l .  

The hea t  me thod  is m u c h  more  difficult because  
(,a) m e a s u r e m e n t  of hea t  change  is i n h e r e n t l y  more  
difficult t h a n  m e a s u r e m e n t  of a vol tage;  (b)  the  IR 
drop r e q u i r e d  for Eq. [5] wou ld  in  some ins tances  
be a r e l a t i ve ly  la rge  q u a n t i t y  and  m u s t  the re fore  
be d e t e r m i n e d  w i t h  a cons iderab le  degree oi accu-  
racy;  and  (c) it  gives d i rec t ly  the cell po la r iza t ion  
b u t  no t  the po la r iza t ion  at on ly  one of the  elec-  
trodes. 

The  las t  diff iculty can  u sua l l y  be overcome by  
means  of a t e chn ique  which  employs  as a re fe rence  
an  electrode th rough  which  c u r r e n t  is flowing. In  
app ly ing  this  me thod  the  cell consists of the  elec- 
t rode  u n d e r  s tudy  and  any  other  coun te r  e lect rode 
which  has a r eve r s ib l e  stat ic potent ia l .  This  wi l l  
be r e fe r red  to as the  " d y n a m i c  coun te r  electrode."  
I t  is necessa ry  tha t  this  e lectrode have  a stat ic po-  
t en t i a l  which  app rox ima te s  the  e q u i l i b r i u m  va lue  
because  the  essence of the p rocedure  consists of 
m e a s u r i n g  its po la r iza t ion  by  the vol tage  me thod  
and  sub t r ac t i ng  this  va lue  f rom the cell polar iza t ion.  
This  m e t h o d  y ie lds  at the  same t ime  the  va l ue  of 
the  IR drop in  the  solut ion.  

The  detai ls  of this  t e chn ique  for m e a s u r i n g  the  
po la r iza t ion  of a s ingle  electrode by  the hea t  me thod  
are as follows. The  work ing  electrodes consist  of 
the one u n d e r  s tudy  and  a d y n a m i c  coun te r  elec-  
trode. The cap i l l a ry  t ip  of a ca lomel  ha l f -ce l l  or 
some other  conven t iona l  re fe rence  electrode is 
pressed agains t  the  electrode u n d e r  study.  The  po-  
t en t i a l  b e t w e e n  ca lomel  cell and  the  d y n a m i c  
counte r  electrode,  wi th  no c u r r e n t  f lowing b e t w e e n  
the  w o r k i n g  electrodes,  is the  e q u i l i b r i u m  po ten t i a l  
of the  d y n a m i c  coun te r  e lectrode vs. the  calomel  
cell. Wi th  c u r r e n t  f lowing b e t w e e n  the  w o r k i n g  
electrodes,  the  po ten t i a l  b e t w e e n  the  d y n a m i c  

coun te r  e lectrode a nd  the ca lomel  ha l f - ce l l  is meas -  
u red  again.  The difference b e t w e e n  this  po ten t i a l  
and  the  one ob ta ined  w h e n  no c u r r e n t  was flowing 
equals  the sum of the IR drop in  t he  so lu t ion  and  
the  po la r i za t ion  at  the d y n a m i c  coun te r  electrode.  
The on ly  o ther  i n f o r m a t i o n  r equ i r ed  for the ca lcu-  
l a t ion  of the po la r iza t ion  at  a s ingle  e lect rode is 
the  hea t  p roduced  by  the  process and  the  en t ropy  
change  involved .  

The  e x p e r i m e n t a l  w o r k  on po la r iza t ion  wi l l  be 
repor ted  separate ly .  
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APPENDIX 

The CaLorimeter 
The calorimeter is made from a one-pint, cylindrical  

Dewar flask. Cemented to its r im is a copper flange. 
The lid of the calorimeter is a circular plate of copper 
which can be bolted against this flange to form a fluid- 
t ight  seal by means of an "O" ring. Vertical chimneys 
in  the lid permi t  the introduct ion of the various cal- 
orimeter  components: stirrer, heater, cooler, thermom- 
eter, electrode leads, and, on occasion, probes of a 
reference half-cell.  

The relat ively large currents  used dur ing electroly- 
sis require  that  the electrode leads have very low 
resistance and No. 6 copper wire (0.41 cm diameter)  
was used. The low resistance thermal  path formed by 
such heavy leads caused the temperature  of the room 
to be reflected into the calorimeter even though the 
leads were passed through chimneys. To avoid this, 
the chimneys were reduced in length to about 2 cm and 
the leads were brought  out through rubber  stoppers. 
With this a r rangement  the bare leads pass through 
the constant temperature  bath for a distance of at least 
7 cm before coming in contact with the air. Oil is 
therefore required as a thermostat  l iquid to minimize 
leakage currents  between the leads. 

In  most cases the electrodes were rectangular  sheets 
of metal, several centimeters wide and about 10 cm 
long. These were attached to the current  leads by a 
silver solder joint  near  the bottom of the electrode. 
Therefore, the lead passed through at  least 10 cm of 
the electrolyte before passing out through the chimney. 
This design was adopted to prevent  loss of heat along 
the electrode leads due to the fact that the electrodes 
dur ing electrolysis are at a higher tempera ture  than  
the solution that  surrounds them. The copper leads 
and the silver solder joint  were thoroughly masked to 
prevent  attack. 

In  this work it is necessary to time a series of tem- 
perature  readings. An ordinary stopwatch is not suit- 
able because the accurate t iming of each tempera ture  
would require stopping the watch, thus render ing im-  
possible the t iming of subsequent  tempera ture  read-  
ings. The watch used in this work is not subject  to 
this objection and is ideally suited to this application. 
I t  is known  as a "Split  second t imer" and is described 
in Federal  Specification G G - W - l l l a  under  the heading 
"Type C." 

The watch was started in synchrony with the 1-sec 
radio t ime signal and checked against it on every run.  
The electrical power going to the calorimeter (heater 
or electrolytic cell) was turned on and off manua l ly  
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and was also t imed by means of the sound of this radio 
signal. Bath temperature ,  29.6~ was mainta ined wi th  
a constancy of about _+0.001~ by means of a v ibra ted  
thermoregula tor .  The resistance of the the rmomete r  
was read wi th  the usual Muel ler  br idge and a sensitive 
galvanometer .  

ELectrica~ Circuit 
The basic circuit  consists of a bat tery  connected to 

the fol lowing elements in series: a var iable  resistor, 
the electrolytic cell in the calorimeter ,  and a standard 
resistor. The var iable  resistor controls the current.  A 
potent iometer  across the cell measures  the cell voltage, 
and a potent iometer  across the standard resistor gives, 
indirectly,  the celI current.  Numerous  additions of this 
basic circuit  are necessary to increase flexibility, ac- 
curacy, and convenience. For  example,  a switching 
a r rangement  makes it possible to substi tute the calo- 
r imete r  heater  for the electrolytic cell, thus making 
possible an electrical  determinat ion of the heat  capa- 
city of the calorimeter.  The circuit  is shown in Fig. 3. 
Heavy  lines indicate those wires that  carry appreciable 
currents. Light  lines indicate the potent ial  measur ing 
circuit. The two batteries in the upper  left  corner of 
the d iagram are au tomot ive- type  lead cells. 

The dummy heater  is a coil of Manganin wire  made 
in the same way as the heater  coil. The resistances of 
these two elements  should be approximate ly  the same. 
The dummy cell is a slide wire  resistor set to have 
about the same resistance as the electrolytic cell being 
studied. These dummy units make  it possible to bring 
the bat ter ies  to a s teady-s ta te  condition before  act ivat-  
ing ei ther  the electrolytic cell or the heater.  There is 
nothing crit ical  about the nine resistors in the paral le l  
bank except  that  they should be able to wi ths tand 
a 12-v drop. 

All  switches in that  port ion of the circuit  indicated 
by heavy  lines must  be rugged enough so that  their  
resistance does not change appreciably if they are 
subjected to vibration.  Toggle switches rated at 15 
amp were  unsat isfactory in this application, and ei ther  
30-amp mercury  switches or 100-amp a i rp lane- type  
switches were  used. The toggle switches were  satisfac- 
tory in the voltage measur ing circuit. 

The total resistance of the voltage divider  bank must  
be large enough so that  the heater  or electrolytic cell 
is not appreciably short circuited and small enough so 
that  the potent iometers  are stable. The values shown 
totaling 10 kohm are a satisfactory compromise. The 
various ratios avai lable f rom this circuit  must  be de- 
te rmined  accurately and must  be rede te rmined  per iod-  
ically to detect any drift. An errat ic var ia t ion of about 
5 parts in 10,000 was noted in these ratios unti l  they 
were  placed in a glass well  immersed in the constant 
t empera ture  bath. 

Two potent iometers  are necessary, one to measure  
the drop across the standard resistor (E~), thus giving 
indirect ly the value  of the current,  and the other to 
read the voltage (E~). Dur ing the first few minutes  of 
electrolysis, both of these values change ra ther  rapidly, 
sometimes as much as 20 or 30 mv, al though a change 
of 5-10 mv is more common. Since it is necessary to 
know the total electr ical  energy del ivered  to the calo- 
r imeter ,  these changes must  be known accurately as 
a function of time. This presents a difficulty in that  
the changes are too rapid to fol low with  a manual ly  
operated potentiometer .  A recording potent iometer  can 
follow the changes but lacks the necessary accuracy by 
at least an order  of magnitude.  

This problem was solved by using a potent iometer  
and a recording potent iometer  in combination, one pair  
for  E~ and another  for E~ (Fig. 3). The potential  to be 
determined is applied to a potentiometer ,  the galva- 
nometer  ~erminals of which are connected to ei ther  a 
ga lvanometer  or a recording potent iometer  wi th  a 0-10 
m v  range. 

Each po ten t iometer - recorder  combination is oper-  
ated as follows. The approximate  value  of the vol tage 
to be measured is de termined in pre l iminary  exper i -  
ments with the potent iometer  connected to the galva-  
nometer.  The potent iometer  is then set to a reading 
about  5 mv less than this voltage. When the current  
to the electrolytic cell (or heater)  is turned on, the 
recorder,  which has been connected in place of the 
galvanometer ,  indicates the difference be tween the 
potent iometer  sett ing and the voltage being measured.  
In other words, the desired potential  is the sum of the 
readings of the two instruments.  If the recording pen 
goes off scale, it is only necessary to reset  the poten-  
t iometer  to bring it back. 

The recorders have  a 3 second t raverse  t ime and 
sometimes take almost  this long to "find" the voltage. 
This section of the curve  must  be extrapola ted to the 
instant when  the current  was started. The accuracy 
of this extrapolat ion is unimportant ,  however ,  and a 
min imum accuracy of 1 par t  in 1,000 (0.1 mv  in 0.1 v)  
is easily obtained with  the above arrangement .  An 
accuracy of 1 part  in 10,000 (0.1 mv  in 1.0 v) is more  
usual. 

A third standard resistor wi th  a value  of 0.5 ohm 
would be a ve ry  useful  addit ion to the circuit. An 
addit ion to the potential  measur ing circuit  which would 
permit  measurement  of the vol tage across ei ther  
dummy unit  would  also be helpful. 

Calorimetric Technique 
Before the actual calorimetr ic  measurements  are 

made  it is necessary to determine  the cur ren t  efficiency 
of the process as a function of current  densi ty and 
electrolyte  composition. The  na ture  and extent  of side 
reactions, if any, must  also be determined.  Ideal ly  the 
electrodes should be shaped so that  the current  density 
is constant over  the ent ire  surface of the electrodes 
(e.g., concentric cylinders) .  This la t ter  ref inement  has 
not been observed in the present  work. 

The application of the two basically different tech- 
niques used to the determinat ion of a react ion heat  is 
given below. 

The "rate method."--Heat leak and st irr ing energy 
both affect the tempera ture  of the ca lor imeter  and it is 
necessary to evaluate  the sum of these two effects as 
a function of calor imeter  tempera ture .  The calor imeter  
is first cooled to a t empera tu re  3 ~ to 4~ below that  of 
the constant t empera ture  bath by passing ice water  
th rough a tube immersed  in the electrolyte.  When the 
desired tempera ture  has been reached, the flow is 
stopped and the wa te r  in the tube  is b lown out wi th  
a s t ream of compressed air. The calor imeter  is then 
lef t  undis turbed except  for s t i rr ing for a period of 
about 15 min in order to attain a steady state, af ter  
which  the t empera tu re  is read every  minute  for  a 
period of about 5 rain. The t empera tu re  is then raised 
about 0.5~ by means of the heater  and, af ter  wai t ing 
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for a steady state, another  series of t ime- t empera tu re  
readings is taken. This is continued unti l  bath t em-  
pera ture  is reached. F rom the above data a "rat ing 
curve"  is plotted showing the rate  of t empera ture  rise 
due to heat  leak and st irr ing energy as a function of 
the calor imeter  temperature .  

The next  step is the determinat ion of the heat  ca- 
pacity of the calor imeter  in terms of a rate  of t empera -  
ture rise. The calor imeter  is cooled again and, wi thout  
wai t ing for equil ibrium, the heater  is turned on. The 
current  and vol tage are  fol lowed by means of two 
recording potentiometers.  When these two quanti t ies 
and the t ime ra te  of t empera tu re  rise have at tained 
constancy, another  series of t ime- t empera tu re  read-  
ings is taken. This rate  of t empera tu re  rise must  
be corrected by subtract ing the contr ibution a t t r ibut -  
able to heat  leak and st irr ing energy. This correc-  
tion is obtained f rom the ra t ing curve described 
above by noting the rate which corresponds to the 
average t empera tu re  dur ing the calibration. The  heat  
capacity is then inversely proport ional  to this corrected 
rate  of t empera tu re  rise and is expressed in wat t  sec 
ohm -1. (All  tempera tures  are expressed in terms of 
the resistance of the thermometer . )  

In performing the actual determination,  the calo- 
r imeter  is cooled and the procedure  immedia te ly  
above is repeated except  that current  is directed 
through the electrolytic cell instead of through the 
heater.  It  is usual ly necessary to start  at a lower  t e m -  
pera ture  than when  making the determinat ion of the 
heat  capacity, because the cell requires  a longer t ime 
to reach an approximate ly  steady state wi th  regard to 
rate  of t empera tu re  rise, current,  and voltage. For  
best precision, the tempera ture  range over  which the 
t ime- tempera tu re  readings are taken and the rate  of 
t empera ture  rise should be approximate ly  the same as 
obtained during the heater  run. 

The t ime- ra te  of t empera ture  rise observed dur ing 
this run is also corrected for heat  leak and st irr ing 
energy by means of the above rat ing curve  and this 
corrected value (in ohm sec -~) is mult ipl ied by the 
heat  capacity of the calor imeter  (in wat t  sec ohm -1) 
to get a value for the rate  at which heat  was being 
released (in wat ts) .  Subtract ing this value f rom the 
power  del ivered to the cell under  s teady-sta te  condi-  
tions and dividing the difference by the current  in 
equivalents  per  second gives hH in joules per equiva-  
lent  which is converted to kilocalories per mole. 

The "total energy" method.--This  method is based 
on measur ing the total heat  evolved by the cell process 
and simultaneously the total electr ical  energy used to 
effect this process. 

Determinat ion  of the heat  evolved, wi th  regard to 
both exper imenta l  procedure and the method of calcu- 
lation, has been t reated ful ly  e lsewhere  (16, 17). 

The energy supplied to the heater  during calibration 
or to the  electrolytic cell during electrolysis is ob- 
tained by graphical  integrat ion of the charts f rom two 
recording potentiometers,  one indicating voltage, and 
the other current  (see appendix) .  This integrat ion is 
per formed in such a way  that  the number  of faradays 
is obtained in the same calculation. Knowing the heat  
developed in the cell, the electrical  energy supplied to 
the cell, and the number  of faradays passed, the aH of 
the reaction can be calculated. 

Sources  of Error 

Calorimeters  made f rom Dewar  flasks are not ordi-  
nar i ly  used for work  requir ing  the utmost  accuracy 
because the thermal  lags which are characterist ic of 
such devices introduce significant errors in the heat  
leak correction. This is the reason for the development  
of the a l l -meta l  calor imeter  on which most modern  
precision ca lor imetry  is based. A meta l  calor imeter  
was not used in the exper iments  described in this paper  
because such a calor imeter  would have to be coated 
with  an insulat ing lacquer  to p reven t  parasit ic cur -  

rents. It can be seen that  the demands placed on this 
coating would  be very  s tr ingent  in that  it would  have 
to be completely free of breaks, chemical ly inert,  and, 
ideally, a good thermal  conductor. 

It is for tunate  that  errors due to heat  lag present  
less of a problem in electrochemical  ca lor imetry  than 
in conventional  calorimetry.  This is a resul t  of the 
fact that  the former  method affords complete  control 
over  reaction rate  and thus makes it possible to approx-  
imate closely, dur ing the exper imenta l  run, the t e m -  
pera ture  in terval  and t ime rate  of t empera tu re  r ise 
that obtained during the cal ibrat ion run. If  this ap- 
proximat ion is sufficiently close, a correction for heat  
leak would be unnecessary and error  due to thermal  
lag would be eliminated. This conclusion is equal ly  
val id for both the  rate  method and the total  heat  
method. Errors due to heat  lag could also be e l im-  
inated by using adiabatic calorimetry.  Electrochemical  
ca lor imetry  is wel l  suited to this technique because of 
the above ment ioned control of react ion rate. 

A second source of er ror  is applicable to only the 
rate method and arises f rom the fact that  completely 
steady values of vol tage and current  are  never  attained, 
if for no other reason, because the rise in the ca lor im-  
eter t empera ture  during the exper iment  causes a 
change in the resistance of the cell. Even though these 
changes are slow, they resul t  in an appreciable er ror  
and, what  is more serious, there is no obvious way of 
correcting for such changes. There  is some evidence 
that  because of heat  lag the instantaneous rate of t e m -  
pera ture  rise is a consequence of the rate  of heat  
release about one minute  prior  to that  instant, but  this 
has never  been demonstrated conclusively. A correc-  
tion based on this supposition can only be approximate  
since it fails to take into account the var ia t ion of cur -  
rent  (and react ion rate) wi th  time. 

In short, it seems that  the rate  method cannot be 
used for h ighly  accurate  work  wi thout  some modifica- 
tion. However ,  the calculations involved in this method 
are simpler and the equipment  needs are less in that  
the recorders  are  a convenience ra ther  than a necessity. 
For these reasons it would be the method of choice in 
some situations. 

So far  as is known, the total  heat  method  is f ree  of 
intrinsic weaknesses and with  suitable refinements 
should yield results as accurate  as those obtained by 
conventional  calorimetr ic  techniques. 
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ABSTRACT 

Levi ta t ion  of melts  of about  10 grams in a pro tec t ive  a tmosphere  is de-  
scribed. There  is a list, based on random experience,  of mater ia l s  that  have 
been melted.  Change of coil permi t s  some t empe ra tu r e  control.  Shapes can be 
cast. There  is a comparison wi th  the technique of a rc -me l t ing  buttons,  and a 
list  of applications.  An app rox ima te  fo rmula  for lev i ta t ing  force is given. 

A scale  on w h i c h  e l e c t r o m a g n e t i c  l e v i t a t i o n  in  an  
i n e r t  a t m o s p h e r e  is poss ib l e  for  a v a r i e t y  of m o l t e n  
m e t a l s  was  f irst  d e s c r i b e d  by  Polonis ,  Bu t t e r s ,  and  
P a r r  (1) .  T h e i r  m e t h o d  was  b a s e d  on the  e a r l i e r  
w o r k  of W r o u g h t o n ,  et  al. (2) .  The  l a t t e r  a i m e d  a t  
m e l t s  of t he  o r d e r  of 100 g, e m p l o y i n g  a f r e q u e n c y  
of 10 kc, b u t  succeeded  on ly  w i t h  A1. The  f o r m e r  
used  400 kc  and  succeeded  w i t h  5-8 g of A1, Ti, Fe, 
Ni, and  T i - F e  a l loys .  

The  f irst  to p r o p o s e  l e v i t a t i n g  m o l t e n  m e t a l  was  
Muck  (3) .  By  1953 Sche ibe  h a d  l e v i t a t e d  4.5 cm 
d i a m e t e r  sphe res  of s e v e r a l  m e t a l s  a t  10 kc  in vacuo, 
con t inu ing  to l e v i t a t e  a f t e r  m e l t i n g  (4) .  In  1953 
G i l b e r t  l e v i t a t e d  1-10 g of s e v e r a l  m e t a l s  m o l t e n  in 
a p r o t e c t i v e  a t m o s p h e r e  at  100 kc  (5 ) .  W i t h  a d i shed  
" m e a n d e r  coi l"  M a g e r  has  f loated 140 g of m o l t e n  
a l u m i n u m  in vacuo and  the  s ame  w e i g h t  of m o l t e n  
m a g n e s i u m  in a rgon  (6) .  A s p o o n - s h a p e d  coil  a t  
t he  L e n i n g r a d  P o l y t e c h n i c  I n s t i t u t e  is sa id  to have  
h a n d l e d  up  to 100 g of m e d i u m - d e n s i t y  m e t a l s  (7 ) .  

Apparatus  

The  c h a m b e r ,  Fig .  1, is l i ke  t ha t  of Polonis ,  et al. 
The  glass  c y l i n d e r  is 5 in. in ID a n d  71/2 in. h igh.  

The  coil  s h o w n  is the  s a m e  as (A)  in  Fig .  2. I t  is 
coa ted  w i t h  r e f r a c t o r y  cement .  The  le f t  m a n i p u l a t -  
ing rod  s u p p o r t s  a q u a r t z  t u b e  w h i c h  can  be i n -  
s e r t ed  into the  coil  f r om benea th ,  as shown,  and  can  
be r a i s ed  up  w i t h i n  the  coil.  The  r i g h t  rod  s u p p o r t s  
a cup  into w h i c h  a m o l d  is se t  a n d  swings  t he  m o l d  
b e n e a t h  the  cen t e r  of the  coil  a f t e r  the  q u a r t z  t u b e  
has  been  s w u n g  aside.  The  c h a m b e r  s t ands  on a 450 
kc, 10 k w  W e s t i n g h o u s e  R.F.  gene ra to r .  T h e  coil  is 
w a t e r - c o o l e d  s e p a r a t e l y  f r o m  the  gene ra to r .  C a p a -  
c i tors  a m o u n t i n g  to 0.067 ~f a r e  set  on the  g e n e r a t o r  
and  connec t ed  in p a r a l l e l  w i t h  t he  coil.  A n  e l e c t r o -  
s t a t i c  v o l t m e t e r  is connec t ed  across  t he  leads ,  a l i t t l e  
b e l o w  the  c h a m b e r .  

Coil  A, Fig .  2, has  seven  d i r ec t  t u r n s  and  one 
r e v e r s e  tu rn .  Coil  D has  seven  d i r ec t  and  two  r e -  
verse .  Coils  B and  C, no t  shown,  have  five d i r e c t -  
one reverse ,  and  five d i r e c t - t w o  reverse ,  r e spec t i ve ly .  

Procedure 
The  c h a r g e  can  have  a n y  shape  t ha t  does not  d e -  

p a r t  too fa r  f rom spher i ca l ;  a flat  c h a r g e  sets  i t se l f  
on end  a n d  fal ls .  G e n e r a l l y  the  c h a r g e  is a 1/a-in. 
d i a m e t e r  c o m p a c t  of m i x e d  m e t a l  p o w d e r s  or  chips,  
f r om % to 3/4 in. long.  C o m p o n e n t s  need  no t  be  
w e l l  mixed ,  s ince  t h e  m e l t  is s t i r r e d  e l e c t r o m a g n e t i -  
ca l ly .  W e i g h t s  have  r a n g e d  f rom 4 to 28 g. 

A f e r r o m a g n e t i c  c o m p a c t  m u s t  be  p r e h e a t e d  to 
the  Cur ie  t e m p e r a t u r e  or  i t  w i l l  not  float. P r e h e a t i n g  
is some t imes  used  also to set  off an  e x o t h e r m i c  
reac t ion .  D u r i n g  p r e h e a t i n g  the  compac t  is r a i s ed  
on the  qua r t z  tube ,  out  of con tac t  w i t h  the  coil.  
The  c h a m b e r  u s u a l l y  con ta ins  a rgon  or  h e l i u m  at  
a t m o s p h e r i c  p re s su re ,  b u t  not  a vacuum.  

To l ev i t a te ,  vo l t age  is r a i s ed  r a p i d l y  to b e t w e e n  
500 and  900 v, d e p e n d i n g  on the  cha rge  and  the  coil.  

Fig. 1. Levitation chamber 
Fig. 2. Levitation coils. At left: coil D. At  right: coil A, 

similar to that of Polonis, et al. 
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As m u c h  as  4 k w  a p p e a r s  in  t he  coil  w a t e r  as hea t .  
T e m p e r a t u r e  of t he  f loat ing c h a r g e  is i n c r e a s e d  b y  
l o w e r i n g  vo l t age :  the  cha rge  s inks  to w h e r e  t he  
f ield is s h a p e d  to h e a t  b e t t e r  desp i t e  d e c r e a s e d  in -  
t ens i ty .  Me l t i ng  u s u a l l y  t a k e s  less t h a n  a minu te .  
In  coil  A, Ti and  l o w e r - m e l t i n g  m e t a l s  f loat  no t  on ly  
mol ten ,  b u t  above  2000~ M e t a l  v a p o r  r ises ,  
a m o u n t i n g  to on ly  a s m a l l  f r a c t i o n  of c h a r g e  w e i g h t  
in  the  u s u a l  run,  b u t  s o m e t i m e s  so r i ch  in  a m i n o r  
c o n s t i t u e n t  as  to a l t e r  compos i t ion .  

Coils  B a n d  D a re  "coo le r "  t h a n  A, and  C is cooler  
t h a n  B or  D; Ti, for  e x a m p l e ,  does  not  m e l t  in C. I f  
the  t i l t  of A is no t  a d j u s t e d  w i t h  care ,  t he  c h a r g e  
floats to one side;  D r e c ~ i r e s  less care.  

F l o a t i n g  is o f t en  u n s t e a d y :  t he  c h a r g e  bobs  about ,  
a l t h o u g h  g e n e r a l l y  i t  does  no t  touch  the  coil.  A r c i n g  
some t imes  occurs  and  m a y  cause  the  c h a r g e  to fal l .  
A l l o y s  con ta in ing  Ba  a n d  Na  h a v e  a r c e d  espec ia l ly ,  
p e r h a p s  o w i n g  to t h e  low ion iza t ion  po t en t i a l s  of 
those  e l emen t s .  

Cas t ing  is ef fec ted  e i t he r  b y  r e d u c i n g  v o l t a g e  
f a i r l y  r a p i d l y  or  cu t t i ng  i t  s u d d e n l y .  I f  t he  fo rme r ,  
some field is s t i l l  p r e s e n t  d u r i n g  the  pour ,  c o n s t i t u t -  
ing  an  " e l e c t r o m a g n e t i c  f u n n e l "  w a r d i n g  the  m e l t  
f r o m  the  b o t t o m  t u r n  of the  coil.  Of ten  the  m e l t  
d i s a p p e a r s  qu i e t l y  in to  the  mold ,  b u t  s o m e t i m e s  
t h e r e  is spa t t e r .  

Results 
T a b l e  I is a l is t  of m a t e r i a l s  t h a t  h a v e  been  l e v i t a -  

t i o n - m e l t e d  in t he  sense  of c o n t i n u e d  l e v i t a t i o n  of a 
c o m p l e t e  mel t ,  w e i g h i n g  b e t w e e n  8 and  12 g, in 
a rgon,  e x c e p t  w h e r e  o t h e r w i s e  s ta ted .  A l loys  a r e  in 
w e i g h t  p e r  cen t  e x c e p t  w h e r e  a / o  ind ica t e s  a tomic  
p e r  cent .  

Mel t s  r e p e a t e d  u n d e r  s e e m i n g l y  i d e n t i c a l  cond i -  
t ions  do no t  a l l  succeed.  Ye t  t h e  r e c o r d  can  b e  good:  
11 out  of 14 m e l t s  of Nb, 8 out  of 9 of L a - Z r ,  8 out  
of 8 Mo-Ti .  On  the  o t h e r  hand ,  B a - Z r  is m o r e  l i k e l y  
to fa i l  t h a n  not.  

Casting 
The  l e v i t a t i o n  coil  supp l i e s  a s u d d e n l y  d r o p p e d  

m e l t  w h i c h  is smal l ,  b u t  excep t  for  v e r y  h i g h - m e l t -  
ing  m e t a l s  can  be  m u c h  s u p e r h e a t e d ,  so t h a t  shapes  
can  be  cast .  

The  s i m p l e s t  ca s t i ng  is a 1/2-in. d i a m e t e r  bu t ton .  
The  m o l d  is a copper  cup of 1/4-in. w a i l  t h i ckness .  
Even  if  t he  m e l t  is cas t  on ly  a f ew  seconds  a f t e r  
m e l t i n g  becomes  comple te ,  t h e r e  is a t  mos t  m i c r o -  
s eg rega t ion ,  w h i c h  can  g e n e r a l l y  be  e l i m i n a t e d  b y  
an  o v e r n i g h t  annea l .  

F l a t  p l a t e s  % x 3/4 x 1/16 or  % in. t h i c k  h a v e  been  
cas t  in  sp l i t  Cu molds ;  and  rods  2 in. long,  1/8 to 1/4 
in. in  d i a m e t e r ,  in Cu or  s t a in less  s tee l  mo lds  su i t -  
a b l y  ven ted .  The  rod  m o l d s  do no t  fill qui t~  c o m -  
p l e t e ly .  S o u n d e r  rods  a r e  cast  if the  m o l d  c a v i t y  is 
t a p e r e d ,  e.g., f r o m  3/16 in. d i a m e t e r  a t  the  b o t t o m  
to % in. a t  t he  top.  

Tens i l e  spec imens ,  1~/2 in. in  l e n g t h  and  3/16 in. 
in  g a u g e  d i a m e t e r ,  h a v e  been  cas t  of Ti  in  a sp l i t  Cu 
mold .  A spec imen  was  pu l led ,  and  gave  r e a s o n a b l e  
va lues ,  n a m e l y ,  50,000 psi  y i e l d  s t r eng th ,  87,000 psi  
u l t i m a t e  s t r eng th ,  a n d  9% e longa t ion ,  b u t  a s m a l l  
po re  could  be  seen at  the  f r a c t u r e  sur face .  Such  
cas t ings  of n i c k e l - b a s e  a l loys  c r a c k e d  t r a n s v e r s e l y ,  

Table I. Materials levitation-melted 

A1, 6 g. There  was a skin at first, vanishing by  degrees 
as the  mel t  superheated,  unt i l  no skin  remained  
unless at  the bot tom which was not  vis ible  owing 
to r is ing vapor.  

Ag, 41/2 g. The mel t  was of carrot  r a the r  than  the usual  
pea r  shape. 

Au. A 4~/2 g mass floated 2 sec, then fel l  pa r t ly  melted.  

Si, 97% pure.  (Pure  Si would  requi re  p rehea t ing  by  
other  means.)  

Cu, Fe, Ni, Co, Ti, Zr. 

Cr, in hydrogen  as wel l  as argon, but  cast ings in h y -  
drogen were  spongy. This is evidence tha t  hydrogen  
is more  soluble  in l iquid than  in solid Cr. 

Mo, Nb, 13�89 g each. 

C, Zr carbide,  Zr  ni t r ide:  floated wi thout  melt ing.  The 
Zr n i t r ide  was s intered for 10 min at 2050~ by  opt i -  
cal pyrometer ,  in an a rgon-ammonia  mixture .  

90 Fe-10 A1, 80 Ni-20 Fe, 90 Ni-10 A1, 50 Ni-50 A1, 65 
Ni-25 AI-10 Mo, 60 Co-20 Ni-20 Cr, 40 Co-30 Ni-20 Cr, 
and about  30 other  al loys of A1, Co, Cr, Fe, Mo, Ni. 
Chemical  analysis  of some Ni-base  al loys showed 
nomina l  percentages  were  a t ta ined  wi th in  ~/2 % when  
pure  Ni powder  was used. With  less pure  powder ,  
slag (p robab ly  a lumina)  floated on the melt ,  and the 
ingot  proved low in A1. 

Type  304 stainless steel, 20 g. 

20 a /o  Sn-Ti,  6 and 8 a /o  Mo-Ti,  12 a /o  In-Mg.  

Zr wi th  less than 5% of La, Ba or Sr. A dense whi te  
smoke rises f rom Ba-Zr ;  when  it stops, the Ba is gone. 

90 Cr-10 Mo, 80 Cr-20 Mo, . . . ,10 Cr-90 Mo (9 a l loys) .  

11% Zr-Nb,  11 and 25% Cr-Nb.  Loss of weight  of 11% 
Cr -Nb  was less than  0.1 g out of 11 g in a 30-sec run. 

25 to 45 a/0 Mo-Mn: fa i led  by  arcing. 

W, 43 g: floated solid, fa i led by  arcing. 

Ta, 10 g: would  not  lift. 

no d o u b t  owing  to c o n t r a c t i o n  of the  cool ing  cas t ing  
and  e x p a n s i o n  of the  h e a t i n g  mold .  

F o r  me l t s  t h a t  f loat  w i t h  h igh  supe rhe a t ,  t h e r e  is 
t h e  pos s ib i l i t y  of w e l d i n g  one ca s t i ng  to ano the r .  
Thus,  10% A1-Fe  was  f irst  cas t  in to  a 3/16 in. 
d i a m e t e r  rod.  A 1/2 in. d i a m e t e r  b u t t o n  was  then  
p o u r e d  a r o u n d  a 1/4 in. l e n g t h  a t  t he  t op  of t h e  rod.  
W e l d i n g  was  ef fec ted to the  top  ~/s in. of the  rod.  

If  m e l t s  w e r e  f loated s i m u l t a n e o u s l y  in  a n u m b e r  
of coils  and  cas t  in success ion  into  a m o l d  w h i c h  
p a s s e d  r a p i d l y  f r o m  one coil  to ano the r ,  w e l d i n g  of 
the  hot  s t r a t a  w o u l d  be  m o r e  effect ive;  in fact ,  t he  
mo ld  w o u l d  r ece ive  s o m e t h i n g  a p p r o a c h i n g  a con-  
t i nuous  p o u r  f r o m  a lad le .  I m m e d i a t e  r e c h a r g i n g  of 
the  coils w o u l d  open  the  w a y  to con t inuous  cas t ing.  
A n o t h e r  a p p r o a c h  to m u l t i p l e  ca s t i ng  is to d i spose  
coils v e r t i c a l l y ,  t he  h i g h e r  coil  d r o p p i n g  i ts  m e l t  
in to  the  l o w e r  one, w h i c h  t h e n  casts  t h e  c o m b i n e d  
mel t s ;  or  m o r e  t h a n  two  coils m i g h t  be  used  (8) .  

Comparison with arc-me~ting.--The t e c h n i q u e  of 
p r e p a r i n g  " b u t t o n s "  b y  a r c - m e l t i n g  on a co ld  h e a r t h  
is we l l  known .  I t  has  t he  a d v a n t a g e s  t h a t  m e l t s  of 
the  o r d e r  of 100 g can  be  m a d e ,  a n d  v a c u u m  can be  
e m p l o y e d .  On the  o the r  hand ,  ca s t i ng  is no t  done  
r e a d i l y ,  h o m o g e n e i t y  is no t  a l w a y s  sa t i s f ac to ry ,  and  
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s o m e t i m e s  t h e r e  is c o n t a m i n a t i o n  f r o m  e l ec t rode  or  
he a r t h .  The  p o w e r  source  for  l e v i t a t i o n  costs  more ,  
b u t  m a y  be  ab l e  to s e r v e  o t h e r  e q u i p m e n t  in  a d d i -  
t ion to t h e  l e v i t a t i o n  fu rnace .  

Applications 
The  fo l lowing  a p p l i c a t i o n s  h a v e  t u r n e d  up  for  

l e v i t a t i o n  on the  s m a l l  scale  d e s c r i b e d  above .  
Cas t ing  of bu t tons  for  h a r d n e s s  m e a s u r e m e n t ,  

p r e c i p i t a t i o n  h a r d e n i n g  tes ts ,  co r ros ion  tests ,  and  
m e t a l l o g r a p h i c  and  o t h e r  e x a m i n a t i o n  connec ted  
w i t h  phase  d i a g r a m  s tudies .  

Cas t ing  of p l a t e s  for  x - r a y  d i f f rac t ion  and  as s tock  
to be f a b r i c a t e d  for  se rv ice  t r ia l s .  

Cas t ing  of rods  for  m a g n e t i c  s u s c e p t i b i l i t y  m e a s -  
u r e m e n t s .  

M u l t i p l e  cas t ings  of M o - T i  a l loys  (s ix  3/4-in. 
d i a m e t e r  bu t t ons  cast  one upon  a n o t h e r  to f o r m  a 
p a r t i a l l y  w e l d e d  46-g  c y l i n d e r  1 5/16 in. h i g h )  for  
specific hea t  d e t e r m i n a t i o n s .  

S i n t e r i n g  of r e f r a c t o r i e s  t ha t  conduc t  e l e c t r i c a l l y  
w h e n  hot.  

C h a r g i n g  m o l t e n  Ti  w i t h  h y d r o g e n  (a  5 - ra in  r u n )  
for  s o l u b i l i t y  s tudies .  

P r e p a r i n g  cas t ings  of a ser ies  of s t a in less  s tee ls  
for  which ,  indeed ,  c ruc ib l e s  could  h a v e  been  found;  
b u t  l e v i t a t i o n  was  s i m p l e r  (g iven  the  p o w e r  s u p p l y )  
t h a n  c ruc ib l e  m e l t i n g  a n d  cas t ing .  

A Levitation Formula 
T h e r e  has  been  no a d e q u a t e  t h e o r e t i c a l  t r e a t m e n t  

of t he  l e v i t a t i o n  of a l i qu id  mass .  The  p r o b l e m  is 
not  on ly  t h a t  of t o t a l  l e v i t a t i n g  force,  b u t  also of 
loca l  suppor t ,  in  p a r t i c u l a r  a t  t he  b o t t o m  t ip  of the  
mel t ,  a t ip  w h i c h  m u s t  ex i s t  w i t h  coils of n e a r l y  
c y l i n d r i c a l  s y m m e t r y .  The  so lu t ion  shou ld  i nvo lve  
su r f ace  tens ion ,  and  the  effect of an  ox ide  or o the r  
su r face  f i lm if  t h e r e  is one. 

T h e r e  is a f o r m u l a  for  t o t a l  l e v i t a t i n g  force.  
W h i l e  i t  is h e d g e d  w i t h  s e v e r a l  l im i t a t i ons ,  i t  does  
g ive  p e r s p e c t i v e  as to t he  inf luence  of some p a r a m -  
e ters .  The  l i m i t a t i o n s  a r e  t ha t  t he  cha rge  is s p h e r i -  
cal,  h o m o g e n e o u s  a n d  n o n m a g n e t i c ,  a n d  s m a l l  c o m -  
p a r e d  to d i s t a n c e  ove r  w h i c h  t h e  m a g n e t i c  f ield 
can  be  a s s u m e d  l i n e a r  in  the  c o o r d i n a t e s  x, y, z. 

The  f o r m u l a  t e l l s  t he  r a t i o  of l e v i t a t i n g  fo rce  F 
to cha rge  w e i g h t  W, a r a t i o  w h i c h  m u s t  be u n i t y  
for  s t ab l e  l ev i t a t ion .  The  g e o m e t r i c a l  shape  of t he  
coil  and  t h e  loca t ion  of t he  cen t e r  P of the  f loat ing 
c h a r g e  r e l a t i v e  to t he  coi l  a r e  s u p p o s e d  given,  b u t  
not  the  a c t u a l  d imens ions .  

T h e r e  a r e  s ix  p a r a m e t e r s ;  two  m a t e r i a l ,  d e t e r -  
m i n e d  b y  the  compos i t i on  of t he  charge ,  two  e lec-  
t r ica l ,  and  two  g e o m e t r i c a l :  $ ( g / c m  3) cha rge  
dens i ty ;  p ( o h m  cm)  c h a r g e  r e s i s t i v i t y ;  v ( c y c l e s /  
sec)  f r equency ;  I ( r m s  a m p )  c u r r e n t ;  R1 ( cm)  a 
se lec ted  coil  d imens ion ;  R~ (cm)  cha rge  rad ius .  

The  f o r m u l a  is 

F I "~ G (x )  

W g $ R31 

~r _ 3 s i n h 2 x - - s i n 2 x _  
x ---- 2vR~ , G ( x )  ----- 1 4x s inh~x § sin-~x 

The  d imens ion l e s s  x is r a t i o  of c h a r g e  r a d i u s  to  
" s k i n  d e p t h "  of the  c u r r e n t ;  G ( x )  is a p p r o x i m a t e l y  
8 x 4 /315 for  x ~ 1, 0.025 a t  x = 1, 0.25 a t  x ---- 2, and  
1 -- 3 / 2 x  for  x ~ 2; g is 980 cm/sec~; a n d  the  d i m e n -  
s ionless  ~ d e p e n d s  on  coi l  shape ,  t he  loca t ion  of  P, 
a n d  the  choice  of  R1. 

F o r  e x a m p l e ,  le t  t he  coi l  consis t  of t w o  c i r c u l a r  
loops,  each  of the  s a m e  r a d i u s  R1, h a v i n g  a c o m m o n  
v e r t i c a l  axis .  The  d i s t ance  b e t w e e n  the  p l a n e s  of 
the  loops  is 0.81 R1, a n d  c u r r e n t  d i r e c t i ons  a r e  o p -  
posed.  A l o n g  t h e  axis ,  t he  l a rge s t  v a l u e  of k is 0.026, 
a t  a po in t  P l oc a t e d  0.15 R~ a b o v e  the  p l a n e  of t he  
l o w e r  loop. To f loat  a 1 - cm d i a m e t e r  b a l l  of ho t  i r on  
( p :  120X 10 -~, ~ =  7.8) a t  450 kc in  such  a coil  
h a v i n g  loop d i a m e t e r  4 cm w o u l d  t h e r e f o r e  t a k e  
1800 amp.  The  f o r m u l a  is d e r i v e d  b y  a g e n e r a l i z a -  
t ion  of an  a r g u m e n t  g iven  e l sewhere ,  w h e n c e  also 
m a y  be  d e d u c e d  the  a b o v e  va lue ,  bo th  c a l c u l a t e d  
and  m e a s u r e d ,  of k (9 ) .  

A t  a g iven  p o i n t  P in a coil  of g iven  shape ,  ~, can 
be  d e t e r m i n e d  b y  a s ingle  e x p e r i m e n t  in  w h i c h  the  
o t h e r  qua n t i t i e s  in  the  f o r m u l a  a r e  m e a s u r e d .  This  
can  be  done  a t  a l ow  cu r ren t ,  F be ing  m e a s u r e d  b y  
a ba l ance ,  or  i t  m a y  b e  ab l e  to be  done  at  a c u r r e n t  
h igh  enough  to l ev i t a te ,  P t hen  b e i n g  the  po in t  of 
l ev i t a t ion .  F o r  e x a m p l e ,  in coil  A, Fig .  2, 410 a m p  
at  450 kc  w o u l d  cause  a 1 - cm d i a m e t e r  ho t  i r o n  ba l l  
to float  a t  a p o i n t  P abou t  1/2 in. b e l o w  the  top  tu rn .  
Choos ing  for  R1 the  ins ide  r a d i u s  of t he  top  tu rn ,  1.9 
cm, i t  fo l lows  t ha t  X is 0.42. 

Vo l t age  across  the  coil  equa l s  c u r r e n t  t imes  coi l  
impe da nc e .  The  l a t t e r  is a l m o s t  w h o l l y  induc t ive ,  
is not  d e c r e a s e d  m u c h  b y  a f loa t ing  charge ,  and  
d e p e n d s  b u t  s l i g h t l y  on f r equency .  I f  scale  of size 
(R1) is changed ,  i n d u c t a n c e  changes  p r o p o r t i o n a t e l y .  
The  i n d u c t a n c e s  of coils A and  D, Fig .  2, a r e  0.57 
and  0.65 m i c r o h e n r y ,  r e spec t i ve ly .  
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ABSTRACT 

Vapor  phase reduct ion of boron t r ich lor ide  wi th  hydrogen  on e lec t r ica l ly  
hea ted  fi laments in flow systems was inves t iga ted  as a potent ia l  method for 
the  p repa ra t ion  of h i g h - p u r i t y  boron. Exper iments  were  conducted on l abora -  
tory  and bench-scale  flow reactors.  Conversion efficiency was a function of mole  
ra t io  of reactants ,  res idence time, mass of deposit ,  and deposi t ion tempera ture .  

Massive deposi ts  of c rys ta l l ine  boron analyzing as high as 99.6% by  direct  
chemical  analyses  were  obtained.  Pu r i t y  of boron appea red  to be a funct ion 
of both  f i lament diffusion and boron t r ich lor ide  pur i ty .  

T i tan ium fi laments were  found to be most  sat isfactory,  since contaminat ion  
due to t i t an ium could be removed  by  chlor inat ion  at  300~ X - r a y  diffract ion 
studies indica ted  tha t  t i t an ium probab ly  exis ted  in solid solution wi th  boron 
ra the r  than as a boride. 

Boron  was  first  o b t a i n e d  b y  Moissan  (1)  in  1895 
b y  r e d u c t i o n  of b o r i c  ox ide  w i t h  m a g n e s i u m  in a 
t h e r m i t e - t y p e  reac t ion ,  and  a p p e a r s  to be  t he  bes t  
p r e p a r a t i o n a l  m e t h o d  a t  the  p r e s e n t  t i m e  for  l a r g e  
q u a n t i t i e s  of r e l a t i v e l y  i m p u r e  boron.  E l ec t ro ly s i s  
of fused  oxides ,  bo ra tes ,  or  f luobora tes  has  also p r o -  
d u c e d  e l e m e n t a l  boron .  

A l t h o u g h  these  p r i m a r y  m e t h o d s  a r e  a d a p t a b l e  to 
c o m m e r c i a l  processes ,  i t  has  no t  b e e n d e m o n s t r a t e d  
t ha t  b o r o n  of 99.0% p u r i t y ,  b y  d i r ec t  ana lyses ,  
cou ld  be  ob ta ined .  L e a c h i n g  and  h i g h - t e m p e r a t u r e  
degas s ing  t echn iques  can  i nc rea se  the  bo ron  p u r i t y  
f r o m  these  p rocesses  to h i g h e r  va lues .  

L i m i t a t i o n s  on p r o d u c t  p u r i t y  focused  a t t e n t i o n  
on the  v a p o r  p h a s e  r e d u c t i o n  of b o r o n  h a l i d e s  w i t h  
h y d r o g e n  on e l e c t r i c a l l y  h e a t e d  f i l aments  w i t h  t he  
o b j e c t i v e  of p r e p a r i n g  b o r o n  of 99.0% p u r i t y  or  
be t t e r .  F i l a m e n t  t e chn iques  for  t he  p r e p a r a t i o n  of 
c r y s t a l l i n e  bo ron  h a v e  been  r e p o r t e d  b y  a n u m b e r  
of  i n v e s t i g a t o r s  (2 -10 ) .  

This  i n v e s t i g a t i o n  was  d i v i d e d  into  two  phases :  
t h e  f irst  d e a l t  w i t h  r e l a t i v e l y  s m a l l  depos i t s  p r e p a r e d  
in  glass  e q u i p m e n t ;  t he  second  p h a s e  i n v o l v e d  the  
f o r m a t i o n  of m a s s i v e  depos i t s  in  a l a r g e r  s t a in less  
s tee l  r eac to r .  

The  f r e e - e n e r g y  c h a n g e  for  t he  r e a c t i o n  

BX3(g)  + 3 /2H2(g)  ~ B ( s )  + 3 H X ( g )  [1]  

as a func t ion  of t e m p e r a t u r e  was  c a l c u l a t e d  for  a l l  
the  bo ron  ha l i de s  e x c e p t  t h e  t r i iod ide .  C a l c u l a t e d  
r e su l t s  b a s e d  on the  G i b b s - H e l m h o l t z  r e l a t i o n  and  
hea t  capac i t i e s  as func t ions  of t e m p e r a t u r e  a r e  p r e -  
s en t ed  in  F ig .  1 (11 -13) .  A l l  c o m p o n e n t s  w e r e  a s -  
s u m e d  to b e h a v e  idea l ly .  

A n  e x a m i n a t i o n  of t he  mass  e x p r e s s i o n  

[ H X ]  3 
= K ,  [2]  

[BX,]  [H~] <~/:) 

and  the  f ree  e n e r g y  e q u a t i o n  

AF ~ ~ - -nRT In K~ [3]  

ind ica t e s  t h a t  t he  r e a c t i o n  m a y  go f a v o r a b l y  in  t he  
p r e s e n c e  of excess  h y d r o g e n  even  if  t he  f r e e - e n e r g y  
change  is pos i t ive .  F i g u r e  1 shows  t h a t  t he  b o r o n  
t r i f l uo r ide  r e a c t i o n  r e q u i r e s  t e m p e r a t u r e s  f a r  b e -  
y o n d  a n y  p r a c t i c a l  l imi t ,  w h i l e  t he  t r i b r o m i d e  r e -  
qu i r e s  a t h e o r e t i c a l l y  l o w e r  t e m p e r a t u r e .  

Distribution o] components at equf f ibr ium.- -The  
t h e o r e t i c a l  c onve r s ion  a n d  d i s t r i b u t i o n  for  v a r i o u s  
m o l e  ra t ios  of h y d r o g e n  to b o r o n  t r i c h l o r i d e  w e r e  
c a l c u l a t e d  and  the  r e su l t s  a r e  p r e s e n t e d  in  T a b l e  I. 

C o n s i d e r i n g  these  e q u i l i b r i u m  ca l cu la t ions  a n d  
economic  f ac to r s  as a basis ,  a c o m p a r i s o n  of t h e  
r e s p e c t i v e  h a l i d e s  can  be  m a d e :  (a )  t he  p e r c e n t a g e  
b o r o n  in the  ha l i de s  inc reases  w i t h  d e c r e a s i n g  m o l e -  
c u l a r  we igh t ;  (b)  t h e r m o d y n a m i c  r e d u c t i o n  t e m -  
p e r a t u r e  inc reases  w i t h  d e c r e a s i n g  m o l e c u l a r  w e igh t ;  
(c)  b o r o n  t r i b r o m i d e  r e d u c t i o n  t h e o r e t i c a l l y  r e -  
qu i r e s  the  lowes t  t e m p e r a t u r e ;  (d)  cost  of t he  h a -  
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Table I. Distribution of components at equilibrium* 
(1100~ ! atm) 
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W t  (%) 
Mole  r a t i o  Mole f r a c t i o n  a t  e q u i l i b r i u m  cony.  

H~/BCI~ BCla HCl  H2 to b o r o n  

20 0.009 0.113 0.878 80.8 
16 0.014 0.131 0.856 75.6 TLmSSTEN 
12 0.024 0.154 0.823 68.3 LEAD 
8 0.046 0.184 0.770 56.9 GRAPHITE 
3 0.161 0.235 0.604 32.9 FILAMENT 

*BCI8 + 3 / 2 H e r b  + 3HC1. 

l idos dec reases  w i t h  d e c r e a s i n g  m o l e c u l a r  w e igh t ;  
(e)  f r om the  s t a n d p o i n t  of a v a i l a b i l i t y ,  b o r o n  t r i -  
ch lo r ide  is p o t e n t i a l l y  the  cheapes t  h a l i d e  in  the  
group .  

On this  basis ,  t he  scope of r e s e a r c h  was  l i m i t e d  
to the  r e d u c t i o n  of b o r o n  t r i c h l o r i d e  w i t h  h y d r o g e n .  
A l t h o u g h  t h e o r e t i c a l  cons ide ra t i ons  give t he  g e n e r a l  
a r ea s  of o p e r a t i o n a l  condi t ions ,  i t  was  n e c e s s a r y  to 
d e t e r m i n e  the  o p t i m u m  cond i t ions  a n d  the  effect of 
m e t a l l i c  f i l amen t s  in a l a b o r a t o r y  flow reac tor .  

Laboratory Equipment and Procedures 
A s c h e m a t i c  d i a g r a m  of t he  r e a c t i o n  t u b e  used  

for  t he  l a b o r a t o r y  i n v e s t i g a t i o n  is p r e s e n t e d  in Fig .  
2. I t  cons i s t ed  of a P y r e x  t ube  (38 cm in l e n g t h  and  
10 cm in d i a m e t e r )  a r r a n g e d  v e r t i c a l l y  w i t h  s t a n d -  
a r d  t a p e r  jo in t s  on  each  s ide  and  a l a r g e  j o in t  on the  
bo t tom.  T h r o u g h  a w a t e r - j a c k e t e d  glass  cap  w e r e  
p l a c e d  two  0.25 cm t u n g s t e n  l eads  (one  35 cm, the  
o the r  2.5 cm in l e n g t h )  to p r o v i d e  for  the  v e r t i c a l  
suspens ion  of f i laments .  F i l a m e n t s ,  w h i c h  Were gen -  
e r a l l y  8-10 cm in l eng th ,  w e r e  p l a c e d  b e t w e e n  two  
1.25 cm g r a p h i t e  rod  bush ings .  T h e  b o t t o m  b u s h i n g  
e x t e n d e d  in to  a m e r c u r y  we l l  p r o v i d i n g  bo th  m e -  
chan ica l  f r e e d o m  and  an e l ec t r i c a l  contact .  

Operational procedure.---Boron t r i c h l o r i d e  and  
h y d r o g e n  w e r e  c o n t i n u o u s l y  m e t e r e d  into  t he  r e -  
actor .  B y - p a s s  gas s a m p l i n g  n e t w o r k s  w e r e  p l a c e d  
be fo re  and  a f t e r  t he  r e a c t i o n  tube .  H y d r o g e n  was  
deox id i zed  b y  pas s ing  t h r o u g h  a Deoxo  c a t a l y t i c  
pu r i f i e r  f o l l owed  w i t h  a d e h y d r a t i o n  co lumn.  Boron  
t r i c h l o r i d e  was  r e d i s t i l l e d  p r i o r  to use  in  o r d e r  to 
r e m o v e  the  s i l icon t e t r a c h l o r i d e  and  phosgene .  S u r -  
face  depos i t i on  t e m p e r a t u r e s  w e r e  o b s e r v e d  w i t h  an  
op t ica l  p y r o m e t e r .  

Analytical procedure.--Samples w e r e  g r o u n d  to a 
- -100 mesh,  h y d r o c h l o r i c  ac id  l e a c h e d  o r  t r e a t e d  
w i t h  ch lo r ine  u n d e r  cond i t ions  to be  d e s c r i b e d  l a t e r  
u n d e r  B o r o n  U p g r a d i n g .  F i n e l y  g r o u n d  bo ron  was  
r e n d e r e d  w a t e r  so lub le  b y  a s o d i u m  c a r b o n a t e  f u -  
s ion and  was  t hen  t i t r a t e d  as the  m a n n i t o l  c o m p l e x  
(14) .  The  s t a n d a r d  d e v i a t i o n  for  16 d u p l i c a t e  a n a l -  
yses  on d i f fe ren t  s a m p l e s  was  -----0.4%. M a n y  s a m p l e s  
w e r e  a n a l y z e d  s p e c t r o g r a p h i c a l l y  w h i c h  p r o v e d  
v e r y  ef fec t ive  for  s m a l l  quan t i t i e s  of impur i t i e s .  
H o w e v e r ,  i t  shou ld  be  k e p t  in  m i n d  t h a t  th is  is an  
i n d i r e c t  a n a l y t i c a l  m e t h o d  for  b o r o n  and  does  not  
accoun t  for  e l e m e n t s  such  as  oxygen ,  n i t r ogen ,  a n d  
h y d r o g e n .  C o m p a r i s o n s  b e t w e e n  s p e c t r o g r a p h i c  and  
c h e m i c a l  m e t h o d s  i n d i c a t e d  t h a t  s p e c t r o g r a p h i c  
ana lys i s  cons i s t en t ly  gave  s l i g h t l y  h i g h e r  b o r o n  
va lues .  E x h a u s t  gases  f r o m  the  r e a c t o r  w e r e  m o n i -  
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Fig. 2. Schematic diagram of laboratory flow reactor 

t o r e d  p e r i o d i c a l l y  in t he  gas  s a m p l i n g  n e t w o r k  and  
a n a l y z e d  b y  i n f r a r e d  s p e c t r o p h o t o m e t r y .  

Laboratory Experimental Results 

M i x t u r e s  of b o r o n  t r i c h l o r i d e  and  h y d r o g e n  w e r e  
a l l o w e d  to c on t a c t  an  e l e c t r i c a l l y  h e a t e d  f i l ament  
s u s p e n d e d  in the  a p p a r a t u s  of Fig.  2. A l l  tes t s  w e r e  
m a d e  in  an  o b s e r v e d  depos i t i on  su r face  t e m p e r a -  
t u r e  r a n g e  of 1030~176 I t  was  n e c e s s a r y  to i n -  
c rease  t he  f i l amen t  c u r r e n t  p e r i o d i c a l l y  to m a i n t a i n  
a depos i t i on  su r f ace  t e m p e r a t u r e  w i t h i n  the  p r e -  
s c r ibed  range .  Effects of m o l e  r a t io s  of r e a c t a n t s  and  
r e s idence  t imes  on conve r s ion  p e r c e n t a g e s  w e r e  
s tud ied .  T h e r e  was  no ev idence  t h a t  the  r e a c t i o n  
v a r i a b l e s  ef fec ted  bo ron  p u r i t y  in a n y  way .  

M a j o r  c o n t a m i n a n t s  a p p e a r e d  to be  the  f i l ament  
m a t e r i a l ,  s i l icon,  f r om the  t e t r a h a l i d e  in the  bo ron  
t r i ch lo r ide ,  and  i ron  f r o m  the  c rush ing  ope ra t ion .  

Deposition on molybdenum, tungsten, and tanta- 
lum.--Boron was  depos i t ed  on m o l y b d e n u m ,  t u n g -  
sten,  and  t a n t a l u m  w i r e s  (8-10 cm in l eng th ,  0.15 
cm in d i a m e t e r ) .  I t  was  f o u n d  t ha t  t he se  f i l aments  
w e r e  s h o r t - l i v e d  u n d e r  e x p e r i m e n t a l  condi t ions .  
D u r i n g  the  first  hou r  of ope ra t i on ,  t h e  f i l amen t  and  
i ts  depos i t  b e c a m e  e x t r e m e l y  b r i t t l e  and  g e n e r a l l y  
b roke .  Microscopic  e x a m i n a t i o n  of  t he  depos i t  
s h o w e d  tha t  the  bo ron  a p p e a r e d  qu i t e  m e t a l l i c  a n d  
c r y s t a l l i n e  w i t h  a h igh  lus te r .  No d i s t i nc t  i n t e r f a c e  
e x i s t e d  b e t w e e n  the  m e t a l  f i l amen t  and  boron.  
A n a l y s e s  of some r e p r e s e n t a t i v e  bo ron  depos i t s  on 
t a n t a l u m  p r e s e n t e d  in  T a b l e  I I  i nd i ca t e  t h a t  d i f fu-  
s ion in to  b o r o n  was  c o n s i d e r a b l e  (96.7% B and  
3.2% T a ) .  

Deposition on graphite.--Boron was  depos i t ed  on 
a s p e c t r o g r a p h i c  g r a d e  g r a p h i t e  f i l amen t  (8-10 cm 
in l eng th ,  0.25 cm in d i a m e t e r ) .  D u r i n g  t h e  first  
hou r  of ope ra t ion ,  the  f i l amen t  g e n e r a l l y  d e v e l o p e d  
"ho t  spo ts"  w h i c h  e v e n t u a l l y  hea led .  As  depos i t  
mass  inc reased ,  i t  t e n d e d  to c r a c k  and  f lake off. 
A f t e r  cool ing  b e l o w  900~ depos i t s  b e c a m e  esser~- 



678 N o v e m b e r  1958 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Table II. Filament data and chemical analyses for several typical tests 

F i l a m e n t  
F i l a m e n t  t e m p  
m a t e r i a l  ( ~ C ) 

R e a c t i o n  W e i g h t  of  C h e m i c a l  a n a l y s i s  
d u r a t i o n  depos i t  w e i g h t  p e r  c e n t  

(hr)  (g) B F e  Si  T i  T a  Diff .  

Ta 1200-1250 
Ta 975-1025 
Graphite  1000-1200 
Graphite  1100-1200 
Graphite  1100-1150 
Graphite* 1050-1130 
Graphite* 1075-1125 
Graphite* 1080-1120 
Graphite  1075-1125 
Ti 1100 

10.0 6.7 97.5 2.1 
7.0 3.6 96.7 

11.0 5.0 96.1 
7.5 5.2 95.9 0.21 
8.0 8.5 98.4 

26.5 19.7 99.0 0.04 
22.0 20.5 99.5 ni l  
16.5 18.5 99.0 0.45 
18.2 19.2 98.7 0.21 

5.5 3.5 95.0 0.03 

0.13 
0.33 
0.13 2.03 

3.2 
0.4 
0.1 
3.9 
3.9 
1.6 
1.0 
0.5 
0.4 
0.8 
2.8 

* S u r f a c e  s a m p l e  on ly .  

t i a l ly  n o n c o n d u c t i v e  and  could no t  be rehea ted .  
Boron  has a nega t ive  t e m p e r a t u r e  coefficient of r e -  
sistance.  

U n d e r  microscopic  e x a m i n a t i o n  the  bo ron  ap -  
peared  qui te  meta l l i c  and  c rys ta l l ine  w i th  a h igh 
lus te r  in  some areas. I t  was  observed  tha t  deposi t ion 
occurred  in  concent r ic  l ayers  and  tha t  a d is t inc t  
b o r o n - c a r b o n  in te r face  did not  exist.  The l a t t e r  was 
p r o b a b l y  due  to ca rbon  diffusion in to  boron.  A no -  
t iceable  difference in  appea rance  of the c rys ta l l ine  
hab i t  b e t w e e n  boron  produced  on graphi te  a nd  
o ther  f i l ament  ma te r i a l s  was  observed.  Data  ob-  
t a ined  wi th  graphi te  f i laments  are also inc luded  
in  Tab le  II. Sur face  samples  ana lyzed  as h igh as 
99.5% boron;  however ,  the  ana lys i s  of the en t i r e  
deposit  va r i ed  f rom 95-98.7% boron  depend i ng  on 
the sever i ty  of ca rbon  diffusion into boron  and  size 
of deposit.  

Deposition on t i tan ium. - -The  deposi t  on a t i t a -  
n i u m  f i lament  (5-6 cm in  length ,  0.15 cm in  d i a m -  
e ter)  appeared,  on microscopic examina t ion ,  qu i te  
meta l l i c  and  c rys ta l l ine  wi th  a h igh luster .  Cooler 
areas of the  deposi t  were  b lack  and  p r o b a b l y  less 
crys ta l l ine .  A d is t inc t  in te r face  b e t w e e n  the bo ron  
and  a ha rd  cen t ra l  core was observed.  F o r t u n a t e l y ,  
the  boron  was  easi ly  separa ted  f rom the ha rd  cen-  
t ra l  core which  is p r o b a b l y  a t i t a n i u m - b o r o n  sys-  
tem. The t i t a n i u m - b o r o n  core r e n d e r e d  the  deposi t  
conduc t ive  such tha t  low res is tance  was real ized in  

40 
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Fig. 3. Conversion per pass as o funct ion of  mole ratio. 
Gas reference condit ions: pressure = 1 atm, temperature = 
2S~ Volume of reactor = 23S0 cm ~. Flow rates = 365 to 
1445 cma/min.  Graphi te f i l amen t  dimensions = 8 cm length, 
0 .25 cm diameter.  F i lament  temperature ~-- ~ 1 1 0 0 ~  

al l  t e m p e r a t u r e  ranges  a nd  i n t e r m i t t e n t  opera t ion  
was  permiss ible .  T i t a n i u m  f i laments  appea red  to re -  
sist h y d r i d i n g  u n d e r  the  e x p e r i m e n t a l  condi t ions.  
Chemica l  ana lys i s  (Table  I I )  ind ica ted  tha t  diffu-  
sion of t i t a n i u m  into  the  boron  la t t ice  was cons ider -  
able. This  p roduc t  con ta ined  95.0% boron  and  
2.03% t i t an ium.  

Variables eI~ecting deposit ion.--Effects of mole  
rat io of r eac tan t s  and  res idence  t ime  on deposi t ion 
ra te  and  convers ion  were  s tudied.  Al l  tests w e r e  
m a d e  at observed cons tan t  deposi t ion surface  t e m -  
pe ra tu re s  of 1050~176 

Resul ts  ob ta ined  in  severa l  typ ica l  e x p e r i m e n t s  
are p resen ted  in  Fig. 3 and  4. F igu re  3 indica tes  tha t  
wi th  a mole rat io [H~]/[BCI~] of 12.0, a 38.0% con-  
vers ion  per  pass, based on  feed rate ,  was  ob ta ined  
wi th  an ave rage  deposi t ion ra te  of 0.875 g b o r o n / h r ;  
however ,  these  resul t s  were  ob ta ined  u n d e r  flow 
rates  v a r y i n g  in  the r a nge  of 350-1450 cm~/min.  
F igu re  4 p resen t s  convers ion  per  pass as a func t ion  
of res idence  t ime  or to ta l  gas flow for a cons t an t  
mole  ratio. A mole  ra t io  [H~]/[BCI~] of 12.0 wi th  a 
res idence  t ime  of 2.75 m i n  (800 cm~/min)  resu l t ed  in  
a deposi t ion ra te  of 0.64 g b o r o n / h r  and  39.5% 
convers ion  per  pass. Al l  tests  were  conduc ted  over  
a p p r o x i m a t e l y  the  same t ime  in t e rva l s  in  order  to 
avoid mass effects. Resul ts  ind ica te  tha t  mole  ra t io  
has a g rea te r  effect t h a n  res idence  t ime  (or to ta l  

40  

o 
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Fig. 4. Conversion per pass as a funct ion of  f l aw  rate. 
Gas reference condit ions: pressure ~ 1 atm, temperature 
25~ Vo lume of  reactor ~ 2350  cm ~. Mole  rat io [ H 2 ] / [ B C I 3 ]  
= 12. Graphi te f i l amen t  dimensions ~ 8 cm length, 0 .25  cm 
diameter .  F i lament  temperature = ~___1100~ 



Vol. 105, No. 11 679 H I G H - P U R I T Y  C R Y S T A L L I N E  B O R O N  

Table Ill. Deposition rates and energy requirements for graphite filaments 
(Mole ratio [H=]/[BCI~] of 12.0) 

Temp.  R e a c t i o n  F l o w  ratea  
r a n g e  t i m e  (em3/min)  D e p o s i t i o n  C o n v e r s i o n  

(~ (hr) M i x t u r e  r a t e  pe r  pass  b 
H2 + BC13 (g /h r )  (%) 

C o n v e r s i o n  pe r  
p a s s  based  on 

e q u i l i b r i u m  
cond i t i ons  E n e r g y  

(%) ( k w - h r / g )  

1100-1120 7.0 800 0.64 39.5 57.9 0.72 
1030-1120 22.0 1250 0.93 36.7 53.8 0.52 
1080-1120 16.5 1500 1.12 36.8 53.9 0.67 
1050-1125 19.0 1840 1.19 32.4 47.5 0.64 
1075-1125 18.2 1500 1.06 34.7 50.9 0.69 
1075-1125 17.0 1500 1.09 35.9 52.6 0.68 
1100-1125 19.5 1500 1.07 35.0 51.3 0.67 
1075-1125 15.5 1500 1.05 34.5 50.5 0.66 

a 25oC a t  1 arm. 

C o n v e r s i o n  pe r  pass  (based on  feed  ra te)  = 
E x p e r i m e n t a l  Yield 

B i n  B C h  F e e d  

flow) on conversion per  pass wi th in  the specified 
exper imenta l  range. 

Table  III  presents  some typical  da ta  on deposi t ion 
ra te  and energy.  

Bench-Scale Reactor 

Apparatus 
A la rge r  reac tor  was designed in order  to s tudy 

problems associated with  producing  massive de-  
posits of c rys ta l l ine  boron and thus reducing the 
degree of f i lament contaminat ion.  

A schematic  d iagram of the reactor  is presented  
in Fig. 5. I t  was fabr ica ted  from stainless steel  p ipe  
(30.5 cm in diameter ,  61.0 cm in length)  fitted wi th  
flanges at  each end. Two sight  glasses in the  reac tor  
shell  made  it possible to measure  f i lament t e m p e r a -  
tures  wi th  an opt ical  pyrometer .  The fi lament (46 
cm in length)  was suspended be tween two graphi te  
bushings (6.5 cm in d i ame te r ) .  As in the l abora to ry  
reactor,  the bot tom bushing was suspended in a 
wa te r -coo led  mercu ry  wel l  which provided  for both 
an electr ical  contact  and mechanica l  f reedom for 

�9 ER COOLED 
ELECTRODE 

GASKET 

GAS INLET 

FILAMENT 

PLATE 

|IGHT 
GLASS 

GAS OUTLET 

hWATER JACKET 

Fig. 5. Schematic diagram of bench-scale reactor 

• 100. 

expansion.  Thus the reactor  shell became one elec- 
t r ical  contact, and the lead to the top f i lament bush-  
ing was inser ted  through a gas- t igh t  insula ted  
flange. 

Boron t r ichlor ide  and hydrogen  were  metered  
into this reactor,  and the same techniques of gas 
moni tor ing and deoxidat ion of hydrogen  were  em-  
ployed as in the small  glass reactor.  Since large  
quanti t ies  of unreac ted  boron t r ichlor ide  were  in-  
volved, a re f r igera t ion  sys tem was necessary  for 
recovery  and recycling.  The sys tem consisted of a 
single tube heat  exchanger  and a condenser  main-  
ta ined at  d ry  ice t empera tu re s  (--78~ wi th  d ry  
ice -Methyl  Cellosolve mixtures .  

Experimental Results 
Most of the exper imen ta l  work  was done with  

ver t ica l ly  suppor ted  t i t an ium filaments va ry ing  
f rom 15.25 cm to 30.5 cm in length  and having  a 
0.45 cm diameter .  As in the smal ler  glass system, 
the deposit  developed "hot spots" which eventua l ly  
healed.  I t  was necessary to increase cu r ren t  pe r i -  
odical ly  to main ta in  a deposi t ion surface t e m p e r a -  
ture  of 1000~176 Deposits tended to grow in 
length and, in some cases, up to 50% of thei r  or ig-  
inal  length. As a resul t  of this growth,  the deposits  
genera l ly  became distorted,  s t ruc tu ra l ly  weak,  and 
eventua l ly  broke. Deposits of g rea te r  than 450 g 
were  obta ined  over a 72-hr per iod wi th  average 
deposit ion rates  of 6-8 g /hr .  Conversion per  pass of 
8-20% based on feed ra te  were  obta ined  wi th  over -  
al l  y ie lds  (based on recycled boron t r ich lor ide)  
consis tent ly near  or be t te r  t han  90%. A 454-g boron 
deposi t  app rox ima te ly  5 cm in d iamete r  and 20 cm 
long requi red  an 8 kw power  input  in order  to 
main ta in  a 1000~176 surface tempera ture .  

On microscopic examinat ion,  massive deposits  ap-  
peared  meta l l ic  and crys ta l l ine  wi th  a high luster.  
Cooler areas  were  b lack  and p robab ly  less c rys ta l -  
line. The f i lament was genera l ly  d ispersed th rough-  
out the deposit  and no specific growth format ions  
were  observed.  Surface  samples  analyzed  as high 
as 99.7% but a lways  contained 0.1-0.2% t i t an ium 
indicat ing diffusion of t i tanium.  Massive deposits, 
including all  of the or iginal  filament, were  ground 
to a --100 mesh in large  steel  mortars .  Typical  ana l -  
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Fig. 7. Deposition weight as a funct ion of time. Gas ref- 
erence conditions: pressure 1 atm, temperature = 25~ 
Residence time = 2.4 rain. Volume of reactor = 44 ,500  cmt  
Mole ratio [H2] / [BCI~]  = 8,4. T i tanium f i lament dimensions 

15.25 cm length, 0 .475 cm diameter. Fi lament tempera- 
ture : ~ 1 1 0 0 ~  Equil ibrium conversion ~ 5 8 % .  

Fig. 6. Typical boron deposit (Scale in inches) 

yses are 97.5-98.5% boron,  0.5% t i t an ium,  a nd  the 
r e m a i n d e r  was  mos t ly  iron.  F u r t h e r  detai ls  on 
ana lyses  and  u p g r a d i n g  t echn iques  are p resen ted  
in  a la te r  sect ion on U p g r a d n g  and  in  Tab le  VII. A n  
i l l u s t r a t ion  of a typica l  deposit  s egmen t  is p r e sen t ed  
in Fig. 6. 

Some r e p r e s e n t a t i v e  resul ts  ob ta ined  are p r e -  
sented  in  Tab le  IV. These resul t s  indica te  in  a gen -  
era l  way  tha t  a deposit  of cons iderab le  size could 
be ob ta ined  wi th  t i t a n i u m  fi laments ,  if r u n s  of 
sufficient d u r a t i o n  could be m a i n t a i n e d .  

In  order  to s tudy  the  re la t ionsh ip  b e t w e e n  de-  
posit  weight ,  i n s t a n t a n e o u s  deposi t ion  rate ,  a nd  
t ime, tests were  opera ted  at cons t an t  mole ra t io  
([H~]/[BC13] ----8.4), res idence  t ime  (2.4 m i n ) ,  and  
wi th  in i t i a l  f i l ament  d imens ions  (15.25 cm in  length ,  
0.475 cm in  d i ame te r )  u n d e r  as close t e m p e r a t u r e  
control  as possible. Weigh t  of the deposit  as a f u n c -  
t ion  of t ime  is p r e sen t ed  in  Fig. 7. U n d e r  the  speci-  
fied e x p e r i m e n t a l  condi t ions,  a deposi t ion ra te  of 
14.0 g / h r  was  rea l ized af ter  72 hr  of opera t ion .  

If the  slopes of the  curve  p resen ted  in  Fig. 7 are  
p lo t ted  as a f unc t i on  of to ta l  deposi t ion weight ,  a 
good l inea r  curve  is ob t a ined  up  to abou t  72 hr  or 
deposit  we igh t  of 500 g. A n  equa t i on  for this  l i nea r  
curve  i nvo l v i ng  deposi t ion ra te  and  weigh t  is: 

dw 
- -  0 . 0 2 ~  + 3 .8  [ 4 ]  

dO 

The so lu t ion  of this d i f ferent ia l  equa t ion  resul ts  in  
the re la t ion  

2_ 
w = 1 9 0  (e ~ - 1 )  [5] 

w = weight  (g) ,  8 = t ime  (h r ) .  However ,  this 
equa t i on  is empir ica l ,  and  appl ies  on ly  for the  s ta ted 
condi t ions.  

I t  was observed tha t  the  ra te  of deposi t ion  was 
p ropor t iona l  to the mass (or vo l ume )  of the  deposit  
and  not  to the  a p p a r e n t  geometr ic  surface  area. 
Since the ra te  of deposi t ion is p ropor t iona l  to the  
mass of the deposit ,  it is p robab le  tha t  the  r e q u i r e -  
me n t s  for o p t i m u m  convers ion  are also a func t ion  
of the deposi t  mass  or t ime.  Therefore ,  to m a i n t a i n  

Table IV. Boron deposition on titanium filaments (a~ 
(Mole ratio [H2 ] / [BCh]  = 8.4) 

Ti f i lament  
React ion d imensions  Deposi t  Weight  Conversionb 
dura t ion  ( d i a . •  length) t emp  range  boron per  pass 

(hr) (cm) (~ (g) (%) 

Average  ra te  
of deposi t ion 

(g/hr)  
Yield B~ 

(%) 

126.3 0.475 X 15.25 960-1300 776.9 10.8 
75.0 0.475 X 15.25 1080-1100 563.4 14.4 
5.3 0.475 X 15.25 1000-1200 19.4 4.2 

39.5 0.475 X 15.25 1025-1225 242.2 8.2 
50.0 0.475 X 15.25 1075-1200 396.5 9.0 
34.5 0.475 X 15.25 1050-1200 214.5 7.1 
76.8 0.475 X 15.25 950-1225 568.0 14.5 
12.0 0.475 X 30.5 1075-1500 103.7 16.1 
7.5 0.475 X 30.5 1060-1100 61.7 15.2 
9.8 0.475 X 30.5 1070-1100 79.0 15.5 

40.0 0.475 >< 30.5 i050-1125 352.5 16.3 
10.3 0.475 X 30.5 I065-I085 96.3 17.1 
50.0 0.475 X 61.0 1050-1125 546.0 20.9 

6.2 
7.5 
3.7 
6.1 
7.9 
6.2 
7.5 
8.6 
8.2 
8.1 
8.1 
9.4 

10.8 

98 
94 
69 
77 
92 
85 

88 
73 
85 
84 
80 
96 

Reactor Volume 
a Residence T ime  = = 2.4 rain. 

F low Rate (cma/min) 
Reactor volume = 44,500 cm3; reactor flow = 18,600 cm:~/min; reference conditions = 1 arm at 25~ 

Exper imenta l  Yield 
b Conversion Per Pass = • i00. 

B in BCla Feed 
c Based on BCh recovered from refrigeration cycle. 
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Table V. Principal x-ray diffraction "d" lines, Ca K~ radiation 

T i t a n i u m  T i t a n i u m  
f i l a m e n t  f i l a m e n t  

R e p o r t e d  (7) * 1075~176 1100~176 

5.03 VS 5.12 S 7.82 
4.74 M 5.03 

4.40 VS 
3.92 VS 4.00 W 4.67 
3.56 W 3.25 W 4.44 
3.33 M 3.21 W 3.70 
2.70 W 2.87 W 3.54 
2.53 S 2.86 
2.42 VS 2.64 M 2.60 
2.34 W 2.47 
2.19 W 2.40 
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or  spec t roscop ica l ly ,  a l t h o u g h  t h e r e  is i n d i r e c t  ev i -  
dence  for  b o r i n e  (16-18) .  

G r a p h i t e  
f i iament  Boron Upgrading 

I 0 7 5 ~ 1 7 6  
A t t e m p t s  w e r e  m a d e  to u p g r a d e  b o r o n  p r o d u c e d  

S 5.40 W bo th  in the  l a b o r a t o r y  and  b e n c h - s c a l e  r eac to r s ,  
VS 5.03 W since  m e t a l  c o n t a m i n a t i o n  a p p e a r e d  to b e  s igni f icant  

in a l l  deposi ts .  Two t echn iques  w e r e  e m p o l y e d :  
VS 3.40 VS d e n s i t y  c lass i f ica t ion  and  a ch lo r ine  t r e a t m e n t .  
S 2.88 W 
M 2.70 W Density class~fication.--Several b o r o n  s a m p l e s  
M 2.55 M c on t a in ing  t i t a n i u m  (D ~ 4.5) w e r e  g r o u n d  to a 
M --100 mesh ,  l e a c h e d  in  6M HC1 to r e m o v e  i r o n  i n -  
M 2.42 VW t r o d u c e d  b y  g r ind ing ,  and  w e r e  t hen  s u b j e c t e d  to a 
M 
M d e n s i t y  c lass i f ica t ion  in m e t h y l e n e  b r o m i d e  (D = 

2.49). This  m i x t u r e  s e p a r a t e d  into  h igh  a n d  low 
M 2.04 VW d e n s i t y  componen t s .  The  h e a v i e r  c o m p o n e n t  con-  
M 1.76 VW s is t ing  of p a r t i c l e s  r i che r  in  t i t a n i u m  r e a d i l y  s e p a -  
W r a t e d  f rom the  l i g h t e r  b o r o n  (D ~ 2.33-2.39).  H o w -  

l .52 S 
M 1.43 W ever ,  t h e r e  was  a c o n s i d e r a b l e  a m o u n t  of i n t e r -  
M m e d i a t e  m a t e r i a l  (D = 2.39-2.49) w h i c h  could  not  
M be  s e p a r a t e d  b y  th i s  t echn ique .  A n a l y s i s  showed  a 

1.29 VW s l igh t  " u p g r a d i n g . "  Resu l t s  a r e  p r e s e n t e d  in T a b l e  

VI. 
This  t e c h n i q u e  w a s  also a p p l i e d  to  b o r o n  c o n t a i n -  

ing  t a n t a l u m  (D = 11.2) w h i c h  was  r e a d i l y  s e p a -  
r a t e d  r e s u l t i n g  in  m a r k e d  " u p g r a d i n g . "  One  s a m p l e  
was  u p g r a d e d  f rom 81.5% to 99.8% ( T a b l e  VI ) .  
C a r b o n  (D : - 2 . 4 5 )  cou ld  no t  be  s e p a r a t e d  f r o m  
boron  b y  this  m e t h o d  due  to t he  p r o x i m i t y  of t he i r  
dens i t ies .  

Chlorination.--One p o u n d  cha rges  or  l a r g e r  of 
bo ron  con ta in ing  t i t a n i u m  w e r e  g r o u n d  to a --100 
mesh ,  a n d  w e r e  t r e a t e d  w i t h  ch lo r ine  in  a P y r e x  
t ube  r e a c t o r  A r e a c t i o n  was  o b s e r v e d  b e t w e e n  
300 ~ a n d  350~ r e s u l t i n g  in a vo l a t i l e  l i qu id  w h i c h  
was  iden t i f i ed  as t i t a n i u m  t e t r a c h l o r i d e .  S m a l l  
q u a n t i t i e s  of vo l a t i l e  i ron  ch lo r ides  w e r e  also d e -  
t ec ted .  I n f r a r e d  s p e c t r a  of  t he  r e a c t i o n  p r o d u c t s  
p r o v e d  t h a t  b o r o n  t r i c h l o r i d e  was  not  be ing  f o r m e d  
w i t h i n  t he  p r e s c r i b e d  t e m p e r a t u r e  r ange .  A 900-g  
s a m p l e  (- -100 m e s h )  a n a l y z i n g  97.5% boron ,  1.1% 
t i t a n i u m ,  a n d  0.10% i ron  was  u p g r a d e d  to 99.6% 
boron,  0.3% t i t a n i u m ,  a n d  0.07% i ron  b y  the  ch lo -  
r ine  t r e a t m e n t .  Resu l t s  o b t a i n e d  in s e v e r a l  t y p i c a l  
t r e a t m e n t s  a r e  p r e s e n t e d  in  T a b l e  VII .  

Conclusions 

1. Ra t e  of b o r o n  f o r m a t i o n  in  the  v a p o r  phase  r e -  
duc t ion  of b o r o n  t r i c h l o r i d e  d e p e n d s  m a i n l y  on four  
v a r i a b l e s :  mo le  r a t i o  of h y d r o g e n  to b o r o n  t r i c h l o -  
r ide ,  r e s idence  t ime  of gas m i x t u r e  in t he  r eac to r ,  
d e p o s i t i o n  t e m p e r a t u r e ,  a n d  mass  of depos i t .  F o r  
m a x i m u m  depos i t i on  ra tes ,  l a rge  h y d r o g e n  to bo ron  

2.13 S 
2.02 S 2.05 VS 2.03 
1.74 W 1.77 M 1.76 
1.54 W 1.55 W 1.55 

1.52 M 
1.43 S 1.43 W 1.43 
1.37 M 1.38 M 1.38 

1.35 
1.30 W 1.31 VW 

* V S - - v e r y  s t r o n g  l ine ;  S - - s t r o n g ;  M - - m e d i u m ;  W - - w e a k ;  V W - -  
v e r y  w e a k .  

m a x i m u m  conve r s ion  w o u l d  neces s i t a t e  cons t an t  
r e a d j u s t m e n t  or p r o g r a m m i n g  of  t he  r e a c t i o n  con-  
d i t ions .  As  the  r e a c t i o n  p roceeds ,  i t  is p r o b a b l e  t h a t  
the  depos i t i on  r a t e  w o u l d  a p p r o a c h  the  l i m i t  (58% 
t h e o r e t i c a l  e q u i l i b r i u m  conve r s ion  or  30.3 g / h r )  
e s t a b l i s h e d  b y  e q u i l i b r i u m  a n d  flow condi t ions .  

Crystallinity.--X-ray di f f rac t ion  s tud ies  i n d i c a t e d  
t h a t  s e v e r a l  d i f fe ren t  s a m p l e s  e x h i b i t e d  a c e r t a i n  
d e g r e e  of c r y s t a l l i n i t y .  D a t a  in T a b l e  V c o m p a r e  the  
o b s e r v e d  "d"  va lue s  of bo ron  d e p o s i t e d  on g r a p h i t e  
and  t i t a n i u m  e l e m e n t s  and  the  r e p o r t e d  "d"  v a l u e s  
of c r y s t a l l i n e  bo ron  whose  s t r u c t u r e  has  been  es-  
t a b l i s h e d  as a t e t r a g o n a l  un i t  w i t h  f if ty a toms  a r -  
r a n g e d  to fo rm fou r  n e a r l y  r e g u l a r  l i n k e d  icosa-  
h e d r a  (7 ) .  In  a l l  cases  no b o r i d e  l ines  w e r e  d e -  
tec ted ,  i n d i c a t i n g  t h a t  t i t a n i u m  or  ca rbon  and  bo ron  
fo rm m a i n l y  sol id  so lu t ions  r a t h e r  t h a n  c r y s t a l l i n e  
c o m p o u n d s  a t  t he  depos i t i on  t e m p e r a t u r e s  i n d i -  
cated.  A w i d e  v a r i a t i o n  in "d"  l ine  spac ings  was  o b -  
s e rved ;  h o w e v e r ,  a s a m p l e  f rom a r eg ion  in  excess  
of 1200~ showed  a r e s e m b l a n c e  to va lue s  r e p o r t e d  
in t he  l i t e r a t u r e .  B o r o n  d e p o s i t e d  on  t i t a n i u m  e x -  
h ib i t ed  a c o n s i d e r a b l y  g r e a t e r  d e g r e e  of c r y s t a l l i n -  
i ty  t h a n  b o r o n  depos i t ed  on g r a p h i t e  f i laments .  I t  
has  b e e n  shown  p r e v i o u s l y  t h a t  the  c r y s t a l  s t r u c -  
t u r e  of bo ron  is a func t ion  of t e m p e r a t u r e  and  m a y  
e x p l a i n  the  d i f fe rences  o b s e r v e d  in  c r y s t a l l i n i t y  of 
bo ron  depos i t ed  on t i t a n i u m  f i l aments  (15) .  

Examination oS reaction products.--Exhaust gases  
f rom the  r eac to r  w e r e  m o n i t o r e d  and  a n a l y z e d  w i t h  
an  i n f r a r e d  s p e c t r o p h o t o m e t e r .  S m a l l  q u a n t i t i e s  of 
d i b o r a n e  (B~H~) w e r e  iden t i f i ed  in  t he  e x h a u s t  gases  
as w e l l  as h y d r o g e n  ch lo r ide  and  excess  b o r o n  t r i -  
ch lor ide .  

S ince  d i b o r a n e  was  o b s e r v e d  in  t he  e x h a u s t  gases,  
t he  m e c h a n i s m  for  t he  f o r m a t i o n  of b o r o n  m a y  in -  
vo lve  a s t e p w i s e  r e d u c t i o n  such as: 

BC13 --> BH~ -~ B_~H~ ~ ]3 

Bor ine  (BH~) has  n e v e r  b e e n  o b s e r v e d  c h e m i c a l l y  

Table VI. Density classification of boron containing 
tantalum and titanium 

F i l a m e n t  i m p u r i t y  

P e r  c e n t  b o r o n  
B e f o r e  c l a s s i f i ca t ion  A f t e r  c l ass i f i ca t ion  

Ti 94.5 97.0 
(5.4% Ti) (2.1% Ti) 

Ta 90.8 98.4 
Ta 92.2 97.7 
Ta 86.4 90.1 
Ta 90.1 98.7 
Ta 81.5 99.8 
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Table VII .  Analyses of boron deposited on titanium before and after chlorination 
( Bench-scale reactor) 

% R % Ti % Fe % Mg % Si % Cu Analys is  R e m a r k s  

95.8 4.0 0.098 0.0026 0.050 0.014 Spec. Before chlorination 
99.7 0.18 0.054 0.0024 0.030 0.0034 Spec. After  chlorination 

96.9 1.79 0.04 0.05 Chem. Before chlorinat ion 
99.6 0.32 0.026 0.00058 0.028 0.0017 Spec. After  chlorinat ion 

94.6 4.3 0.01 0.26 Chem. Before chlorinat ion 
99.6 0.36 0.03 0.0017 0.022 0.0058 Spec. After chlorination 

97.5 1.1 0.10 0.26 Chem. Before chlorination 
99.6 0.28 0.074 0.0011 0.017 0.074 Spec. After chlorinat ion 

98.0 1.7 0.24 0.0024 0.036 0.015 Spec. Before chlorinat ion 
99.0 0.76 0.090 0.0015 0.12 0.016 Spec. After  chlorinat ion 

99.4 0.79 0.05 0.06 Chem. After  chlorination 
99.4 0.50 0.052 0.00064 0.018 0.0036 Spec. After  chlorination 

t r ich lor ide  mole  rat ios on the order  of 8-12 are 
desirable .  Deposi t ion  t e m p e r a t u r e s  in  excess of 
1000~ and  low res idence  t imes are also desirable .  

2. Since c o n t a m i n a t i o n  is i nev i t ab l e  d u r i n g  the 
process of deposi t ing  boron  on meta l l i c  f i laments ,  it  
is be t t e r  to use f i l ament  ma te r i a l s  tha t  are least  
ob jec t ionab le  f rom a weigh t  s t a n d p o i n t  and  ease of 
removal .  T i t a n i u m  appears  to be su i tab le  as a fila- 
m e n t  metal ,  s ince it can be r ead i ly  r emoved  f rom 
boron  by  t r e a t m e n t  wi th  chlor ine  at t e m p e r a t u r e s  
(300~176  wel l  be low the repor ted  t e m p e r a t u r e  
(550~ for b o r o n - c h l o r i n e  combina t ion .  Also, t i t a -  
n i u m  forms a good conduc t ive  core in  the  deposi t  
such tha t  low res is tance  is rea l ized  in  all  t e m p e r a -  
tu re  ranges.  High d e p o s i t - t o - f i l a m e n t - d i a m e t e r  
ra t ios  should be ob ta ined  in  order  to m i n i m i z e  me ta l  
c e n t a m i n a t i o n  and  this is possible w i th  t i t a n i u m  as 
a core. 

3. Crys ta l l ine  boron  of 99.0-99.6% p u r i t y  by  di -  
rect  assay can be p roduced  by  vapor  phase r educ -  
t ion fol lowed by  a ch lo r ina t ion  step. 

4. C rys t a l l i n i t y  appears  to be a func t ion  of t e m -  
pe ra tu r e  and  m a y  be a func t ion  of f i lament  mate r ia l .  

5. A re la t ionsh ip  b e t w e e n  weigh t  of deposi t  and  
reac t ion  t ime  was  de t e rmined ,  wh ich  ind ica tes  t ha t  
the  ra te  of deposi t ion is a f unc t i on  of deposit  weight .  

Manuscript  received Feb. 10, 1958. This paper was 
prepared for delivery before the New York Meeting, 
Apri l  27-May 1, 1958. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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ABSTRACT 

A review of the techniques for isolating scandium in a pure state is pre-  
sented, including the newest cation-exchange methods. These methods include 
elution with ethylenediaminetetraacetate and N-hydroxyethylethylenediamine-  
triacetate solutions and the use of copper and lead ions, respectively, as retain-  
ing ions which permit passage of scandium but retain rare earth ions. A new 
approach to opening thortveitite ore by treating with ammonium bifluoride and 
reducing the mixed metal  fluorides to the metallic state with calcium is pre-  
sented. 

In connection with  its studies of the ra re  ear th  
elements,  the Ames Labora to ry  has been in teres ted  
in the isolation and purif icat ion of scandium. Meth-  
ods used in the past  to p repa re  pure  Sc salts include 
f ract ional  precipi ta t ion,  sublimation,  solvent  ex t rac -  
tion, and ion exchange. 

Scandium may  be prec ip i ta ted  as the phosphate,  
fluoride, oxalate,  basic ta r t ra te ,  basic thiosulfate,  
basic carbonate,  basic acetate,  hydroxide ,  and va r i -  
ous double  sulfates (1).  No a t t empt  is made  here  to 
evaluate  all  of these methods individual ly .  Suffice 
it to say, no one prec ip i tan t  isolates Sc quan t i t a t ive ly  
from all  of the elements  wi th  which it is contami-  
nated in its na tu ra l  states. The great  u t i l i ty  of p re -  
c ipi ta t ional  methods lies in thei r  use as concent ra t -  
ing steps in which the Sc is g radua l ly  upgraded.  
Combinat ions of these methods will,  of course, 
eventua l ly  yield pure  Sc with  losses occurr ing de-  
pending on the prec ip i tan ts  used and propor t iona l  
to the number  of repet i t ions  requi red  to achieve the 
desired pur i ty .  

The subl imat ion  of acetylacetonates  (1) and the 
volat i l izat ion of chlorides (2), l ikewise,  do not gen- 
e ra l ly  resul t  in complete  separa t ion  of Sc f rom all  
of the contaminat ing  elements.  

Solvent  ext rac t ion  procedures  have a dist inct  
advan tage  over  prec ip i ta t ional  methods in tha t  
repet i t ions  of the ex t rac t ive  procedure  are easi ly 
carr ied  out. Since the mater ia l s  remain  in a l iquid 
phase, no redissolut ion steps are  necessary.  Such 
procedures  have  been used f requent ly  in the isola-  
t ion of Sc and include ext rac t ion  of scandium ace ty l -  
acetonate by benzene or e thyl  acetate  (1),  the chlo- 
r ide and n i t ra te  by  t r i - n - b u t y l  or thophosphate  (3),  
the thenoyl t r i f luoroacetonate  wi th  benzene (4, 5), 
the cupfer ra te  wi th  chloroform (6, 7), and the th io-  
cyanate  wi th  d ie thyl  e ther  (1).  The l a t t e r  proce-  
dure  wi l l  be ment ioned again in connection with  
methods employed at Iowa Sta te  College for the 
purification of Sc. 

Severa l  ion-exchange  techniques have been ap-  
pl ied to the isolation of Sc. For  example ,  an anion-  
exchange resin in conjunct ion wi th  chloride mix -  
tures  in 12N HC1 has been used to separa te  Sc f rom 
those elements  which are not capable  of forming 

anionic chloride complexes (8),  and successful elu-  
t ions have been made  f rom ca t ion-exchange  resins 
using citric acid (9),  n i t r i lo t r iacet ic  acid (10), g ly-  
colic acid (11), e thy lenediamine te t raace t ic  acid 
(10), and hydraz ine-N,N ' -d iace t i c  acid (12). Some 

of these methods have been demons t ra ted  only on 
the t racer  scale, while wi th  la rger  quant i t ies  the 
invest igators  were  sometimes p lagued wi th  the 
format ion of prec ip i ta tes  in the resin bed. I t  is l ike ly  
tha t  the prec ip i ta tes  which formed were  due to an 
unfor tuna te  choice of the  re ta in ing  ion, improper  
pH of the eluant,  or excessive concentrat ion.  Never -  
theless, it  is apparen t  tha t  the ion-exchange  tech-  
niques used to date could be improved  upon. 

Recently,  several  hundred  grams of thor tve i t i t e  
ore were  obtained from the Norsk Fe ldspa t  Com- 
pany  of Norway.  Marble  and Glass (13) have re -  
ported that  such mate r i a l  contains about  45% SiO2, 
34% Sc,O3, 11% ra re  ear th  oxides (p r imar i ly  y t t e r -  
bium, lu te t ium,  thulium, erbium, dysprosium, y t t r i -  
um, and gadol in ium) ,  5% AI~O,, and 3% FelOn. As 
wil l  be seen later ,  thor tve i t i t e  also contains t races  
of many  other elements.  Marble  has described the 
difficulty encountered in dissolving this ore which 
is occasioned by its ve ry  high silica content. The 
classical procedure  used by Urbain  and Urba in  (14) 
involved a series of caustic fusions fotlowed by  re -  
moval  of most of the resu l tan t  sodium silicate by 
wa te r  leachings. The res idue of Sc and other  in-  
soluble meta l  hydroxides  was then t rea ted  with  d i -  
lute  minera l  acid to obtain the meta l  values  in solu- 
ble form. This procedure  is not en t i re ly  sat isfactory 
owing to the difficulty encountered in fi l tering the 
s l imy hydroxides  from the leachate  and in removing 
the r ema inde r  of the  silica after  the hydrox ide  res i -  
due has been dissolved in di lute  acid. Other proced-  
ures used in the past  for opening thor tve i t i t e  ore in-  
clude those of Iya  (15), Vickery  (16), and Ada -  
molt (17). 

Iya  heated the pulver ized  ore wi th  1.2 par t s  of 
carbon for 30 min at  1800~ in order  to form a mix -  
ture  of carbides.  The var ious  meta l  carbides  decom- 
posed in d i lu te  HC1 giving a solution of chlorides 
which could be separa ted  f rom the res idue of ex-  
cess carbon, silica, and silicon carbide.  

683 
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Vickery  ob ta ined  c rude  ScC1, f rom the ore by  
m i x i n g  f inely g round  thor tve i t i t e  w i th  ca rbon  a nd  
hea t ing  in  a tube  fu rnace  at  800~176 in  a s t r eam 
of chlorine.  Since ScCI~ does no t  vola t i l ize  be low 
about  970 ~ , i t  was f inal ly  leached f rom the  mel t  
wi th  water .  

Adamol i  ex t rac ted  Sc f rom its ores in  a nove l  
m a n n e r .  He developed a process in  which  the  ore 
was mixed  wi th  a spa r ing ly  soluble  me t a l  f luoride 
(CaF,  for e x a m p l e ) .  Nex t  he added  a so lu t ion  of a 
m i n e r a l  acid and  an  a lka l i  m e t a l  sal t  of tha t  acid 
(HC1 and  NaC1 for e x a m p l e ) .  The  r e su l t i ng  pas te  
was hea ted  at  a low t e m p e r a t u r e  to fo rm a w a t e r -  
soluble  salt  of the me ta l  which  was  o r ig ina l ly  added 
in  the  form of a spa r ing ly  soluble  f luoride (CaCI~ 
fo rmed  in  this  pa r t i cu l a r  i n s t ance ) .  The l iqu id  and  
the  w a t e r - s o l u b l e  salts were  t h e n  r emoved  and  the  
res idue  was b r ique t t ed  and  fired at  a h igh t e m p e r a -  
tu re  in  order  to fo rm a w a t e r - s o l u b l e  complex  
f luoride of Sc. The r e su l t ing  hexaf luoscanda te  ion 
was  t hen  leached f rom the reac t ion  mass.  

Recent  work  in  this  l abo ra to ry  on the  p r e p a r a t i o n  
of r a re  ea r th  fluorides by  reac t ion  of the  oxides wi th  
a m m o n i u m  bif luoride suggested a s imi la r  t r e a t m e n t  
for tho r tve i t i t e  which  wou ld  e l im ina t e  si l icon as the 
vola t i le  te t raf luoride.  The r e su l t i ng  m i x t u r e  of 
me ta l  fluorides, con ta in ing  the Sc, could be reduced  
to the  meta l l i c  s tate  w i th  an  act ive m e t a l  such as Ca 
or Mg. The  meta l s  wou ld  t hen  be eas i ly  soluble  in  
d i lu te  acid and  the Sc could be purif ied by  so lvent  
ex t rac t ion  a n d / o r  ion exchange.  

Exper imental  

Preparation o~ Crude Scandium Fluoride 

The thor tve i t i t e  was g round  to a powder  b y  m o r -  
ta r  and  pest le  and  then  ba l l -mi l l ed .  A por t ion  
weigh ing  307 g was mixed  wi th  950 g of d ry  a m -  
m o n i u m  bif luoride ( abou t  25% excess) and  hea ted  
ove rn igh t  at 375~176 in  a p l a t i n u m  boat. A slow 
s t r eam of air  was passed t h rough  the  appa ra t u s  to 
r emove  the gaseous products .  The reac t ion  m a y  be 
r ep resen ted  as: 

Purification of the scandium by extraction wi th  
ether f rom a thiocyanate solut ion.--The meta l  b u t -  
tons  were  dissolved sepa ra t e ly  in  HC1 a nd  each solu-  
t ion  was t rea ted  wi th  a m m o n i u m  th iocyana te  and  
ex t rac ted  wi th  d ie thy l  e ther  according to the p ro -  
cedure  of F ischer  a nd  Back (1) .  Af te r  evapora t i ng  
the ether,  the  res idues  were  ign i ted  at 800~ and  
sub jec ted  to qua l i t a t i ve  spect rographic  analyses .  
The resul ts  are  shown  in  Tab le  I. 

It  is a p p a r e n t  tha t  all  of the  con taminan t s ,  ex-  
cept Be, t end  to concen t ra t e  in  the  aqueous  phase,  
bu t  the  separa t ion  of Sc f rom rare  earths,  Fe, and  
m a n y  other  e l ements  is not  comple te  af ter  a s ingle  
ex t r ac t ion  of s cand ium th iocyana te  w i th  ether .  A l -  
though  the  p roduc t  u n d o u b t e d l y  could have  been  im-  
proved  grea t ly  by  f u r t he r  ex t rac t ions  of this sort, 
it was decided to t r y  an  i o n - e x c h a n g e  me thod  for 
the separa t ion  of Sc f rom the r e m a i n i n g  impur i t i es .  

Purification of scandium by ion-exchange elution 
wi th  N-hydroxye thy le thy lenediaminetr iace t ic  acid. 
- - T h e  enr iched  s c a n d i u m  oxide samples  were  com- 
b ined  and  dissolved in  HC1. The  Sc was t hen  ad -  
sorbed on a res in  bed of 40-50 mesh  A m b e r l i t e  IR-  
120, 2 in. in d i ame te r  and  abou t  4 ft  long, i n  the  hy -  
d rogen  ion cycle. Af te r  r i n s ing  the  bed  wi th  dis-  
t i l led  water ,  e lu t ion  was  b e g u n  wi th  an  e l u a n t  con-  
t a i n i ng  5 g of N - h y d r o x y e t h y l e t h y l e n e d i a m i n e t r i -  
acetic ( H ED TA )  acid per  l i ter,  buffered  to a pH of 
7.4-7.6 w i th  a m m o n i u m  hydroxide .  Two add i t iona l  
beds, 1 in. in  d i ame te r  by  about  4 ft long, in  the  hy -  
d rogen  cycle, were  used as r e t a i n i n g  beds. A flow 
ra te  of 2-3 m l / m i n  was m a i n t a i n e d  whi le  consecu-  
t ive  f rac t ions  were  be ing  caught .  

Since no b a n d  f ronts  were  visible,  the col lect ion 
of samples  was  b e g u n  i m m e d i a t e l y  af ter  the  s tar t  
of e lut ion.  The first 60 1 of e lua te  y ie lded  a lmost  no 

Table I. Qualitative spectrographic analysis of oxide fraction 
obtained after ether extraction of the thiocyanate 

Firs t  Ba tch  Second Batch  

Contam- H20 phase Ether phase 1-120 phase Ether phase 
inant  (wt 19.4 g) (wt 44.2 g) (wt 18.4 g) (wt 44.9 g) 

R~O~-SiO2 + 10NH~HF~-~ 2RF~ + SiF, + 

10HF + 10NH~ + 5H~O 

The symbol  R represen t s  Sc, A1, Fe, and  r a r e  earths.  

The product  of this reac t ion  was l ight  b r o w n  in  color 
and  weighed  240 g. 

Reduction o] Crude Scandium Fluoride wi th  Calcium 

The fluoride m i x t u r e  p r epa red  above was d iv ided  
into two por t ions  of 120 g each. Each ba tch  was 
combined  wi th  75 g of Ca me ta l  ( abou t  10% ex-  
cess) in  a Ta crucible ,  and  reduced  by  hea t i n g  the  
cruc ib le  and  its conten ts  to 1400~ u n d e r  an  a rgon  
a tmosphere .  This is the  same genera l  p rocedure  
used to p repa re  the  ra re  ea r th  metals .  A c lean  sepa-  
ra t ion  was ob ta ined  b e t w e e n  the  me ta l  and  slag in  
each case, bu t  the me t a l  adhered  to the  Ta crucible.  
Consequen t ly ,  the Ta foil, of which  the crucibles  
were  const ructed,  had  to be peeled a w a y  to ob t a in  
the me ta l  bu t tons .  One we ighed  50 g and  the  o ther  
48.2 g. 

A1 M W M W 
Be W M W M 
Ca M VW M VW 
Co T - -  T - -  
Cr W T W - -  

Cu W FT W T 
Dy W - -  W - -  
E r  W - -  W - -  
Fe S M S M 
Gd W - -  W - -  

Lu M W M W 
Mg W VW W VW 
Mn M W M W 
Ni VW - -  VW - -  
Sc M VS M VS 

Sn VW - -  VW VW 
Th T - -  T - -  
Ti W T W T 
Tm M - -  M - -  
Y S W S W 
Yb M VW M VW 

VS, v e r y  s trong;  VW, v e r y  weak ;  S, s t rong;  M, modera te ;  W, 
weak ;  T, t race;  - - ,  not  detec ted .  
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Table II. Fractions obtained by elution of crude scandium with N-hydroxyethylethylenediaminetriacetic acid 

685 

S a m -  
ple  W t  of 
No. Vol S o l u t i o n  color  Ox ide  co lor  ox ide  C o m p o s i t i o n  

1 - 3 60 Colorless Brown 0.17 
4 4 Yellow Tan  0.07 
5 12 Yellow Brown 1.83 
6 6 Yellow Tan 4.10 
7 10 Lt. yellow Cream 7.20 
8 7.5 Pale yellow Yellowish 5.13 
9 10 Colorless Yellowish 7.02 

10 10 Colorless White 8.13 
11 10 Colorless White 8.36 
12 10 Colorless White 9.41 
13 10 Colorless White 8.43 
14 10 Colorless White 5.11 
15 20 Colorless White 6.35 
16 10 Colorless White 2.94 
17 10 Colorless White 6.26 
18 15 Colorless Dirty white 2.64 
19 13 Colorless Tan 3.00 
20 12 P ink  Brown 1.35 
21 15 Colorless Tan 0.12 

Total weight recovered 84.00 g 

Chiefly Fe, Ca 
Chiefly Fe, Ca 
Sc with Fe 
Sc with Fe 
Sc tr. Fe; ~0.01%Y 
Sc tr. Fe; ~0.03%Y 
Sc tr. Fe; ~0.01%Y, Lu, Yb 
Sc ~0.01%Y, Lu, Yb 
Sc ~0.01%Y, Lu, Yb 
Sc: ~0.01%Y, Lu, Yb 
Sc: ~-,0.01%Y, Lu, Yb 
Sc: ~0.01%Y, Lu, Yb 
Sc: ~0.01%Y, Lu, Yb 
Sc: ~0.01%Y, Lu, Yb 
Sc: ~0.02%Y; ~0 .0 i%Lu;  ~0.02%Yb 
Sc: ~0.03%Y; ~0.9%Lu;  ~0.1%Yb 
Sc&Y; rare earths; tr .Mn 
Sc,Y&Mn; rare earths 

res idue  upon  evapora t ion  and  igni t ion.  ~ At  this 
point ,  the e lua te  t u r n e d  s l ight ly  ye l low and  the  n e x t  
22 1, spread  over severa l  i n d i v i d u a l  samples,  gave 
oxide res idues  v a r y i n g  in  color f rom a l ight  t a n  to 
da rk  b r o w n  and  back  to a l ight  tan.  The weights  of 
recovered  oxide over  this same reg ion  increased  
f rom no th ing  to abou t  6.8 g/10-1 fract ion.  The nex t  
th ree  consecut ive  samples  gave a pale  c ream-co lo red  
oxide we igh ing  a l i t t le  more  t h a n  7 g/10-1 fract ion.  
The  n e x t  four  samples,  to ta l ing  40 1, con ta ined  more  
t h a n  8 g of whi te  oxide per  10-1 fract ion.  The 
weights  t h e n  began  t ape r ing  off and  only  20.8 g of 
wh i t e  oxide were  rea l ized f rom the  nex t  50 1 of 
e luate .  The oxide recovered  f rom the las t  55 1 of 
e lua te  d imin i shed  g r adua l l y  in  weight  and  also 
u n d e r w e n t  a change  in  color r a n g i n g  f rom c ream 
to b r o w n i s h - t a n  to b r o w n  wi th  a t inge  of b lue  a nd  
then  back  to l ight  tan.  Ana lyses  of the  f rac t ions  are 
g iven  in  Tab le  II. 

On ly  84 g of res idues  were  ob ta ined  f rom an  or ig-  
ina l  89 g of crude  oxide. Since a grea t  deal  of care 
was  t a k e n  in  evapora t ing  down  and  recover ing  all  
the res idues  f rom the  f inal  purif icat ion,  it  is t hough t  
tha t  the 5-g loss was  due  to undecomposed  s c a n d i u m  
sulfa te  i n  the  c rude  oxide sample  t aken  for this  
exper imen t .  I t  is possible tha t  some sul fa te  could 
have  fo rmed  d u r i n g  the  ign i t ion  of the s c a n d i u m  
th iocyana te  to w h a t  was though t  to be s c a n d i u m  
oxide. Su l fa t e  would  be e l im ina t ed  as the s c a n d i u m  
was loaded on the i o n - e x c h a n g e  columns.  In  a ny  
event ,  a y ie ld  of 48.73 g of v e r y  p u r e  Sc~O~ was ob-  
t a ined  by  this  e lu t ion  w i th  H E D T A  and  ano the r  
19.35-g por t ion  was  ob ta ined  which  showed on ly  a 
t race  of iron.  This l a t t e r  m a t e r i a l  could be f reed  

1 R e c o v e r y  of  a l l  s amples  wa s  a c c o m p l i s h e d  b y  b o i l i n g  the  e lua t e  
to d rynes s  a n d  d e s t r o y i n g  the  o rgan i c  m a t t e r  w i t h  n i t r i c  acid.  F r o m  
p r e v i o u s  exper ience ,  i t  wa s  f o u n d  t h a t  d u r i n g  t r e a t m e n t  w i t h  HNOs, 
the  r e s idue  f r e q u e n t l y  b u r s t  in to  f lame,  e x p e l l i n g  some of  t h e  ash  
f r o m  the  beaker .  F o r  t h i s  reason,  l a rge  bea ke r s  we re  used  and  
t h e y  w e r e  k e p t  covered ,  s ince  i t  a p p e a r e d  t h a t  t he  gaseous  p r o d u c t s  
e v o l v e d  in  t h e  r e a c t i o n  were  capab le  of c o n t r o l l i n g  the  b u r n i n g  ra te  
i f  t hey  w e r e  conf ined  o v e r  t he  b u r n i n g  ash.  A t t e m p t s  to  i g n i t e  m a -  
t e r i a l  t a k e n  to d rynes s  be fore  d e s t r o y i n g  t he  o rgan ic  m a t t e r  r e s u l t e d  
i n  the  m a t e r i a l  s w e l l i n g  s e ve ra l  t imes  i t s  size a nd  t o p p l i n g  ou t  of  
the  c ruc ib l e  l i k e  " P h a r a o h ' s  S e r p e n t s "  d u r i n g  t h e  c h a r r i n g  process.  

f rom i ron  w i th  l i t t le  difficulty. Since most  of the 
o ther  f rac t ions  con ta in  la rger  a m o u n t s  of impur i t i es ,  
they  wi l l  be r e s u b m i t t e d  to the th iocyana te  ex t rac -  
t ion  process before  be ing  processed f u r t h e r  by  ion-  
exchange.  

Other methods ]or purifying scandium by ion- 
exchange elution.--Two other  methods  h a v e  been  
used in  p r e p a r i n g  pu re  s c a n d i u m  oxide at  the  Ames  
Labora to ry .  One  takes  a dva n t a ge  of the fact tha t  
cupr ic  ion wi l l  r e t a in  all  the r a r e  ea r ths  a nd  m a n y  
common  impur i t i e s  such as Ni, Pb,  Zn, Co, Cd, Mn, 
Ca, Mg, Be, Sr, and  Ba w h e n  e t h y l e n e d i a m i n e t e t r a -  
acetic acid (EDTA)  is used as the e luant ,  b u t  wi l l  
not  r e t a i n  Sc. By e lu t ing  a c rude  m i x t u r e  c o n t a i n i n g  
Sc d o w n  a cupr i c - s t a t e  res in  bed wi th  0.0153M 
EDTA solu t ion  at  a pH of 8.4, a ve ry  good yie ld  of 
p u r e  Sc has been  obta ined.  The chief  difficulty w i th  
this  method  is tha t  the Sc is first ob ta ined  as a m i x -  
tu re  wi th  cupr ic  ion and  m u s t  be purif ied f u r t h e r  
e i ther  by  e lec t rop la t ing  out  the Cu or by  p rec ip t a t -  
ing the Cu as copper sulfide. Also, cupr ic  ion r e t a ins  
ferrous,  bu t  no t  ferr ic  ion. 

The o ther  me thod  is ve ry  s imilar ,  except  tha t  Pb  
is used as the r e t a i n i n g  ion a nd  N - h y d r o x y e t h y l -  
e t hy l e ne d i a mi ne t r i a c e t i c  acid is used as the  e luant .  
Again,  most  cations, i nc lud ing  the  ra re  earths,  are  
r e t a ined  whi le  Sc is not.  A good yie ld  of p u r e  Sc has  
been  ob ta ined  by  e lu t ing  a m i x t u r e  con t a in ing  Sc 
down  a l ead - s t a t e  res in  bed wi th  0.018M H EDTA at 
a pH of 7.6 and  r e m o v i n g  lead f rom the Sc f rac t ions  
by  p rec ip i t a t ion  wi th  H~S. Copper  and  n icke l  are 
no t  r e t a ined  by  Pb  and,  therefore ,  m u s t  also be con-  
s idered if they  are present .  Copper,  of course, is 
r emoved  a long wi th  the  lead d u r i n g  t r e a t m e n t  w i th  
H~S so tha t  its p resence  creates  no rea l  p rob lem.  
S c a n d i u m  and  n icke l  can  be separa ted  r ead i ly  by  
the  th iocyana te  ex t rac t ion  process m e n t i o n e d  earl ier .  

Summary 

Al though  the re  are a n u m b e r  of a l t e r n a t i v e  ap-  
proaches  by  which  Sc mi gh t  be purified,  the  methods  
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descr ibed h e r e i n  are  qu i te  s t r a igh t fo rward .  F i r s t  of 

all, the  r e m o v a l  of s i l icon by  t r e a t m e n t  w i t h  a m m o -  

n i u m  bif luoride is e legant  in  its opera t iona l  s im-  

plici ty.  Next,  the  m i x t u r e  is conver ted  to soluble  

form by  r educ t ion  to the  meta l l ic  s tate  and  subse-  
quen t  d issolu t ion  in  HC1. A n y o n e  who has a t t e mp t e d  

to filter si l icate solut ions  or who has a t t emp ted  to 

redissolve inso luble  fluorides in  q u a n t i t y  wi l l  appre -  

ciate the advan tages  of these procedures .  The  th io-  

cyana te  p rocedure  is s imple  to pe r fo rm  and  removes  
a ma jo r  a m o u n t  of the  impur i t i e s  bu t  would  have  to 
be repea ted  a n u m b e r  of t imes in  order  to achieve 

the  separa t ion  f rom rare  ear ths  tha t  can be ob ta ined  

by  ion -exchange .  Consequent ly ,  we have  chosen to 

pe r fo rm  only  one th iocyana te  ex t r ac t ion  before  r e -  

sor t ing  to i on -exchange .  

Manuscript  received May 8, 1958. This paper was 
presented at the New York Meeting, April  27-May 1, 
1958. It  is Contr ibut ion No. 634; work was performed 
in the Ames Laboratory of the Atomic Energy Com- 
mission. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1959 JOURNAL. 
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Cathode Potentials during the Electrodeposition of Molybdenum 
Alloys from Aqueous Solutions 

D. W. Ernst 1 and M. L. Holt 

Chemistry Department, Univers{ty o5 W/sconsin, Madison, W/scons~n 

ABSTRACT 

Cathode potential  measurements  are used to explain the cathode reactions 
that  result  in the electrodeposition of molybdenum alloys. Potentials  were 
measured by the direct method dur ing the electrolysis of aqueous ammoniacal  
citrate solutions containing sodium molybdate  and the sulfate of a codepositing 
metal,  iron, nickel, or cobalt. The results indicate that  the reduct ion of molyb-  
date ion in this type of bath is probably not accomplished in one step with six 
electrons, but  with one, two, or three electrons depending on the codepositing 
metal and its oxidation state in the bath. The results also indicate that  hydrogen 
is involved in the molybdate reduction process. A two-step mechanism for the 
reduction of molybdate  ion in the presence of a codepositing metal  is proposed 
and an explanat ion of why this metal  must  be iron, cobalt, or nickel ra ther  than  
such metals as chromium, manganese,  copper, or zinc is presented. 

M o l y b d e n u m  read i ly  codeposits wi th  Fe, Co, or 
Ni f rom aqueous  solu t ions ;  however ,  in  cont ras t  to 
this, the  e lec t rodeposi t ion  of apprec iab le  a m o u n t s  
of pu re  Mo f rom aqueous  so lu t ion  has  no t  been  
accomplished.  The  purpose  of this w o r k  was  to 
ob ta in  e x p e r i m e n t a l  da ta  tha t  wou ld  help to ex-  
p l a in  this cathodic behav io r  of Mo. Cathode  po ten -  
t ia l  m e a s u r e m e n t s  made  d u r i n g  electrolysis  seemed 
to be a logical  approach  to the p r o b l e m  since p re -  
vious  s tudies  of the  effect of the va r ious  b a t h  con-  
s t i tuents ,  pH, c u r r e n t  densi ty,  and  t e m p e r a t u r e  on 
cathode c u r r e n t  efficiency and  al loy composi t ion  
did not  y ie ld  sufficient i n f o r m a t i o n  (1) .  F r a n t s e -  

1pre sen t  address :  Nat ional  Bureau  of S tandards ,  Washington ,  
D . C .  

v i c h - Z a b l u d o v s k a y a  (2) u t i l ized  po la r i za t ion  
curves  in  the r ecen t ly  repor ted  resul t s  of his i n -  
ves t iga t ion  of the deposi t ion  of Ni-Mo, Fe-Mo,  and  

F e - N i  alloys. 

Experimental Details 

The cathode poten t ia l s  r epor ted  here  were  meas -  
u r ed  by  the  direct  method.  The cell des ign  p e r -  
mi t t ed  the cathode to be r emoved  for we igh ing  and  
also a l lowed the t ip of the  cap i l l a ry  br idge  to be 
placed in  the same posi t ion for each run .  The  
cap i l l a ry  t ip connec t ing  the cathode w i th  the  re f -  
e rence  electrode was placed nea r  the face of the  
cathode, bu t  it  could have  been  located in  o ther  
posi t ions on or nea r  the  cathode (3 -6) .  The  cell, 
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Fig. 1. Cathode potential cell showing: 1, anodes; 2, 
cathode; 3, Lucite nut on cathode holder; 4, calomel refer- 
ence electrode; 5, anode connection; 6, Pt wire for cathode 
connection; 7, tip of glass bridge; 8, thermometer; 9, screw 
for holding cathode assembly. 

Fig. 1, was  made  f rom a c u t - d o w n  500 m l  t a l l - f o r m  
P y r e x  beake r  fitted w i th  a Luci te  cover 10.2 cm x 
10.2 cm x 1.9 cm. There  were  openings  in  the 
cover for two anodes, 3 cm x 3 cm x 0.03 cm, a 
cathode of the same size, a t he rmomete r ,  a nd  a 
glass br idge  for the  re fe rence  electrode.  Each P t  
anode  was  held  in  pos i t ion  a p p r o x i m a t e l y  3 cm 
from the cen t ra l ly  placed cathode held  in  a special  
holder.  The r emovab l e  cathode holder  consisted of 
a fiber rod (3.8 cm x 0.64 cm)  m a c h i n e d  wi th  a 
t ape red  t h r ead  and  slot on one end;  the  slot was  
closed by  t i gh t en ing  a Luci te  nu t .  The P t  cathode 
had a tab,  0.8 c m x  0.7 cm, which  fitted into the 
slot on the  fiber rod. A P t  wi re  h a v i n g  a s imi la r  
P t  tab  on one end  was  inse r ted  in  the  fiber rod to 
serve as the cathode connect ion.  W h e n  the two 
tabs were  placed in  the slot and  the n u t  t i gh tened  
a good electr ical  connec t ion  was  made.  The ca th-  
ode assembly  was placed in  the  Luci te  cover  and  
held  in  place by  a screw. 

The b r idge  for the re fe rence  e lect rode was  m a d e  
f rom 12 m m  P y r e x  t u b i n g  wi th  one end  d r a w n  out  
to a t ip  1 m m  in  d i a m e t e r  and  4 cm long.  Two 90 ~ 
bends  p e r p e n d i c u l a r  to each o ther  were  made  in  
the  tip. The  g lass -s leeved calomel  re fe rence  elec-  
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11 
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for measuring cathode Fig. 2. 
potentials. 

t rode fitted into the o ther  end  of this glass bridge.  
The  posi t ion  of the  comple ted  b r idge  was  a d ju s t -  
able  because  it  was seated in to  the  Luci te  cover 
wi th  a r u b b e r  washer .  I t  was  found  possible  to 
cons i s ten t ly  place the  cap i l l a ry  t ip  to w i t h i n  0.1 to 
0.2 m m  of the  cathode surface.  

This cell, Fig. 1, has the  e r ror  due  to IR drop, 
i n h e r e n t  in  a ny  d i rec t  m e t h o d  for m e a s u r i n g  ca th-  
ode potent ia ls ,  and  it  does no t  p rovide  a u n i f o r m  
c u r r e n t  dens i ty  on the  cathode. A s imple  ca lcu la -  
t ion  gives the a p p r o x i m a t e  m a g n i t u d e  of the IR 
error .  The po ten t i a l  across the anode  and  cathode 
at the m a x i m u m  c u r r e n t  dens i ty  used was app rox -  
i ma t e l y  5 v, and  the d is tance  over  which  this  IR 
drop occurred  was a p p r o x i m a t e l y  30 m m ;  this  
gives an  IR drop of about  0.16 v / m m .  Since the  
t ip of the  p ickup  br idge  was about  0.15 m m  f rom 
the  cathode surface,  the m a x i m u m  er ror  due to IR 
drop is a p p r o x i m a t e l y  20 my.  A u n i f o r m  c u r r e n t  
dens i ty  is ob ta ined  only  w i th  a concent r ic  cy l in -  
dr ica l  e lectrode sys tem (7),  and  wi th  the  pa ra l l e l  
e lectrode sys tem of this  cell the c u r r e n t  dens i ty  is 
h ighest  at the edges. These factors  and  others  
m a k e  cathode po ten t i a l  m e a s u r e m e n t s  somewha t  u n -  
ce r ta in  so the po ten t ia l s  repor ted  here  are con-  
s idered rep roduc ib le  to --+30 mv.  

The cell was used in  the c i rcui t  shown in  Fig. 2. 
The source of c u r r e n t  was  a s torage b a t t e r y  since 
the rectifiers ava i l ab le  had  enough  r ipp le  to be 
p icked up by  the l i ne - ope r a t e d  pH (mi l l ivo l t )  
meter .  The  recorder  was one des igned for use wi th  
a c h r o m e l - a l u m e l  thermocouple ,  and  a zero ad jus t e r  
was used to set the zero po in t  of the m i l l i v o l t m e t e r  
w h e r e v e r  des i red on the char t  paper  of the  recorder .  

The  ba ths  con ta ined  0.3 mole  per  l i ter  ( m / l )  of 

m e t a l ( I I )  su l fa te  (Fe, Co, or Ni) ,  0.3 m/1 of sod ium 
ci t ra te  in  the Co and  Ni ba ths  and  0.45 m/1 of 
sodium ci t ra te  in  the Fe  baths,  and  e i ther  0.00, 0.02, 
or 0.75 m/1 of sodium molybda te .  Nickel  ba ths  con-  
t a i n i ng  0.15 m/1 of sod ium m o l y b d a t e  we re  also 
studied.  Each ba th  was ad jus ted  to pH 10.5 wi th  
a m m o n i u m  hydrox ide .  The ba ths  were  m a i n t a i n e d  
at  25 ~  -- I ~  d u r i n g  a nd  a f te r  electrolysis .  The  
F e - Mo  ba th  was  used i m m e d i a t e l y  a f te r  p r e p a r a t i o n  
because  some i r o n ( I I I )  hyd r ox i de  p rec ip i t a ted  on 
s t a n d i n g  and  d u r i n g  an  electrolysis  run .  Two l i ters  
of each ba th  were  made  up and  d iv ided in to  e ight  
250-ml  a l iquots  for e lectrolysis  at cu r r en t s  of 0.18, 
0.36, 0.54, 0.72, 0.90, 1.15, 1.45, and  1.80 a mp  to give 
cathode c u r r e n t  densi t ies  of 1.0, 2.0, 3.0, 4.0, 5.0, 6.4, 
8.0, and  10.0 a m p / d i n  =, respect ively .  Each 250-ml  
a l iquot  was used for two runs  at each of the  eight  

c u r r e n t  densit ies.  In  the first r u n  the po ten t i a l  was 
recorded up to a m i n u t e  before  the end  of the  r u n  
and  w h e n  the  t ime  of electrolysis  was  over  the  

cathode was r emoved  immedia te ly ,  washed,  d ipped 
in  alcohol, dried,  and  read ied  for analysis .  In  the  

second r u n  the cathode was a l lowed to r e m a i n  in  the  
b a t h  af ter  the c u r r e n t  was shut  off and  the  record ing  

of the po ten t i a l  con t inued  in  order  to ob ta in  the  
fo rmal  potent ia l ,  Er. The  same tota l  c u r r e n t  was 

used in  each r u n  at the va r ious  c u r r e n t  densi t ies ;  
1080 coulombs for the Ni -Mo and  Co-Mo ba ths  and,  
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because  of i ts  l o w e r  c a thode  c u r r e n t  efficiency, 2160 
cou lombs  w e r e  used  w i t h  the  F e - M o  ba th .  No sa l t s  
w e r e  a d d e d  b e t w e e n  runs ,  and  the  runs  w e r e  m a d e  
in  no specific o rder .  The  p H  of t he  b a t h s  a f t e r  e lec -  
t ro lys i s  was  u s u a l l y  0.1 to 0.2 p H  un i t  l o w e r  t h a n  
the  i n i t i a l  pH. 

E x p e r i m e n t a l  D a t a  

The  ca thode  po t en t i a l s  o b t a i n e d  in  the  two  runs  
at  t he  s ame  c u r r e n t  d e n s i t y  w e r e  a v e r a g e d  and  used  
in m a k i n g  p lo t s  on s e m i - l o g  p a p e r  of c u r r e n t  ( i )  vs. 
p o t e n t i a l  (E ) .  T h e  r e su l t s  for  t he  t h r e e  t y p e s  of 
p l a t i n g  so lu t ions  s t u d i e d  a r e  g iven  in Fig .  3, 4, 5 
and  i t  can  be seen t h a t  the  a d d i t i o n  of sod ium m o -  
l y b d a t e  l ower s  the  ca thode  p o t e n t i a l  in t he  s ingle  
m e t a l  ba ths .  A l t h o u g h  no p o t e n t i a l - c u r r e n t  p lo t s  
w e r e  o b t a i n e d  for  a m o l y b d a t e  so lu t ion  (0.2 m/1  
Na~MoO~, 0.3 m/1  c i t ra te ,  and  no codepos i t i ng  m e t a l  
ion)  due  to the  fac t  t ha t  t h e  ca thode  becomes  h i g h l y  
po la r i zed ,  i t  can  be  s t a t ed  t h a t  t he  a d d i t i o n  of Fe ,  Co, 
or  Ni su l f a t e  l ower s  the  ca thode  p o t e n t i a l  in the  
m o l y b d a t e  solut ion.  I t  should  be  no ted  t h a t  in t hese  
p o t e n t i a l - c u r r e n t  p lo t s  (F ig .  3 -5)  the  l ines  a r e  
d r a w n  to ind ica t e  the  r eg ion  of depos i t i on  and  t h e  
s t a r t  of t he  l ine  ind ica t e s  the  c u r r e n t  d e n s i t y  w h e r e  
depos i t i on  was  o b s e r v e d  to beg in  in t he  p l a t i n g  so lu -  
t ion  be ing  used.  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  po ten t i a l s ,  in  
add i t i on  to E~ the  ca thode  po ten t i a l ,  w e r e  E~ the  
d i s c h a r g e  p o t e n t i a l  and  Er the  f o r m a l  po t en t i a l .  The  
po t en t i a l s  c a l c u l a t e d  f rom these  e x p e r i m e n t a l  va lue s  
w e r e  Eo ove rpo ten t i a l ,  Eo a c t i v a t i o n  o v e r p o t e n t i a l ,  
and  E,, po la r i za t ion .  These  v a r i o u s  po t en t i a l s  a r e  
def ined b e l o w  and  a re  shown  p i c t o r i a l l y  in  F ig .  6. 

E,  cathode potential, the  p o t e n t i a l  of t he  ca thode  
m e a s u r e d  w i t h  t he  m i l l i v o l t m e t e r  w h i l e  c u r r e n t  is 
a c t u a l l y  f lowing.  

E~, discharge potential of the metal ions, t he  p o t e n -  
t i a l  a t  w h i c h  m e t a l  depos i t i on  t a k e s  p l ace  at  an 
a p p r e c i a b l e  ra te .  This  p o t e n t i a l  is h a r d  to d e t e r m i n e  
and  is not  k n o w n  to h a v e  a n y  t h e o r e t i c a l  s ignif icance.  

E~, ]ormal potential, the  e q u i l i b r i u m  p o t e n t i a l  of t he  
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Fig. 4. Potential-current curves for the Co bath (no 
Na2MoO,) and for Co-Mo baths containing 0.02 and 0.075 
m/ I  of No,MoO4. 

m e t a l  in t he  p l a t i n g  solut ion ,  m e a s u r e d  w h i l e  no 
c u r r e n t  was  f lowing.  I t  can  be  c ons ide r e d  as t he  E ~ 
of the  m e t a l  c o r r e c t e d  to t he  m e t a l  ion a c t i v i t y  in  t he  
p l a t i n g  solut ion.  I t  is the  p o t e n t i a l  a t  w h i c h  p l a t i n g  
shou ld  beg in  in  t he  a bse nc e  of c a thode  po l a r i za t i on .  

Eo, (Ec--E,)  or (Eo ~ E~), overpotential or over- 
voltage, the  p o t e n t i a l  in  excess  of t he  f o r m a l  p o t e n -  
t i a l  w h i c h  m u s t  be  i m p r e s s e d  across  t he  cel l  to cause  
t he  cel l  r e a c t i o n  to p r o c e e d  at  an  a p p r e c i a b l e  r a t e .  

E~, ( E ~ -  Er), activation overpotential, t h e  e x t r a  p o -  
t e n t i a l  above  Ef n e c e s s a r y  to cause  m e t a l  de pos i t i on  
at  an  a p p r e c i a b l e  ra te .  This  is t he  m e t a l  ove rvo l t age .  

E~, (E~--E~), electrochemical overpotential or po- 
larization, the  d e p a r t u r e  of Eo f rom E~ due  to t he  
p a s s a g e  of cu r r en t .  

The  f o r m a l  po t en t i a l ,  Er, was  diff icult  to m e a s u r e  
as an e q u i l i b r i u m  v a l u e  s ince  the  depos i t s  w e r e  con-  
t i n u a l l y  d i s so lv ing  in  the  p l a t i n g  solut ions .  The  Co 
a l loys  d i s so lved  c o m p l e t e l y  in  1 h r  a n d  gave  the  mos t  
steady potential, w h i l e  the Fe and Ni alloys dis- 
solved slowly over a period of several hours. The 
value of Ef was arbitrarily chosen as the potential 
i/2 hr after the current had been turned off. Ep values 
were calculated using the values of Ec at 11.1 
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Fig. 6. Schematic diagram showing the relationship be- 

tween the experimentally determined potentials, E~ cathode 
potential, E~ discharge potential, and Er formal potential, and 
the calculated potentials, E~ overvoltage, E~ activation over- 
potential, and E~ polarization. 

a m p / d i n  ~ ( t a k e n  d i r e c t l y  f r o m  the  g r a p h s  w h e r e  
i : 2.0 a m p )  and  because  of th is  the  va lue s  of E~ 
r e p o r t e d  a r e  m a x i m u m  ones; E~ r a n g e s  f rom zero  to 
th is  m a x i m u m  ove r  the  r a n g e  of c u r r e n t  dens i t i e s  
s tudied .  Va lues  of Eo, the  sum of E,  and  E~, r a n g e  
f rom Eo to E,  ~- E~ ove r  t he  s ame  c u r r e n t  dens i t ies .  
The  d i s c h a r g e  po t en t i a l ,  E~, was  a r b i t r a r i l y  t a k e n  
s ince  i t  is h a r d  to d e t e r m i n e  w h e n  p l a t i n g  a c t u a l l y  
beg ins ;  t he re fo re ,  va lue s  of E,  a r e  less  t h a n  or  e q u a l  
to the  va lue s  r e p o r t e d ,  a n d  va lue s  of E ,  a r e  g r e a t e r  
t h a n  or  e q u a l  to those  r e p o r t e d  since, a t  the  v a l u e  
of E~ chosen,  p l a t i n g  was  occur r ing .  I t  shou ld  be  
no ted  t ha t  no a t t e m p t  was  m a d e  to exc lude  a i r  w h i l e  
these  m e a s u r e m e n t s  w e r e  b e i n g  made .  Tab le  I g ives  
the  e x p e r i m e n t a l  and  c a l c u l a t e d  E v a l u e s  for  a l l  
ba ths  s tud ied .  

S ince  Fe,  Co, and  t h e i r  a l loys  w i t h  Mo do no t  
depos i t  a t  the  l o w e r  c u r r e n t  dens i t ies ,  i t  is poss ib le  
to set  l imi t s  for  E ,  ~ - E ,  in t h e  oppos i t e  d i rec t ion .  
F o r  these  m e t a l s  i t  is f o u n d  t ha t  a t  a p o t e n t i a l  0.02 
v l o w e r  t h a n  E~ depos i t i on  of t he  m e t a l  is not  occu r -  
r ing;  h o w e v e r ,  in mos t  cases  t h e r e  is depos i t i on  of a 
m o l y b d e n u m  ox ide  or  h y d r o x i d e .  Thus  i t  is poss ib le  
t ha t  the  E= va lues  m a y  be  0.02 v l o w e r  t h a n  those  
r e p o r t e d ;  in t e r m s  of  f ree  e n e r g y  the  0.02 v is equa l  
to a p p r o x i m a t e l y  1 k c a l  for  a t w o - e l e c t r o n  reac t ion .  

The  fo l lowing  o b s e r v a t i o n s  a r e  m a d e  f r o m  the  
d a t a  in T a b l e  I. The  f o r m a l  p o t e n t i a l  of t he  t h r e e  
meta l s ,  Fe,  Co, and  Ni is i n c r e a s e d  b y  the  f o r m a t i o n  

Table I. Experimental/y determined values of E~, E~, and Er and 
calculated values of E~ and Ep for the plating baths studied 

Ea, E~, 
Plating NaeMoO4 Ee* E~ Ef (E~-Er) t (Ec-E,~) "~ 
bath m/ l  v v v v v 

Fe 0.00 1.34 1.20 0.58 0.62 0.14 
Fe-Mo 0.02 1.26 1.20 0.61 0.59 0.06 
Co 0.00 1.23 1.11 0.59 0.52 0.12 
Co-Mo 0.02 1.14 1.03 0.67 0.36 0.11 
Co-Mo 0.075 1.14 1.03 0.63 0.40 0.11 
Ni 0.00 1.29 1.12 0.63 0.49 0.17 
Ni-Mo 0.02 1.29 1.03 0.84 0.19 0.26 
Ni-Mo 0.075 1.24 0.96 0.83 0.13 0.28 
Ni-Mo 0.15 1.24 0.96 0.84 0.12 0.28 

* At 11.1 amp/dm e. 
Potentials are given vs. the saturated calomel electrode. 
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of a Mo a l loy  i n d i c a t i n g  t h a t  Mo m a y  be less  nob le  
t h a n  the  o t h e r  me ta l s .  The  m e t a l  o v e r v o l t a g e  is 
h ighe s t  for  F e  and  l owes t  for  Ni  in  bo th  t he  s ingle  
m e t a l  a n d  a l l oy  ba ths ,  i n d i c a t i n g  t h a t  t he  depos i t i on  
of Ni  is eas ie r  t h a n  the  depos i t i on  of Fe.  The  m e t a l  
o v e r v o l t a g e  is l o w e r  for  t he  a l loy  ba ths  t h a n  fo r  t he  
s ing le  m e t a l  ba ths ,  i n c l u d i n g  t h e  s o d i u m  c i t r a t e -  
m o l y b d a t e  ba th ,  i n d i c a t i n g  t ha t  depos i t i on  of t he  
a l loys  is eas ie r  t h a n  depos i t i on  of the  s ing le  me ta l s .  
The  c a thode  in  the  m o l y b d a t e  so lu t ion  is h i g h l y  
p o l a r i z e d  (h igh  E~) and  th is  p o l a r i z a t i o n  is r e d u c e d  
b y  the  a d d i t i o n  of t he  su l fa t e s  of Fe,  Co, and  Ni. 
W h e r e a s  p o l a r i z a t i o n  in  t he  F e  a n d  Co b a t h s  is r e -  
d u c e d  b y  the  a d d i t i o n  of s o d i u m  m o l y b d a t e  i t  is 
i n c r e a s e d  in t he  Ni  ba th .  

The  ca thode  depos i t s  o b t a i n e d  in  the  va r ious  
c a thode  p o t e n t i a l  r uns  w e r e  a n a l y z e d  b y  the  u s u a l  
m e a n s  and  the  r e su l t s  u sed  to m a k e  ca l cu la t ions  of 
c u r r e n t  eff iciency a n d  c u r r e n t  for  each  de pos i t i on  
reac t ion .  F r o m  t h e  p e r c e n t a g e s  of Mo a n d  codepos i t -  
ing  m e t a l  in  each  depos i t  a n d  the  t o t a l  c u r r e n t  used  
i t  was  poss ib l e  to ca l cu l a t e  the  ca thode  c u r r e n t  effi- 
c i ency  for  each  depos i t i on  reac t ion .  The  c u r r e n t  used  
for  each  r e a c t i o n  (i~o, t he  c u r r e n t  u sed  for  depos i -  
t ion  of m o l y b d e n u m  a n d  it.=., the  c u r r e n t  u sed  for  
depos i t i on  of the  codepos i t i ng  m e t a l )  was  t hen  ca l -  
c u l a t e d  b y  m u l t i p l y i n g  t h e  t o t a l  cu r r en t ,  it, b y  the  
c a l c u l a t e d  c u r r e n t  eff iciency of the  reac t ion .  P lo t s  
w e r e  t hen  m a d e  on  s e m i - l o g  p a p e r  of it, i~o and  ic.M. 
vs. Eo for  each  a l loy  b a t h  as s h o w n  in  Fig .  7, 8, and  9. 

The  n u m b e r  of e lec t rons ,  n, i n v o l v e d  in  t he  r e d u c -  

t ion  can  be  c a l c u l a t e d  f r o m  the  s lope  0 - - ~  of 

the  l ines  in Fig .  7, 8, and  9. A l p h a  is the  t r a n s f e r  
coefficient  a n d  m a y  r a n g e  f r o m  0.0 to 1.0; in m a n y  
e l e c t r o c h e m i c a l  p rocesses  i t  is 0.5. I f  a v a l u e  of 0.5 
is used,  t he  e x p e c t e d  e l e c t r o n  c ha nge s  of two  for  Ni  
and  six for  Mo a re  no t  ob t a ined .  I f  i t  is a s s u m e d  

a~ 
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Fig. 7. Potential-current curves for the Fe-Mo bath con- 
taining 0.02 m/ I  of Na~MoO~. Lines show the tara[ current 
(observed) as well as the current (calculated) used for de- 
positing Mo and Fe. 
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Fig. 8. Potential-current curves for the Co-Ha bath con- 
taining 0.02 rn/I of Ha2hAoO,. Lines show the total current 
(observed) as well as the current (calculated) used for deposit- 
ing Mo and Co. 
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Fig .  9.  P o t e n t i a l - c u r r e n t  c u r v e  f o r  t h e  N i - M o  b a t h  c o n -  

t a i n i n g  0.02 m/I of No,MoO4. Lines show the total current 
(observed) as well as the current (calculated) used for de- 
positing Mo and Ni. 

t ha t  Mo and  Ni are deposi ted f rom the same act i -  
va ted  complex,  t h e n  a can be the  same for bo th  
deposi t ion react ions.  A lpha  was then  ca lcu la ted  
f rom the slope of the ie.~. vs. Eo plots a n d  k n o w n  
va lues  of n for Fe, Co, and  Hi. The  a thus  ca lcu la ted  
was t h e n  used to ca lcula te  n for the  m o l y b d a t e  re -  
duc t ion  us ing  the  slope of the i~o vs. E~ plot.  Tab le  
II gives the  ca lcu la ted  va lues  of ~ for the  th ree  
metals ,  Fe, Co, and  Ni and  n for the  m o l y b d a t e  ion. 

The n u m b e r  of e lect rons  invo lved  in  the Mo reac-  
t ion  dePends  on the  codeposi t ing m e t a l  and  its oxi-  
da t ion  state  in  the bath .  The slope of the Mo reac-  
t ion is nefir ly equa l  to the slope for the Co or Fe 
reduc t ion  so tha t  w h a t e v e r  ox ida t ion  state, II  or III,  
is used to ca lcula te  ~, tha t  va lue  is the  n u m b e r  of 
e lect rons  invo lved  in  the  m o l y b d a t e  reduct ion .  Due  
to the ease of ox ida t ion  of Co( I I )  to Co( I I I )  in  a m -  
monica l  solutions,  it is ve ry  l ike ly  tha t  the  Mo reac-  

Table II. Transfer coefficients, ~, for the Fe, Co, and Ni deposition 
reactions and the number of electrons, n, calculated for the 

reduction of molybdate ion 

P l a t i n g  Na~MoO4 Fe,  Co or Hi* . . . . .  Mo ___ _ 
b a t h  m/1 m t  a m t  n 

Fe 0.0 0.23 0.13 ~ - -  
Fe-Mo 0.02 0.04 0.75 0.04 2.0 
Fe-Mo 0.075 0.10 0.30 0.11 1.8 

Co 0.00 0.22 0.14 ~ - -  
Co-Ha 0.02 0.09 0.35 0.09 1.9 
Co-Ha 0.075 0.14 0.22 0.13 2.1 

N i  0.00 0 . 1 3  0 . 2 3  ~ - -  

H i - H a  0.02 0.14 0.21 0.37 0.8 
Hi -Ha  0.075 0.17 0.18 0.31 1.1 
Hi -Ha  0.15 0.15 0.20 0.23 1.3 

* O x i d a t i o n  s t a t e  i s  II .  
? m = slope. 

t ion  involves  th ree  e lect rons  w h e n  Co is the  co- 
deposi t ing  me t a l  and  this  m a y  also be t rue  wi th  Fe. 
I t  appears  tha t  n for the  m o l y b d a t e  r educ t ion  in  a 
Ni b a t h  is one. 

I t  was also observed tha t  the Fe, Co, a nd  Ni s ingle  
me ta l  ba ths  opera te  at  d i f ferent  cathode c u r r en t  
efficiencies. The efficiency of the  Fe ba th  is b e t w e e n  
14% and  18%; the  Co ba th  has a peak  efficiency of 
65%; and  the  Ni ba th  has the  highest  c u r r e n t  effi- 
ciency, 90-97%. The al loy ba ths  opera te  w i th  ca th-  
ode c u r r e n t  efficiencies wh ich  are s l ight ly  ( abou t  
10%) lower  t h a n  those of the  s ingle  me t a l  baths .  
Wi th  an  al loy ba th  the re la t ive  a m o u n t  of Mo in  
the deposit  decreases and  the to ta l  cathode efficiency 
of the  ba th  increases  as the  c u r r e n t  dens i ty  is i n -  
creased;  however ,  if the  i n d i v i d u a l  react ions  are 
considered,  the cathode c u r r e n t  efficiency of the Mo 
reac t ion  r e m a i n s  n e a r l y  cons tan t  t h r o u g h o u t  the fu l l  
r ange  of c u r r e n t  densi t ies  whereas  the efficiency of 
deposi t ion of the  a l loy ing  me ta l  increases.  

The  appea rance  of the cathode deposi ts  depends  
somewha t  on the c u r r e n t  dens i ty  used. Al l  the Ni -  
Mo alloys were  comple te ly  metal l ic .  Al l  the  C o - H a  
al loys were  metal l ic ,  except  tha t  those ob ta ined  at 
the lower  c u r r e n t  densi t ies  were  b lack  and  n o n -  
meta l l i c  in the cen te r  of the  cathode. None  of the 
Fe-Mo al loys were  comple te ly  meta l l i c  bu t  had a 
b lack  nonme t a l l i c  cen te r  w i th  a meta l l i c  edge. The  
b lack compound  on the cathode is be l i eved  to be an  
oxide or hyd rox ide  of Mo, p r o b a b l y  Mo (OH)e, since 
it is b lack  a nd  w ou l d  invo lve  a t h r e e - e l e c t r o n  
change.  Obse rva t ions  m a d e  whi le  w a s h i n g  the  
p la ted  cathodes ind ica te  tha t  the Fe and  Co deposits  
con ta in  more  absorbed  h y d r o g e n  t h a n  the Ni de-  
posits;  this  is suppor ted  by  the  h igh  cathode c u r r en t  
efficiency of the  Ni baths.  These observa t ions  are 
also in  accord w i th  data  on the h y d r o g e n  con ten t  of 
e lect rodeposi ted me ta l s  (8) .  

Discussion 

On the  basis  of the  da ta  p resen ted  the  fo l lowing 
two step reduc t ion  of mo l ybda t e  ion is proposed:  

MoO~=-k4H~O§ + ( 2 + n ) O H -  [1] 

H a ( O H )  (e-,~ + (6=-n)H + M ~  M - H a  + (6--n)H.oO [2] 
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In these equations n is one, two, or three  and M is 
Fe, Co, or Ni. The supposi t ion is tha t  the meta l  M 
and the molybda te  ion are deposi ted f rom the same 
ac t iva ted  complex and tha t  hydrogen  deposits  s imul-  
taneously  wi th  them. The high overvol tage of the 
sodium c i t r a t e -molybda te  ba th  and the fact  tha t  
appreciable  amounts  of Mo are not deposi ted f rom 
it can be expla ined  by using Eq. [1]. If  the mo lyb -  
date  reduct ion is accomplished in steps by electrons '  
according to Eq. [1], the format ion  of a molybdenum 
oxide or hydrox ide  such as Mo(OH)~, Mo(OH)~, or 
MoO(OH)~ is possible. If  this is the case, deposit ion 
is no longer  occurr ing on the or iginal  cathode m a t e -  
r ia l  but  on the oxide, and thus the various over-  
voltages involved wil l  be changed. For  fu r the r  re -  
duction to occur it  is necessary to overcome the Mo 
overvol tage which is the molybda te  ion's ab i l i ty  to 
find a posi t ion in a la t t ice on the cathode and be 
discharged (9) ;  the  oxide may  not supply the r ight  
la t t ice for deposit ion to continue easi ly causing a 
high overvoltage.  In addit ion,  the hydrogen over-  
vol tage (10) could be increased since m e t a l - h y d r o -  
gen bonds ~ would not be read i ly  es tabl ished on the 
oxide surface. However,  the react ion which occurs 
is the one tha t  has the lowest  po ten t ia l  and if the 
overvol tage for the deposit ion of Mo on its oxide is 
higher  than  the overvol tage  for hydrogen  deposi t ion 
on the oxide, hydrogen  would be l ibe ra ted  in p re f -  
erence to fu r the r  deposi t ion of Mo or an oxide. This 
is perhaps  the s i tuat ion since only a th in  film of 
oxide is formed and la rge  quant i t ies  of hydrogen  
are  l iberated.  

I t  is possible, by car ry ing  the ideas a step fur ther ,  
to give an explana t ion  for  the necessi ty of the co- 
deposi t ing meta ls  Fe, Co, and Ni. The number  of 
electrons involved in the reduct ion of molybda te  ion 
has been calcula ted to be less than  six. It is now 
assumed tha t  in addi t ion to electrons another  reduc-  
ing agent  is needed; the agent  chosen is hydrogen  
as given in Eq. [2].  The fact  tha t  in the deposit ion 
of Ni-Mo alloys the current  for the hydrogen reac-  
t ion is a lways  la rger  than  or equal  to the Mo reduc-  
tion current  would seem to indicate  a connection 
be tween the two. If there  was no connection be-  
tween Mo and hydrogen,  it  should be possible to 
deposit  an al loy f rom the Ni-Mo bath  wi th  100% 
current  efficiency; this  was not observed.  The reason 
why  al loy deposit ion is possible and the overvoltage,  
E o, of the sodium c i t r a t e -molybda te  ba th  is reduced 
may  be tha t  hydrogen  reduces the molybdenum 
oxide or hydrox ide  which was formed according to 
the react ion given in Eq. [1]. Hydrogen  is capable  
of doing this and is held in place for this react ion 
by  the  m e t a l - h y d r o g e n  bond formed wi th  the  co- 
deposi t ing meta l  that  has also deposited. The reduc-  
tion of this oxide changes the overvol tage factors 

A c c o r d i n g  to G la s s tone ,  E y r i n g ,  a n d  L a i d l e r  (10) one  p o s s i b i l i t y  
fo r  h y d r o g e n  o v e r v o l t a g e  is t he  ease or d i f f icu l ty  of  t he  t r a n s f e r  of  
a p r o t o n  f r o m  the  so lu t i on  to  t he  su r face  of  t he  e lect rode.  I f  t he  
ca thode  m a t e r i a l  f o r m s  a s t r o n g  m e t a l - h y d r o g e n  bond,  t h e  o x y g e n  
a t o m  of t he  w a t e r  m o l e c u l e  a t t a c h e d  to  the  e l ec t rode  su r face  w i l l  
h a v e  a n  i nc rea sed  t endency  to a t t r a c t  a h y d r o g e n  a t o m  f r o m  an -  
o the r  w a t e r  m o l e c u l e  in  t he  s o l u t i o n  because  one  of i ts  o r i g i n a l  
h y d r o g e n  a t o m s  is s t r o n g l y  a t t a c h e d  to  t he  m e t a l ;  t h u s  t h e  t r a n s -  
f e r  of a p r o t o n  is m a d e  eas ie r  a n d  t he  o v e r v o l t a g e  is low.  On  t he  
o t h e r  h a n d  i f  t he  e lec t rode  su r face  does no t  e s t ab l i sh  a s t r o n g  
m e t a l - h y d r o g e n  bond ,  t he  h y d r o g e n  a t o m  t h a t  s h o u l d  be  a t t a c h e d  
to t he  m e t a l  su r f ace  w i l l  r e m a i n  a t t a c h e d  to t he  o x y g e n  a t o m  a n d  
t h e  p r o t o n  t r a n s f e r  is  m a d e  m o r e  di f f icul t  a nd  resu l t s  in  a h i g h  
o v e r v o l t a g e .  
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Table III. Distribution of the outer.electrons in the first row 
of transition elements 

O u t e r  e l ec t rons  
E l e m e n t  U n p a i r e d  

a n d  At.  No. To ta l  4s + 3d* - -3d* 3d* 

~,Cr 6 0.6 2.7 2.7 0 
~Mn 7 0.6 3.2 3.2 0 
~Fe 8 0.6 4.8 2.6 2.2 
~Co 9 0.7 5.0 3.3 1.7 
~Ni 10 0.6 5.0 4.4 0.6 
~Cu 11 1.0 5.0 5 0 

* The  3d l eve l  can  a c c o m m o d a t e  10 e lec t rons  p e r  a tom,  5 w i t h  
a p l u s ( + )  sp in  and  5 w i t h  a m i n u s ( - - )  spin.  E l ec t rons  g e n e r a l l y  
f i l l  up  the  + 3 d  l eve l s  f i rs t  a n d  t h e n  go i n to  t he  - -3d  leve ls .  The  
u n p a i r e d  e l ec t rons  w h i c h  p r o d u c e  t h e  f e r r o m a g n e t i s m  r e s u l t  he -  
cause the  - -3d  e lec t rons  cancel  an  e q u a l  n u m b e r  of + 3 d  elec-  
t rons  (12). 

involved.  Hydrogen  and mo lybdenum are  no longer 
deposi t ing on the oxide but  on the  Mo alloy. The Mo 
overvol tage would be reduced since the abi l i ty  of 
the molybda te  ion to find a la t t ice posi t ion in an 
al loying meta l  la t t ice  a l ready  es tabl ished should be 
easier.  The hydrogen  overvol tage  for Mo alloys 
would then be the same or nea r ly  the same as for  
the codeposit ing meta ls  since the hydrogen  over-  
vol tages on al l  meta ls  concerned here  are close 
together  (11). A separa te  s tudy of hydrogen  l ibe ra -  
t ion should be made and other  possible side react ions 
checked to de te rmine  whether  or not  hydrogen  is the  
reducing agent. Ac tua l ly  the complete reduct ion of 
molybda te  ion requires  six electrons regardless  of 
the  mechanism considered. I t  would be difficult to 
de te rmine  whe the r  the reduct ion is accomplished 
by  one e lect ron fol lowed by a five hydrogen  atom 
reduct ion (which requires  five electrons) or by  six 
electrons in one step. I t  may  be possible tha t  hydro -  
gen is involved only in b reak ing  down the molybde-  
num hydrox ide  or oxide. 

Molybdenum codeposits wi th  Fe, Co, and Ni but  
does not  codeposit  in apprec iab le  amounts  wi th  Cr, 
Mn, Cu, or Zn f rom the ammoniaca l  c i t ra te  type  of 
bath.  The hydrogen  overvol tage  factor  may  be one 
explana t ion  for this since the overvol tage  of hydro-  
gen on Fe, Co, and Ni is lower  than  it is on other 
metals.  However,  due to the many  factors which 
affect overvol tage this cannot be the complete  an-  
swer. Another  exp lana t ion  involving the electronic 
configuration of the atoms of these meta ls  can be 
presented.  Slater,  using Kru t t e r ' s  calculat ions of the 
zones in e lementa l  Cu, proposed a theory  for  the 
occurrence of fe r romagne t i sm in this  group of me t -  
als (12). According to Kru t t e r ' s  calculat ions the 
3d and 4s levels of the atoms are filled as given in 
Table III. F rom this table  it can be seen tha t  the 

Table IV. Maximum atomic percentage of molybdenum in the alloys 

A t o m i c  % Mo 
A l l o y  Theo re t i c a l  E x p e r i m e n t a l  

Fe-Mo 42.5 47 
Co-Mo 36.5 36.8 
Ni-Mo 16.7 16.8 
Ni-Mo 10.7" - -  

* Based  on 5 h y d r o g e n  a t o m s  to  r e d u c e  Mo (OH) 5. 
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e l e m e n t s  w i t h  w h i c h  Mo r e a d i l y  codepos i t s  a r e  t he  
f e r r o m a g n e t i c  e l e m e n t s  w h i c h  h a v e  u n p a i r e d  3d 
e lec t rons .  I t  was  p o s t u l a t e d  p r e v i o u s l y  t h a t  m e t a l -  
h y d r o g e n  b o n d  f o r m a t i o n  was  n e c e s s a r y  and  t h a t  the  
h y d r o g e n  r e d u c e d  the  m o l y b d e n u m  oxide .  The  
f o r m a t i o n  of th is  m e t a l - h y d r o g e n  b o n d  could  be  
connec t ed  w i t h  t he  u n p a i r e d  3d e l ec t rons  of Fe,  Co 
and  Ni  ( T a b l e  I I I ) ;  h y d r o g e n  h a v i n g  one u n p a i r e d  
e l e c t r o n  in  i ts  o u t e r  she l l  cou ld  f o r m  a c o v a l e n t  b o n d  
w i t h  the  u n p a i r e d  3d e lec t rons .  Thus  an  a t o m  of 
i ron  w i t h  i ts  2.2 u n p a i r e d  3d e l ec t rons  cou ld  ho ld  an  
a v e r a g e  of 2.2 h y d r o g e n  a toms,  t he  coba l t  a t o m  w i t h  
1.7 u n p a i r e d  3d e l ec t rons  could  ho ld  1.7 h y d r o g e n  
a toms  and  each  n i c k e l  a t o m  w i t h  0.6 u n p a i r e d  3d 
e l ec t ron  could  be  e x p e c t e d  to ho ld  on ly  0.6 of a 
h y d r o g e n  a tom.  I t  is t h e n  poss ib le ,  if  these  a s s u m p -  
t ions  a r e  cons ide red  to be  correct ,  to ca l cu l a t e  t h e  
t h e o r e t i c a l  m a x i m u m  a tomic  p e r c e n t a g e  of Mo in 
each  of t he  a l loys .  The  r e su l t s  of t h e  ca l cu la t ions  ~ 
a r e  g iven  in  Tab le  IV. No e x t e n s i v e  s tud ies  w e r e  
m a d e  to d e t e r m i n e  the  e x p e r i m e n t a l  m a x i m u m  
a tomic  p e r  cent  of Mo in the  a l loys ,  b u t  the  va lue s  
g iven  in  T a b l e  IV a r e  those  t h a t  w e r e  o b t a i n e d  in 
th is  work .  In  t he  case  of F e  the  e x p e r i m e n t a l  p e r -  
cen t age  is l a r g e r  t h a n  the  t h e o r e t i c a l  p e r c e n t a g e  b e -  
cause  t he  depos i t  is n o t  c o m p l e t e l y  m e t a l l i c  b u t  was  
cove red  in  t he  c e n t e r  w i t h  m o l y b d e n u m  oxide .  

O n e  M a t o m  c a n  h o l d  y h y d r o g e n  a t o m s  a n d  i t  r e q u i r e s  3 h y d r o -  
g e n  a t o m s  to  r e d u c e  o n e  Mo (OI t )3  to Mo;  t h e r e f o r e  t h e  n u m b e r  of 
a t o m s  of  M r e q u i r e d  to  g i v e  one  a t o m  of  Mo is 3/y. The  a t o m i c  
p e r  c e n t  of  Mo is t h e n  

1Mo 1 y 
o r  or - . 

3M 3 + 3' 
1Mo + 1 + - -  

Y y 

In  s u m m a r y ,  i t  is p o s t u l a t e d  t h a t  t he  r e d u c t i o n  of 
m o l y b d a t e  ion  in  t hese  a l l o y  b a t h s  p r o c e e d s  a c c o r d -  
ing  to the  r e a c t i o n s  e x p r e s s e d  b y  Eqs.  [1]  a n d  [2]  
g iven  above.  In  these  equa t i ons  t he  bes t  v a l u e  for  n 
seems  to be  t h r e e  and  M m u s t  b e  a m e t a l  w h i c h  has  
some u n p a i r e d  e l ec t rons  such  as Fe,  Co, or  Ni. 

Manuscr ip t  rece ived  Feb.  10, 1958. This paper  was 
p repa red  for  de l ive ry  before  the  Washington  Meeting, 
May 12-16, 1957, and was  abs t rac ted  f rom the thesis 
of D. W. Erns t  submi t ted  in pa r t i a l  fulf i l lment  of the  
requ i rements  for the  Ph.D. degree  at the  Univers i ty  
of Wisconsin. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1959 JOURNAL. 
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Thermally Regenerative Ionic Hydride Galvanic Cell 

R. E. Shearer and R. C. Werner 

M S A  Research Corporation, Callery, Pennsylvania  

Stud ie s  h a v e  been  m a d e  of t he  e l e c t r o c h e m i c a l  
f o r m a t i o n  of ionic h y d r i d e s  in  fused  sa l t  m e d i a  and  
of the  t h e r m a l  r e g e n e r a t i o n  of t he  r eac t an t s .  T y p i c a l  
r eac t ions  a re :  

H, + Ca ~ Ca ++ + 2H- 
and 

I/z H2 + Li ~=~ Li + + H- 

In a calcium hydride cell with a solid calcium 
electrode, an open-circuit voltage of 0.56 v was ob- 
tained in the eutectie of the fluoride and the chlo- 
ride of calcium at 644~ Regeneration of the cal- 
cium and hydrogen was obtained by raising the 
temperature to about 1000~ In one measurement, 
89% of the hydrogen consumed reacted electro- 
chemically with the calcium. 

Widely differing open-circuit voltages were ob- 
tained with lithium hydride cells, depending on the 
composition of the electrolyte. With the eutectic of 
the bromide and the fluoride of lithium, 0.3 v was 
obtained. With a chloride-fluoride eutectic, 0.6 v 
was obtained at about the same temperature, ap- 
proximately 550~ In both cases, operating tem- 
peratures were above the melting point of lithium 
so that design of a simple closed cycle continuous 
system can readily be envisioned. 

In  an  u n o p t i m i z e d  cell ,  a c u r r e n t  d e n s i t y  of a b o u t  
150A/ f t  2 of l i t h i u m  e l ec t rode  a r e a  was  o b t a i n e d  u n -  
der, m a x i m u m  p o w e r  o u t p u t  condi t ions .  E n g i n e e r i n g  
e s t i m a t e s  i n d i c a t e  t h a t  a specific p o w e r  o u t p u t  of 90 
w / f t  3 shou ld  be  r e a d i l y  a t t a i n a b l e ;  th is  m i g h t  b e  
i n c r e a s e d  g r e a t l y  w i t h  n e w  d e v e l o p m e n t  work .  A 
s i m i l a r  e s t i m a t e  for  a 2 - w  ce l l  i nd i ca t e s  a w e i g h t  
of 1 l b / w  ou tpu t .  These  v a l u e s  do no t  m a k e  a l l o w -  
ances  for  t he  h e a t  source  or  h e a t  s ink.  C a r n o t  cyc le  
efficiencies of 35% a re  i n d i c a t e d  for  a l i t h i u m  h y -  
d r i d e  cel l  b a s e d  on cel l  o p e r a t i o n  a t  t he  eu tec t ic  
t e m p e r a t u r e  of t h e  b r o m i d e  a n d  the  f luor ide  of  l i t h -  
i u m  (450~ and  on a r e g e n e r a t i v e  t e m p e r a t u r e  at  
w h i c h  the  d e c o m p o s i t i o n  p r e s s u r e  of t he  p u r e  h y -  
d r i d e  is 1 a t m  (850~  
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Any  discussion of this ar t ic le  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1959 JOURNAL. 

June 1959 Discussion Section 
A Discussion Section, cover ing papers  publ ished in the J u l y - D e c e m b e r  1958 JOURNALS, is scheduled for  

publ ica t ion  in the  June  1959 issue. Any  discussion which  d id  not  reach  the  Edi tor  in t ime for  inclusion in the  
December  1958 Discussion Section wi l l  be included in the  June  1959 issue. 

Those who p lan  to contr ibute  r emarks  for  this  Discussion Section should submit  the i r  comments  or ques-  
tions in t r ip l ica te  to the  Managing Edi tor  of the  JOURNAL, 1860 Broadway,  New York  23, N. Y., not later than 
March 2, 1959. All  discussion wi l l  be fo rwarded  to the  author ,  or authors,  for  r ep ly  before  being p r in ted  in 
the  JOURNAL. 
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Diffusion Control in Silicon by Carrier Gas Composition 
C. J. Frosch and L. Derick 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

A single heat ing process is described for producing controlled p - n  and n -p -n  
diffused structures in silicon by changing the carrier  gas composition dur ing 
diffusion. The process is shown to depend on large changes in the rate of 
evaporat ion from a Ga20~ source at a given tempera ture  in carrier gases of 
different composition. The weight loss from a Ga~O~ source at a given tem-  
perature  is quite large in reducing gases, extremely small  in neut ra l  gases, 
and essentially zero in oxidizing gases. The weight loss from a Ga, O, source 
in reducing gases also decreases with increasing concentrat ions of water  vapor 
in the carrier  gas. The weight loss from a Sb204 source at a given tempera ture  
is relat ively large in all of these carrier  gases. 

The diffusion apparatus consists essentially of a fused silica tube  extending 
through separately controlled temperature  zones for the location of the diffus- 
ant  sources and the silicon samples. Carrier  gases at controlled rates of flow 
carry the diffusant vapors past the silicon samples at atmospheric pressure. 

Data are presented for single diffusions from Ga2Os and Sb20, sources in 
several carrier gas compositions. P - type  layers are formed in 5 ohm-cm n -  
type silicon in the Ga,O. diffusions in reducing gases but  not  in oxidizing 
gases. A controlled n u m b e r  of gal l ium atoms can be introduced into silicon 
by heat ing first in a reducing gas and then in an oxidizing gas. N-type layers 
are formed in 5 ohm-cm p- type  silicon in the Sb,O4 diffusions in all of the 
carrier  gases studied. Data also are presented on double diffusions from As~O,- 
Ga,O~ and Sb~O~-Ga20, sources to i l lustrate the control of layer thickness by 
heat ing first in wet N~ and then  in wet  H2. These double diffused structures 
are shown to be suitable for the fabricat ion of high alpha transistors. 

The i n t roduc t i on  and  control  of impur i t i e s  in 
semiconduc tors  by  vapor - so l id  diffusion t echn iques  
has been  descr ibed by  F u l l e r  and  Di t zenberge r  
(1, 2) and  Frosch  and  Der ick  (3).  These  t echn iques  
can be employed  for p roduc ing  cont ro l led  s ingle  
and  m u l t i p l e  diffusion layers  by  the p roper  choice 
of process ing p a r a m e t e r s  such as t e m p e r a t u r e ,  t ime,  
gas flow, a n d  gas composi t ion.  However ,  the  con-  
t ro l  of m u l t i p l e  diffusion l ayers  and  of ten  s ingle  
diffusion layers  gene ra l l y  requ i res  more  t h a n  one 
hea t ing  of the  Si in  separa te  diffusion appara tus .  
For  example ,  a diffusion appa ra tu s  c o n t a m i n a t e d  
wi th  Ga could not  be  employed  by  the  older  tech-  
n iques  for i n t r o d u c i n g  Sb or As in to  a s emiconduc-  
tor  to m a k e  a cont ro l led  n - p - n  t r ans i s to r  s t ruc tu re .  

This paper  descr ibes  a n e w  single  hea t i ng  process 
for p roduc ing  cont ro l led  s ingle  and  mu l t i p l e  diffu-  
s ion layers  in  semiconduc tors  by  c h a n g i n g  the  car -  
r ier  gas composi t ion  d u r i n g  the  diffusion. The diffu-  
s ion cont ro l  is shown  to depend  on large  changes  in  
the vo la t i l i ty  of ce r t a in  impur i t i e s  in ca r r i e r  gases 
of d i f ferent  composi t ion.  However ,  the  f o r m a t i o n  of 
SiO2 layers  on Si d u r i n g  hea t i ng  in  oxidiz ing car r ie r  
gases also is an  i m p o r t a n t  factor  in  the  cont ro l  of 
diffusion layers.  This  resul t s  f rom the pa r t i a l  m a s k -  
ing  (3) by  a SiO~ l aye r  aga ins t  the  diffusion of cer -  
t a in  impur i t i e s  in to  Si at  e leva ted  t empera tu res .  
A n  SiO.~ l aye r  on Si does no t  mask  aga ins t  Ga  b u t  
does m a s k  aga ins t  Sb a n d  As. For  example ,  the  su r -  
face concen t r a t i on  ob t a ined  for a Ga  diffusion is es-  

s en t i a l ly  the  same for an  unox id ized  or preoxid ized  
Si sample.  On the  o ther  hand ,  the sur face  concen-  
t r a t i on  ob ta ined  for a Sb or As diffusion decreases 
wi th  inc reas ing  th ickness  of a SiO~ layer  on the Si 
surface.  F u r t h e r  discussion of these m a s k i n g  effects 
is g iven  below. 

Apparatus and Procedure 
The diffusion a p p a r a t u s  is shown  schemat ica l ly  

in Fig. 1. It  is t he  same  as tha t  descr ibed p rev ious ly  
(3) except  for the  add i t ion  of a t h i rd  cont ro l led  
t e m p e r a t u r e  zone. The appa ra tu s  consists  essen-  
t i a l ly  of a fused silica tube  e x t e n d i n g  t h r ough  three  
sepa ra t e ly  cont ro l led  t e m p e r a t u r e  zones. The first 

Fig. 1. Apparatus for vapor-solid diffusion at atmospheric 
pressure. 
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two t empe ra tu r e  zones together  wi th  the car r ie r  
gases serve to regula te  the vola t i l i ty  of the impu-  
r i t ies  p laced therein.  The th i rd  t empera tu re  zone is 
the location of the Si samples. The t empera tu res  are 
regu la ted  to •176  by  means  of P t - P t  10% Rh the r -  
mocouples and automat ic  controllers .  

F lowmete r s  a t tached to one end of the furnace 
tube  regula te  the flow of the car r ie r  gases. In  this  
invest igat ion flow ra tes  of 1500 cc/min of the car r ie r  
gas were  employed in furnace  tubes of 2.5 cm ID. A 
t empera tu re - con t ro l l ed  f r i t t ed-g lass  wa te r  bubble r  
is inser ted be tween the f lowmeters and the furnace  
tube when wa te r  vapor  is being added  to the  ca r r i e r  
gas. 

In the weight  loss studies, a single control led 
t empera tu re  zone is employed.  Each car r ie r  gas 
composition is a l lowed to flow through the ap-  
para tus  for  severa l  minutes  to es tabl ish  a s t eady-  
state condition. Then a weighed amount  of impur i ty  
( app rox ima te ly  2 g) in a t a red  fused silica crucible 
is inser ted into the cool end of the furnace  tube. 
Af ter  10 min the sample  is moved quickly  into the 
control led t empe ra tu r e  zone for a measured  time. 
Then the sample  is w i t h d r a w n  rap id ly  to the cool 
end of the furnace  tube. I t  is a l lowed to cool for 
t0 rain before  weighing.  The same procedure  is 
repea ted  for severa l  successive weight  losses. A new 
supply  of impur i ty  is employed for each car r ie r  gas 
composition. The exact  condit ions are  given on 
Fig. 1-3 and in the la te r  discussion. 

In the diffusion studies the impur i t ies  in fused 
silica or p l a t inum crucibles are p laced in the con- 
t ro l led  t empera tu re  zones. The car r ie r  gas com- 
position is a l lowed to flow through the appara tus  for 
several  minutes  to establ ish a s t eady - s t a t e  condi-  
tion. Then the Si samples held ver t i ca l ly  in s lot ted 
fused-s i l ica  holders  are in t roduced rap id ly  into the 
control led t empe ra tu r e  zone. Depending on the pa r -  
t icu lar  exper iment ,  the car r ie r  gas composition may  
be changed wi thout  removing the Si samples from 
the furnace.  Silicon samples a re  removed rap id ly  
af ter  the hea t ing  interval .  The exact  process p a r a m -  
eters  are repor ted  in Tables I-IV. 

Methods for de te rmin ing  the electr ical  charac-  
teristics,  surface concentrat ions,  and diffusion 
depths  are essent ia l ly  the same as those descr ibed 
e lsewhere  (1, 2). 

1 hr  at  1300~ in 100% O~ when preoxidized sam- 
ples were  employed in the diffusions. 

Impurity Volatility 
The vola t i l i ty  of e lementa l  diffusants or their  

compounds at  a given t empera tu re  in ca r r i e r  gases 
of different  composit ion is the basic control  va r i -  
able in this study.  Hence, vo la t i l i ty  da ta  are  of im-  
por tance  in es tabl ishing diffusion process p a r a m -  
eters.  Such da ta  are presented  in this section for a 
single donor and a single acceptor  impur i ty .  These 
are sufficient to i l lus t ra te  the effect of ca r r ie r  gas 
composit ion on volat i l i ty .  The vola t i l i ty  is expressed 
in terms of a weight  loss f rom a heated impur i ty  
source. However,  the volat i le  molecular  species or 
the impur i ty  vapor  in the  ca r r i e r  gas s t ream is not  
necessar i ly  of the same composit ion as the impur i ty  
source. 

Some typical  weight  loss da ta  for a Ga~O~ powder  
and e lementa l  Ga are  p lo t ted  in Fig. 2 and 3, r e -  
spectively,  as a function of hea t ing  t ime at  950~ 
in several  ca r r ie r  gas compositions. Note par t i cu-  
la r Iy  the large  weight  losses in wet  H_o and the es- 
sent ia l ly  zero loss in wet  N~ for the  Ga~O3 source. 
The weight  loss decreases r ap id ly  wi th  increasing 
H~O concentrat ion in the H,. The Ga,O~ is reduced to 
Ga in d ry  H, at these fast flow rates. Weight  losses 
f rom a Ga~O. source also are apprec iab le  in a CO 
carr ier  gas. Vola t i l i ty  decreases wi th  increasing 
concentrat ions of H,O or CO, in the  CO. For  com- 
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Fig. 2. Effect of  corrier gos composition on weight loss 
from o heoted Go~O3 source. 

Samples 
The Si samples were  cut from app rox ima te ly  5 

ohm-cm n - t y p e  (arsenic  doped)  or p - t y p e  (boron 
doped)  s ing le -c rys ta l  ingots grown in the [111] di-  
rect ion by pul l ing f rom the melt.  The ingots were  
sawed perpendicu la r  to the growth  direct ion into 
slices approx ima te ly  1 mm thick. These were  ma-  
chine l apped  on both surfaces wi th  No. 1800 emery  
powder  to a thickness of about  7 x 10 -6 cm. Af ter  
cut t ing into squares of 0.75 x 0.75 cm, the  samples 
were  etched for 4-5 min in a mix tu re  of 5 par t s  of 
concentra ted  HNO3 to 1 par t  of concentra ted  HF. 
Reproducible  surfaces of excel lent  appearance  were  
obta ined by  main ta in ing  the e tchant  t empera tu re  
at  about  20~ and employing  mechanical  agi ta t ion 
dur ing  etching. The etched samples were  hea ted  for 
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Fig. 3. Effect of corrier gos composition on weight loss 
from o heoted Go source. 
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p a r a b l e  condi t ions ,  w e i g h t  losses in  CO a re  f rom 
a b o u t  5 to 10 t imes  l o w e r  t h a n  those  in  H.~.Weight 
losses f r o m  a Ga~O~ source  a r e  e x t r e m e l y  s m a l l  or  
zero ove r  the  t e m p e r a t u r e  r a n g e  s t ud i ed  up  to 
1200~ in gases  such as N2, He, A, and  O2 w i t h  or  
w i t h o u t  a d d e d  H20 or  02. 

In  t he  case  of t he  Ga  source  t he  w e i g h t  losses as 
shown  in Fig .  3 a r e  l a r g e  in  w e t  H.~ b u t  v e r y  s m a l l  
in  d r y  H~. A ga in  in w e i g h t  occurs  in  t h e  w e t  N~ 
w i t h  a conve r s ion  of the  source  m a t e r i a l  to Ga20~. 

The  l a r g e  changes  in  v o l a t i l i t y  f r o m  Ga20~ sources  
a t  a g iven  t e m p e r a t u r e  in  c a r r i e r  gases  of d i f fe ren t  
compos i t i on  m u s t  d e p e n d  on  an  i n c r e a s e  in  t h e  con-  
c e n t r a t i o n  of a v o l a t i l e  m o l e c u l a r  species  in t he  
v a p o r  phase .  Such  a r e a c t i o n  need  t a k e  p l ace  on ly  
a t  the  e v a p o r a t i n g  su r f ace  and  p r o b a b l y  occurs  
r a p i d l y .  I n f o r m a t i o n  on these  t h e r m o d y n a m i c  e q u i -  
l i b r i a  of i m p u r i t y  v a p o r s  at  d i f f e ren t  t e m p e r a t u r e s  
in d i f fe ren t  c a r r i e r  gas  compos i t ions  w o u l d  be  h e l p -  
fu l  in e s t a b l i s h i n g  di f fus ion contro ls .  I t  w o u l d  l e ad  
also to a b e t t e r  u n d e r s t a n d i n g  of t he  d i f fus ion 
process .  

T h e  h i g h e r  w e i g h t  losses f rom a Ga20~ source  in 
r e d u c i n g  gases  as c o m p a r e d  to  i n e r t  or  ox id i z ing  
gases  sugges t s  t he  r e d u c t i o n  of the  i m p u r i t y  to a 
m o r e  vo l a t i l e  species.  U n p u b l i s h e d  v a p o r  p r e s s u r e  
d a t a  (4)  show t h a t  the  r e a c t i o n s  can  b e  e x p r e s s e d  
b y  the  fo l l owing  equa t ions :  

Ga20. + 2H2 = Ga~O -}- 2H20 [ 1 ] 

Ga20~ + 2CO ---- Ga~O -P 2CO.~ [2]  

in w h i c h  Ga20 is the  v o l a t i l e  m o l e c u l a r  spec ies  be ing  
fo rmed .  These  equa t ions  e x p l a i n  t he  d e c r e a s e  in 
w e i g h t  loss f rom a Ga~O~ source  w i t h  i nc r e a s ing  
c o n c e n t r a t i o n s  of H~O or  COs a d d e d  to the  H2 or  CO 
c a r r i e r  gases,  r e spec t i ve ly .  The  w e i g h t  loss for  a Ga 
source  in w e t  H2 as shown  in Fig .  3 p r o b a b l y  occurs  
also as Ga~O. 

The  w e i g h t  losses f r o m  Sb~O, and  Sb sources  at  a 
g iven  t e m p e r a t u r e  a r e  a p p r e c i a b l e  in  d r y  or  w e t  N,_,, 
H_~, A, or  He. F o r  e x a m p l e ,  as shown  in t h e  second 
c o l u m n  of T a b l e  I, the  w e i g h t  losses  f r o m  an  Sb20, 
source  a r e  l a r g e  a t  950~ in N2. T h e y  also show no 
def in i te  t r e n d  or  a p p r e c i a b l e  change  w i t h  w a t e r  
con t en t  ove r  t he  c o n c e n t r a t i o n  r a n g e  s tud ied .  
W e i g h t  loss d e t e r m i n a t i o n s  cou ld  no t  be  m a d e  in 
H~ s ince  Sb204 r educes  to Sb  even  in the  p re sence  of 
f a i r l y  l a r g e  c o n c e n t r a t i o n s  of H20. H o w e v e r ,  the  

Table I. Effect of carrier gas composition on the diffusion of Sb in Si. 
Diffusion, 1 hr; Si, 1200~ Sb204, 950~ 

W a t e r  Sb204,  w t  O h m s  p e r  
t e rnp ,  ~ loss ,  m g  s q u a r e  
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w e i g h t  losses for  Sb20~ or  Sb  sources  a r e  k n o w n  to 
be  a p p r e c i a b l e  in a l l  of the  d r y  or  w e t  c a r r i e r  gases  
s t u d i e d  w i t h  t h e  excep t ion  of 05. The  w e i g h t  loss 
for  an  Sb~O4 source  a t  950~ in O~ is v e r y  sma l l  as  
c o m p a r e d  to t h a t  in  o t h e r  c a r r i e r  gases  such as H, 
or  N,. H o w e v e r ,  t he  loss a t  l l 0 0 ~  in O2 is s o m e w h a t  
h i g h e r  t h a n  the  loss in  w e t  or  d r y  N2 a t  950~ This  
effect of O, m i g h t  be  e x p l a i n e d  b y  a sh i f t  u p w a r d  i n  
t h e  t r a n s i t i o n  t e m p e r a t u r e  a b o v e  t h a t  p r e d i c t e d  b y  
the  equa t i ons  

2Sb~O~ 380~ 2Sb~O~ + O2 [3]  

2Sb20, 930~ 2Sb,O, ~- O,~ [4]  

in w h i c h  the  Sb20, w o u l d  be  a s s u m e d  to be  the  
m o r e  v o l a t i l e  m o l e c u l a r  species .  I t  is r e p o r t e d  e l se -  
w h e r e  (5)  t h a t  Sb,O, is p r o b a b l y  Sb,O8 w h i c h  is a 
m i x t u r e  of Sb20, a n d  Sb,  O~ b e l o w  900~ This  m a y  
accoun t  for  some of  the  v o l a t i l i t y  effects o b s e r v e d  
w i t h  th i s  oxide .  

Single Di f fus ion Layers 

Sing l e  d i f fus ion d a t a  a r e  i n c l u d e d  to  i l l u s t r a t e  t h e  
r e l a t i o n  b e t w e e n  the  p r e v i o u s  v o l a t i l i t y  d a t a  and 
t h e  d i f fus ion dep th ,  shee t  r es i s t ance ,  and  su r face  
concen t r a t i on .  These  d a t a  also p r o v i d e  the  n e c e s s a r y  
p rocess ing  p a r a m e t e r s  for  the  doub le  diffusions.  

In  T a b l e  I s ing le  d i f fus ion  d a t a  a r e  p r e s e n t e d  for  
an  Sb~O4 source  at  950~ in H~ a n d  N2 c a r r i e r  gases  
of d i f fe ren t  H~O conten t .  The  d i f fus ions  w e r e  m a d e  
for  1 h r  w i t h  5 o h m - c m  p - t y p e  Si s a m p l e s  a t  
1200~ Note  p a r t i c u l a r l y  t he  p r o g r e s s i v e  i nc rea se  
in shee t  r e s i s t a n c e  and  dec rease  in s u r f a c e  con-  
c e n t r a t i o n  w i t h  i nc r e a s ing  w a t e r  con ten t  in  bo th  
the  H2 and  N2 c a r r i e r  gases.  The  m e a s u r e m e n t s  a r e  
not  suff ic ient ly  a c c u r a t e  to show the  p r o b a b l e  p r o -  
g r e s s ive  dec rease  in d i f fus ion d e p t h  w i t h  i n c r e a s -  
ing  w a t e r  con ten t  in  t h e  c a r r i e r  gases.  H o w e v e r ,  
the  w e i g h t  losses  in  c o l u m n  2 of T a b l e  I show no 
p r o g r e s s i v e  or  l a r g e  change  w i t h  i nc r e a s ing  w a t e r  
c on t e n t  in t he  N2 c a r r i e r  gas.  This  a p p a r e n t  d i s -  
c r e p a n c y  b e t w e e n  the  w e i g h t  loss and  d i f fus ion  d a t a  
is e x p l a i n e d  b y  the  m a s k i n g  (3)  effect  of the  SiO~ 
l a y e r  w h i c h  is b e i n g  f o r m e d  c o n t i n u o u s l y  d u r i n g  
the  i n t r o d u c t i o n  of  t he  i m p u r i t y .  F o r  e x a m p l e ,  no 
conve r s ion  l a y e r  wi l l  f o r m  u n d e r  the  s ame  cond i -  
t ions  even  in d r y  N~ if  the  Si s a m p l e s  first  a r e  p r e -  
ox id i zed  for  1 h r  a t  1300~ in 02. This  1300~ SiO2 
su r f ace  l a y e r  r e duc e s  t he  s u r f a c e  c o n c e n t r a t i o n  of 
Sb  to b e l o w  a b o u t  101~ a toms/cc .  The  r e su l t s  in 
T a b l e  I a r e  e x p l a i n e d  as b e i n g  due  to an  i nc rea se  in 
the  r a t e  of SiO~ f o r m a t i o n  and  hence  m o r e  effect ive  

Layer Surface m a s k i n g  w i t h  i n c r e a s i n g  w a t e r  c on t e n t  i n  t he  ca r -  
t h i c k . ,  c o n c e n . ,  

crux 105 at./ccx 10~ r i e r  gas. In  o t h e r  words ,  the  c o m p e t i t i o n  b e t w e e n  
the  i n t r o d u c t i o n  of Sb  in to  t h e  Si  and  the  f o r m a t i o n  
of an SiO2 l a y e r  f avo r s  t h e  l a t t e r  as t he  concert-  

15 30 t r a t i o n  of w a t e r  v a p o r  in the  c a r r i e r  gas  is inc reased .  
13 12 S ing l e  d i f fus ion  d a t a  for  a Ga~O~ source  a t  950~ 

a re  p r e s e n t e d  in  T a b l e  I I  for  s e v e r a l  c a r r i e r  gas  
compos i t ions .  The  d i f fus ions  w e r e  m a d e  for  1 h r  a t  

15 330 1200~ us ing  p r e o x i d i z e d  5 o h m - c m  n - t y p e  Si. A n  
15 78 SiO_~ l a y e r  does no t  m a s k  (3)  a g a i n s t  t he  d i f fus ion 
15 42 
15 27 of Ga.  This  a b se nc e  of m a s k i n g  b y  an  SiO~ l a y e r  
13 8 a ga in s t  t he  d i f fus ion  of Ga  is a n e c e s s a r y  con t ro l  

0 
70 

m 

Dry 255 
0 224 

30 260 
50 
70 244 

Hydrogen  

263 
495 

Ni t rogen  

64 
151 
212 
286 
647 
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Table II. Effect. of carrier gas composition on the diffusion of Ga in 
Si. Diffusion, ! hr; Si, 1200~ Ga20~, 9S0~ 

L a y e r  S u r f a c e  
W a t e r  Ga~O3, w t  O h m s  p e r  th ick . ,  concert. ,  

t emp,  ~ loss, m g  s q u a r e  c m x  10~ a t . / cc  x 10 TM 

Hydrogen 

0 407 149 66 340 
30 136 361 61 150 
50 - -  1455 43 14 
70 45 >6000 25 <6 

Carbon Monoxide 

Dry 135 165 74 280 
0 45 1117 56 15 

30 24 >6000 20 <6 

Nitrogen-Helium-Oxygen 

0 0 N 0 - -  

requ i rement  in the double  diffusions described later ,  
since oxidat ion occurs dur ing  the in t roduct ion of 
the donor impur i ty .  Preoxid ized  samples are p re -  
fe r red  in Ga diffusions since surface p i t t ing  is 
avoided. Surface pi t t ing  of unoxidized Si by Ga is 
especial ly  bad  at  high-diffusion tempera tures .  

Note pa r t i cu la r ly  in Table II  the absence of a 
conversion l aye r  in e i ther  wet  N_~, He, or 03. The 
same resul t  is obta ined with d ry  O2 or iner t  gases 
containing even a small  t race of O_.. However,  com- 
p le te ly  d ry  and oxygen- f ree  iner t  gases such as N~ 
and He give a conversion layer  of low surface con- 
centrat ion.  Note also in Table  II  the progress ive  
increase in sheet resis tance and decrease in l ayer  
thickness and surface concentrat ion with  increasing 
wa te r  content  in the H~ and CO car r ie r  gases. The 
direct  re la t ion be tween  weight  loss and diffusion 
da ta  also is evident  f rom the  table. The resul ts  in 
Table II c lear ly  demons t ra te  the  basic pr incip le  for 
control l ing the in t roduct ion  of Ga atoms into Si. 
Thus Ga atoms can be in t roduced by  first hea t ing  in 
wet  H.~ and then diffusing in wet  N~ to produce the 
desired diffusion depth  wi thout  in t roducing more 
Ga atoms. The fol lowing diffusion data  i l lus t ra tes  
this pr inc ip le  more clearly.  

The da ta  in Table I I I  i l lus t ra te  the control  of 
single diffusion layers  by  changing the car r ie r  gas 
composit ion dur ing  the hea t ing  operation.  The 
diffusions were  made wi th  preoxid ized  5 ohm-cm 
n - t y p e  Si for 1 hr  at 1350~ with  the Ga~O~ source 
at 950~ The car r ie r  gas composit ion dur ing  the 
heat ing operat ion was ei ther  wet  H~ or wet  N~ for 
the t ime in tervals  shown in column 1 of Table III. 
Both the H~ and N~ were  bubbled  through wa te r  at 
30~ in these exper iments .  

With  the except ion of the first and last  exper i -  
ments  in Table III, note the progress ive  decrease in 
sheet res is tance and increase in surface concent ra -  
t ion with  increasing t ime in wet  H~. The layer  th ick-  
ness also tends to increase s l ight ly  wi th  increasing 
heat ing t ime in wet  H~. An n - p - n  type  s t ruc ture  
resul ts  from the exper imen ta l  condit ions shown in 
the first row of the table.  The a p p e a r a n c e  of n - t y p e  
surface  layers  in single car r ie r  gas Ga diffusions 
also occurs wi th  unoxidized Si samples when a high 
wa te r  content  reducing gas or pure  N~, He, or A are 

used. In other words,  an n - t y p e  surface layer  is 
formed when the Ga surface concentra t ion falls 
below a l imi t ing va lue  which depends upon the proc-  
essing conditions. The n - t y p e  surface layer  is be -  
l ieved to resul t  f rom the presence of a small  con- 
centra t ion of a donor impur i ty  in the GafOa. This 
seems reasonable  since the diffusion conditions, 
which are requ i red  for the appearance  of t h e s e  
n - t y p e  layers,  differ wi th  the  source of supply  of the 
GabOn. The presence of a donor impur i ty  has not 
been .confirmed by spect rographic  analysis  since it 
is difficult to de te rmine  smal l  concentrat ions  of 
e lements  such as P, As, or Sb. 

The last  exper iment  in Table  I I I  is inc luded to 
i l lus t ra te  the f lexibil i ty of this procedure  for device 
development .  In this case a final short  heat ing in 
wet  H~ produces a high surface concentrat ion 
(about  1017 atoms/cc)  on a previous ly  establ ished 
diffusion gradient .  The high surface concentra t ion 
faci l i ta tes  ohmic electr ical  contact. 

The da ta  in Table III  c lear ly  demons t ra te  the 
effectiveness of wet  H~ and wet N.~ for control l ing 
the int roduct ion of Ga atoms into Si a t  high t em-  
peratures .  The method is essent ia l ly  a predeposi t ion 
technique.  However ,  unl ike  the one descr ibed pre -  
viously (3),  it  requires  only a single heat ing of the 
Si at one t empera tu re  for both the predeposi t ion 
and diffusion. 

A second method  for control l ing the int roduct ion 
of Ga atoms into Si f rom a Ga~O~ source is i l lus-  
t r a t ed  by the H~ and CO exper iments  in Table II. 
In these the diffusion character is t ics  are de te rmined  
by  the wate r  content  of the  reducing car r ie r  gas 
ra ther  than the t ime in te rva l  of hea t ing  in wet  H~ 
fol lowed by  wet  N.~. The diffusion layers  may  be 
var ied  fu r the r  by  changing the wa te r  content  of the 
reducing car r ie r  gas dur ing  the heat ing operation.  
In addit ion,  the diffusion layers  may  be produced 
by a combinat ion of the condit ions shown in Tables 
II and III. Thus Ga diffusion layers  can be con- 
t ro l led  over wide l imits  by  changing the car r ie r  gas 
composit ion dur ing  a single heat ing operation.  

A few exper imen ta l  diffusions were  made  wi th  In 
and In~O~ sources using wet  H2 or wet  N~ as the ca r -  
r ier  gas. Conversion layers  were  obta ined in we t  H~ 
but  not in wet  Nf. Except  for fundamen ta l  differ-  
ences such as vapor  pressure,  diffusion constant,  
and surface solubi l i ty  in silicon, In and In~O~ sources 
can be employed to produce  control led diffusion 
layers  by  va ry ing  the car r ie r  gas composit ion in 
the manner  descr ibed for the  G a  and Ga20~ sources. 

Table }]]. Diffusion control of Ga in Si by heating first in wet H~ 
followed by wet N2. Si, 1350~ Go~O3, 950~ H20, 30aC 

Sur f ace  
T i m e  in  rain,  O h m s  pe r  L a y e r  th ick . ,  concert., 

Hf-Nf~H~ s q u a r e  c m x  10'  a t . / ce  x 1016 

5--55--0 N 20* - -  
10--50--0 566 22 7 
20---40--0 221 23 19 
30--30---0 192 24 23 
60-- 0--0 112 23 95 

5---50--5 270 20 - -  

* P layer .  
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Table IV. Control of double diffusion layers by heating first in wet 
N~ fallowed by wet H2. Ga203, 900oc; H~O, 30oc 

Si l i con  T i m e  in  ra in  L a y e r  th ick . ,  c m x  10 5 
t emp,  ~ N2 H2 To ta l  N P N + P 

Sb20,, 900~ 

1300 30 90 120 51 130 181 
1300 60 90 150 56 134 190 
1300 150 90 240 71 114 185 
1300 210 90 300 84 I01 185 
1300 330 90 420 97 81 178 

As~O~, 220~ 

1200 180 60 240 33 15 48 
1200 120 120 240 36 46 82 
1350 5 I0 15 36 61 97 
1350 9 6 15 38 33 71 

Double Diffusion Layers 
The design of electronic devices such as t rans is -  

tors requires  double diffused layers  of control led 
thicknesses and doping concentrat ions in semicon-  
ductors. Such layers  can be produced in a single 
heat ing opera t ion  by  va ry ing  the car r ie r  gas com- 
posit ion in control led t ime in terva ls  as i l lus t ra ted  
by the da ta  in Table IV. 

The diffusions were  made  wi th  unoxidized 5 
ohm-cm n - t y p e  Si wi th  the Ga,O, source at  900~ 
and the car r ie r  gases bubbled  through wa te r  at  
30~ The other  diffusion conditions are  l is ted in the 
table. A new supply  of each impur i t y  was employed  
in each run. The Si samples  were  in t roduced into 
the furnace  wi th  the wet  N,~ car r ie r  gas flowing. The 
car r ie r  gas was changed to wet  H.~ af ter  a t ime 
which was p rede te rmined  from single diffusion ex-  
per iments .  The heat ing was cont inued in wet  H~ 
unt i l  the desired double diffused layer  thicknesses 
were  obtained.  

In  the  Sb~O~-Ga~O~ diffusion da ta  in Table  IV, 
the heat ing t ime in wet  N, is increased progress ive ly  
while  the hea t ing  t ime in wet  H~ is held constant .  
Note the progress ive increase in the n - t y p e  layer  
thickness wi th  increasing heat ing t ime in the wet  
N,. On the other  hand the Ga diffusion l aye r  ( N + P )  
remains  essent ia l ly  constant  or independent  of the 
heat ing t ime in wet  N,. This is in agreement  wi th  
the previous  single diffusion da ta  in which Sb but  
not  Ga is in t roduced into Si in wet  N~. Thus the Sb 
diffusion depth  is de te rmined  by  the total  heat ing 
t ime while  the  Ga diffusion depth  is de te rmined  
by  the hea t ing  t ime in wet  H~. The double  diffused 
layers  resul t  since Sb has a h igher  doping level  and 
smal ler  diffusion constant  than Ga. 

In the As.~O~-Ga~O~ diffusion da ta  in Table IV, the 
to ta l  heat ing t ime was held  constant  for each tem-  
pe ra tu re  while  the heat ing t ime in both wet  N2 and 
wet  H, was varied.  Note the la rge  changes in the 
p - l a y e r  thicknesses and the small  changes in the  
n - l a y e r  thicknesses for  each diffusion tempera ture .  
The control  again is based on Ga since As forms 
conversion layers  in p - t y p e  Si in both wet  N.. and 
wet  H,. 

The data  in Table IV demons t ra te  the control  of 
double diffused layers  in a s ingle hea t ing  operat ion 
by changing the ca r r i e r  gas composition. However ,  
a wide range of control led double diffusion layers  
can be produced by  fu r the r  car r ie r  gas composition 
changes. For  example  the n - l a y e r  doping level  may  
be increased by reducing the wate r  content in the 
N~. The p - l a y e r  doping level  may  be decreased by  
increasing the wa te r  content  of the H~ or by  com- 
p le t ing  the heat ing in wet  N, af ter  an in te rva l  in 
wet  H,. A large  number  of diffusion conditions ob- 
viously are possible to meet  specific s t ruc tura l  r e -  
quirements .  

In order  to test the su i tab i l i ty  of the single hea t ,  
ing process for producing  t rans is tor  s tructures,  d-c  
a lpha measurements  were  made  on a number  of 
double  diffused silicon samples. The contacts were  
appl ied  by essent ia l ly  the same evapora t ion  and 
a l loying techniques descr ibed by  Tanenbaum and 
Thomas (6).  The d-c  measurements  were  made  on 
severa l  app rox ima te ly  5 x 10 -" cm d iamete r  etched 
dots on one surface of each sample. About  90% of 
the d-c  a lpha values  were  0.90-0.98 wi th  about  50% 
above 0.95 at  a collector vol tage of 10 v and an 
emi t te r  cur ren t  of 5 ma. The d-c  a lpha values  re -  
mained  quite flat over an emi t te r  cur rent  range of 
0.1-15 ma. 

I t  is possible also by  this single hea t ing  process 
to produce control led s t ructures  by the SiO, mask -  
ing technique (3).  For  example ,  the Sb,O, diffusions 
in Table IV would resul t  in only a single p - l a y e r  if 
the Si was preoxid ized  for 1 hr  at  1300~ in O2. 
Thus control led s t ruc tures  wi th  double and single 
diffused layer  pa t te rns  can be produced with  p re -  
oxidized Si by first removing  the SiO, f rom the 
regions which are to become double  diffused layers.  

Summary 
A single heat ing process has been descr ibed for 

the product ion of control led single and double  diffu- 
sion layers  in Si. The process is designed to meet  a 
large  range of design pa ramete r s  for electronic 

devices. 
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Diffusion into Silicon from Glassy Layers 
J. E. Cline ~ and R. G. Seed c 

Semiconductor Division, Sylvania Electric Products Inc., Woburn, Massachusetts 

ABSTRACT 

The diffusion of boron into silicon from glassy layers containing the system 
K~O-SiO~-B~O3 was investigated, These glassy layers can be formed by dehy- 
drating aqueous solutions, and they are fluid at the diffusion temperature of 
1200~ Methods were explored for obtaining controllable initial concentra- 
tions and penetrations of diffusant. Uniformly flat junctions were obtained, 
apparently due to the solvent action of the glassy layers in preventing masking 
by silicon dioxide. 

An important  technique in the fabrication of semi- 
conductor devices is the high- temperature  diffusion 
of donor and acceptor impurities into single-crystal 
material. Diffusion is governed by the expression: 

C,~,,)-~C( ..... ,er,c[ x--~]:Co 1-- 2 yx/4Dt 

The function, eric y, is plotted semilogarithmieally 
as the solid line in Fig. 1 (1, 2). 

Reproducible and uniform impuri ty penetration, 
resulting in fiat junctions, can be produced only 
from a uniform planar source concentration. 

Frosch and Derick (3) found that under special 
conditions of carrier-gas composition surface layers 
of SiO: could reduce Co by factors up to 200. Under 
the conditions ordinarily used in diffusion processes, 
it is difficult to avoid localized masking effects due 
to accidentally produced oxide layers. 

This investigation of the effects of various glassy 
layers on the diffusion of boron into Si was under-  
taken to explore means of controlling Co in both 
level and uniformity. 

Precoating Procedure 
The glassy layers were prepared by dehydration 

of aqueous solutions of silicates or borates of potas- 
sium. From the phase equilibrium diagram (4) of 
the binary system K~O-SiO~ it is apparent  that  a 
liquid phase can be maintained at temperatures 
above 1165~ if the SiO~ concentration is below 78.8 
wt %. 

The following solutions were used: solution 1, po- 
tassium silicate solution, sp gr 1.25 (Sylvania Elec- 
tric Products Inc.) ; solution 2, 10 g potassium tetra-  
borate, K:B,O,5H:O (Fisher Scientific Co.), 3.5 g 
potassium hydroxide (Baker Analyzed),  15 g de- 
ionized water;  solution 3, equal parts by weight of 
solutions 1 and 2. 

It  is calculated that these solutions form glassy 
layers, after dehydration, with the following mole 
ratios: solution 1, K~O:SiO~ = 1:3.44; solution 2, 
K~O:B~O~ = 1:1; solution 3, K~O:SiO~:B~Os = 
1.37: 1.25: 1. 

The n- type  Si slices used in these experiments 
1Presen t  address:  Raytheon Manufactu~'ing Co., Semiconductor  

Division, Newton,  Mass. 
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Fig. 1. The solid curve is o plot of erfc y vs, y and the dashed 
curve that of i erfc y vs, y. The points are experimental 
conductance values plotted against penetration for the 90-hr 
diffusion of silicon coated with solution 2. 

were oxidized by heating in air at 1200~ for 2 hr. 
After  cooling they were each coated with one of the 
solutions. The coatings were then dried under a heat 
lamp. 

Diffusion Experiments 
The diffusion runs were carried out in a Kanthat-  

wound furnace with a h igh- temperature  combustion 
tube (McDanel) open to the air. Two alundum boats 
were placed in the hot zone; one contained B~Os and 
the other the Si slices. Diffusion temperatures were in 
the range 1165~176 The time of a run was gen- 
erally 20 hr, although one run was made for 90 hr. 
It is not believed that appreciable diffusion of A1 
occurred due to the A1208 in the boats used in these 
experiments. 

The penetration of diffusant was determined after 
each diffusion run by carefully lapping down the Si 
slices and by taking electrical measurements with a 
linear 4-point probe (5) at thickness steps of 0.1 mil. 
The point at which the glassy layer was considered 
to be removed by the lapping was determined by the 
sudden increase in conductivity. The resulting meas- 
ure of the ra~io of volts to amperes from the probe 
readings is a complicated function of the resistivity 
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Fig. 2. Results of probe studies on. 6 diffusion runs 

of the  m a t e r i a l  d e p e n d i n g  on h o w  the  r e s i s t i v i t y  
va r i e s  w i t h  t h i ckness  in the  l a y e r s  b e l o w  the  p robe .  
H o w e v e r ,  the  r a t io  of a m p e r e s  to vo l t s  is a d i r ec t  
m e a s u r e  of the  c o n d u c t a n c e  of  t he  sample ,  in  th is  
case  the  shee t  conduc tance .  I t  can  be shown  eas i ly  
t h a t  the  conduc t ance  is d i r e c t l y  p r o p o r t i o n a l  to t he  
t o t a l  n u m b e r  of c a r r i e r s  in the  s a m p l e  ( shee t )  
which ,  in  tu rn ,  is e q u a l  to the  n u m b e r  of i m p u r i t y  
a toms  b e n e a t h  the  p robe .  The  to t a l  n u m b e r  of d i f -  
fused  i m p u r i t y  a toms,  N~, w h i c h  h a v e  p e n e t r a t e d  b e -  
y o n d  a d e p t h  y, is j u s t  

fo x [ 1  ] 
N~ = Co ~ er~c ~/415t dx ~/4Dt  i er~c y Co 

w h e r e  i, t he  c o m m o n l y  used  s y m b o l i c  r e p r e s e n t a t i o n  
for  i n t e g r a t i o n  of the  e r r o r  func t ion  c o m p l e m e n t ,  is 
i t se l f  not  a c losed  expres s ion .  The  va lues ,  n o r m a l i z e d  
to one at  x ---- 0, a r e  p l o t t e d  as t he  d a s h e d  c u r v e  in 
Fig.  1. I t  is seen  t ha t  t he  d i f fe rence  b e t w e e n  the  
e r r o r  func t ion  and  th is  i n t e g r a l  is on ly  s l ight .  

The  pos i t ion  of t he  p - n  j u n c t i o n  was  d e t e r m i n e d  
b y  h o t - p r o b e  m e a s u r e m e n t s  on the  l a p p e d  sl ices and  
also b y  m e t a l l o g r a p h i c  e x a m i n a t i o n  of sec t ions  of 
t he  slices.  

Discussion of Results 
The  r e s u l t s  of t h e  p r o b e  s tud ies  on 6 d i f fus ion 

runs  a r e  s h o w n  in Fig.  2 in  w h i c h  the  v o l t - m i l l i -  
a m p e r e  r a t io s  a r e  p l o t t e d  aga in s t  p e n e t r a t i o n s  in  
mils .  The  p e n e t r a t i o n s  a t  w h i c h  the  p - n  j unc t i ons  
occur red ,  as d e t e r m i n e d  b y  h o t - p r o b e  m e a s u r e m e n t s ,  
a r e  i n d i c a t e d  b y  the  s y m b o l  "n  ~ p."  C u r v e  I fits 
the  d a t a  for  d i f fus ion in  u n c o a t e d  Si  a n d  in  two  sl ices 
coa ted  w i t h  so lu t ion  1. C u r v e  II  is for  t he  s l ice  coa ted  
w i t h  so lu t ion  3, and  c u r v e  I I I  for  the  sl ice coa ted  
w i t h  so lu t ion  2. 
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The  m a i n  effect no t ed  for  t he  p o t a s s i u m  s i l ica te  
coa t ing  ( so lu t ion  1) was  to p r o m o t e  t h e  f o r m a t i o n  
of a f iat  j u n c t i o n  as was  o b s e r v e d  b y  m e t a l l o g r a p h i c  
e x a m i n a t i o n .  So lu t i on  3 l ed  to an  i nc rea se  in  C, 
w h i c h  was  i n d i c a t e d  b y  the  d e c r e a s e  in v o l t - m i l l i -  
a m p e r e  r a t io  at  ze ro  p e n e t r a t i o n .  So lu t i on  2 caused  
an  even  g r e a t e r  i nc rease  in Co. 

A 90 -h r  r u n  w i t h  so lu t ion  3, cu rve  IV, showed  
bo th  a r e l a t i v e l y  h igh  C0 and  deep  p e n e t r a t i o n  of the  
d i f fusant .  Us ing  the  s ame  da ta ,  r e l a t i v e  conduc t ance  
was  p lo t t e d  a ga in s t  p e n e t r a t i o n  in  Fig.  1, t he  po in t s  
be ing  the  e x p e r i m e n t a l  c o n d u c t a n c e  va lues .  The  
scales  of o r d i n a t e  and  absc issa  w e r e  n o r m a l i z e d  and  
a d j u s t e d  to g ive  the  bes t  fit to t he  t h e o r e t i c a l  curves .  
The  v a l u e  of 1.8.10 -1~ cm2/sec for  the  d i f fus ion  con-  
s tant ,  D, was  d e d u c e d  f r o m  the  d a t a  and  agrees  
w i t h i n  e x p e r i m e n t a l  e r r o r  of the  t e m p e r a t u r e  
1175~ w i t h  t h a t  r e p o r t e d  b y  F u l l e r  and  D i t z e n -  
b e r g e r  (6) .  The  s o u r c e - p l a n e  concen t r a t ion ,  Co was  
c a l c u l a t e d  by  the  m e t h o d  of d i f f e r en t i a l  c o n d u c t -  
ances  and  found  to be  4.8 .10 ~. I t  w o u l d  be  e x p e c t e d  
t h a t  a d i s c o n t i n u i t y  in the  s lope  of the  cu rve  of con-  
d u c t a n c e  vs. p e n e t r a t i o n  w o u l d  a p p e a r  a t  t h e  pos i -  
t ion  of the  p - n  j u n c t i o n  due  to t he  c o n t r i b u t i o n  of 
t he  n - t y p e  i m p u r i t y  to t he  conduc tance .  The  fac t  
t ha t  our  d a t a  do not  show such d i s con t inu i t i e s  m a y  
be a t t r i b u t e d  to l a ck  of r e f i n e m e n t  of t he  p r o b e  t e c h -  
n ique .  The  a g r e e m e n t  of t he  d a t a  in t he  r eg ion  b e -  
y o n d  the  p - n  j u n c t i o n  w i t h  t he  t h e o r e t i c a l  c u r v e  is 
fo r tu i tous .  

The  fiat  j unc t i ons  o b s e r v e d  u n d e r  the  g l a s sy  coa t -  
ings  a r e  a p p a r e n t l y  due  to the  r e m o v a l  of m a s k i n g  
b y  loca l ized  s i l icon d iox ide  l a y e r s  b y  the  so lven t  
ac t ion  of the  glasses.  I n c r e a s i n g  the  bo ron  con ten t  
of the  g lasses  i nc reases  the  v a l u e  of  C,. 

Acknowledgment 
The  a u tho r s  a r e  g r a t e f u l  to G e o r g e  S h a w  for  his  

c o n t r i b u t i o n s  to the  e x p e r i m e n t a l  w o r k  in  th is  
i nves t iga t ion .  

Manuscr ip t  rece ived  May 20, 1958. This pape r  was 
p repa red  for de l ivery  before  the New York  Meeting, 
Apr i l  27-May 1, 1958. 

Any  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1959 JOURNAL. 

REFERENCES 
1. "Tables  of P robab i l i t y  Funct ions,"  Vol. 1. Fede ra l  

Works  Agency,  Work  Projec ts  Adminis t ra t ion .  
New York, 1941. 

2. W. Jost, "Diffusion," p. 61, Academic  Press,  Inc., 
New York  (1952).  

3. C. J. Frosch and L. Derick,  This Journal, 104, 547 
(1957). 

4. F. C. Kracek,  N. L. Bowen, and G. W. Morey,  J. 
Phys. Chem., 33, 1857 (1929). 

5. A. Uhlir ,  Jr., Bell Syst. Tech. J., 34, 105 (1955). 
6. C. S. Fu l l e r  and J. A. Di tzenberger ,  J. Appl. Phys., 

27, 544 (1956). 



Diffusion Concentration Profiles by Analog Computation 
Worden Waring 1 

Semiconductor Division, Raytheon Manufacturing Company, Newton, Massachusetts 

ABSTRACT 

Simulat ion of diffusion processes on an analog computer permits  solutions to 
the diffusion equations under  boundary  conditions which make analyt ical  solu- 
tions impractical. Effects on transistor  s t ructure  are shown for "slumping" 
and "outdiffusion" of the first diffusant in a double diffusion. Diffusion from a 
l iquid alloy dot through a regrown region is well  represented by an analyt ical  
solution excep t  for very  thin regrown regions or very long diffusion times. 
Diffusion through two layers of mater ial  with different diffusion coefficients 
gives profiles which may deviate widely from the error funct ion complement.  

In  order  to s tudy  the var ious  diffusion processes 
wi th  semiconduc to r  mater ia l s ,  an  ana log  compu te r  
has been  wi red  and  p r o g r a m m e d  so as to s imula te  
the  ac tua l  diffusions in  a o n e - d i m e n s i o n a l  geometry .  
This pe rmi t s  the so lu t ion  of the  diffusion equa t ions  
u n d e r  b o u n d a r y  condi t ions  m a k i n g  a n  ana ly t i ca l  
so lu t ion  impract ica l .  I t  also pe rmi t s  m a k i n g  changes  
in  condi t ions  and  fo l lowing the i r  effects readi ly .  U n -  
f o r t u n a t e l y  the analog  compute r  can in t eg ra t e  w i th  
respect  to on ly  one var iab le ,  so an a p p r o x i m a t i o n  
m u s t  be used in solving the diffusion (or hea t  flow) 
equat ions .  Also, its n u m e r i c a l  resul t s  are l imi ted  to 
abou t  3 orders  of magn i tude .  

The m a c h i n e  used is a Reeves Elec t ronic  Ana log  
Compu te r  (REAC) ,  Model  C400. I ts  behav io r  is d i -  
rected by  the w i r i n g  on a pa tchboard ,  which  is 
va r i ed  somewha t  for the  di f ferent  p roblems.  Its ou t -  
pu t  is ob ta ined  as a series of read ings  on a d ig i ta l  
vo l tme t e r  and  as curves  d r a w n  on g raph  paper .  In  
the  p resen t  work,  i n t eg ra t i on  is a long  the t ime  axis  
and  con t inuous  curves  wi th  t ime  m a y  be ob ta ined  
for concen t r a t i on  at a pa r t i cu l a r  location.  The  va r i -  
a t ion  of concen t r a t i on  in  space is r ep resen ted  by  
concen t r a t i on  va lues  at 12 equa l ly  spaced s ta t ions;  
curves  d r a w n  th rough  these poin ts  are shown in  the 
p resen t  figures. 

A n u m b e r  of r u n s  were  m a d e  s i m u l a t i n g  s imple  
diffusion in  f rom a cons t an t  surface  concen t ra t ion .  
Resul ts  were  tes ted aga ins t  the  e r ror  func t ion  com- 
p lement ,  which  is the  correct  theore t ica l  so lu t ion  
(1, 2) and  were  found  to be u n i f o r m l y  w i t h i n  abou t  
1 pe rcen tage  u n i t  of the  correct  va lues  for C/Co, 
where  C is the  concen t r a t i on  as a func t ion  of dis-  
tance  (h)  and  t ime  ( t )  and  Co is the  cons tan t  s u r -  
face concen t ra t ion .  

Double Diffusion 
One of the  first p rob lems  was  a s i m u l a t i o n  of 

double  diffusion:  si l icon is hea ted  to an  appropr i a t e  
t empe ra tu r e ,  ga l l i um is diffused in  f rom the vapor ,  
t hen  the  sample  is p laced  for a shor te r  t ime  in  phos-  
phorus  vapor  at  the  same  t empera tu re ,  which  d i f -  
fuses in  and  overdopes  the  ga l l i um n e a r  the  surface.  
To s imula t e  this, a n o r m a l  indi f fus ion was r u n  on 
the mach ine ;  t hen  the  surface concen t r a t i on  was  set 

1 P r e s e n t  add re s s :  F a i r c h i l d  S e m i c o n d u c t o r  Corp. ,  Pa lo  Al to ,  Cal i f .  

at  zero and  the diffusion cont inued .  D u r i n g  this  sec- 
ond  diffusion the first mate r ia l ,  which  is t hen  i n -  
i t i a l ly  d i s t r ibu ted  according to the  e r ror  f unc t i on  
complement ,  t ends  to " s lump" ;  its concen t r a t i on  
tends  to level  out. In  addi t ion,  i t  escapes f rom the  
surface,  or "outdiffuses." Outdi f fus ion f rom an  in -  
i t i a l ly  u n i f o r m  concen t ra t ion  has been  discussed 
e l sewhere  (3-5) .  The  p resen t  s imu la t i on  gives the  
resul ts  of outdif fus ion f rom a concen t r a t i on  d i s t r i -  
b u t i o n  in i t i a l ly  descr ibed by  the  e r ror  f unc t i on  com-  
p lement .  

Runs  of v a r y i n g  l eng ths  of t ime  on the REAC, as 
shown  in  Fig. 1, show successive stages in  the  con-  
cen t r a t i on  profile as these processes go on. The p a r a -  
m e t e r  on the curves  is the ra t io  of the  t ime  of second 
diffusion to the t ime  of first diffusion. The figure 
shows how the concen t r a t i on  n e a r  the  surface  drops 
ab rup t ly ,  b u t  f u r t he r  in  the  b u l k  the concen t r a t i on  
rises g radua l ly .  

I.O 

.6 

r 
c 
C~ 

"0 0.1 0.2 03 0.4 0.5 0.6 
h (mils) 

Fig. 1. Slumping and outdiffusion processes. Number on 
curves is rat io o f  second d i f fus ion t ime to f i rst .  
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Fig. 2. Slumping and outdi f fusion;  reduced parameters. 
Number on curves is rat io of  second di f fusion time to first. 

In  o r d e r  to m a k e  these  r e su l t s  m o r e  g e n e r a l l y  u se -  
ful,  t he  c o n c e n t r a t i o n  r a t io s  a r e  n e x t  p l o t t e d  a ga in s t  

a d imens ion l e s s  abscissa ,  h/2~/Dt. This  w o u l d  p u t  a l l  
s i m p l e  ind i f fus ion  processes  on t h e  s a m e  curve ,  the  
e r r o r  func t ion  c o m p l e m e n t ,  w h i c h  is t he  in i t i a l ,  or  
"0"  c u r v e  in Fig.  1 and  2. In  add i t ion ,  in Fig .  2 a 
l o g a r i t h m i c  scale  is u sed  for  concen t r a t ion .  A l l  the  
cu rves  go d o w n  to zero ( m i n u s  in f in i ty )  a t  zero  
absc i ssa  va lue .  

Two p r i n c i p a l  conc lus ions  a re  t h a t  concen t r a t i ons  
of  the  f irst  d i f fusan t  n e a r  the  su r f ace  m a y  be  cons id -  
e r a b l y  less t h a n  is p r e d i c t e d  b y  a s s u m i n g  i t  is s ta t ic  
d u r i n g  the  second diffusion,  and  t h a t  a good a p p r o x i -  
m a t i o n  to concen t r a t i ons  of t he  first  d i f fusan t  in the  
i n t e r i o r  is to a s sume  s imp le  ind i f fus ion  occurs,  bu t  
for  the  t o t a l  t ime  of bo th  d i f fus ions  ( s e e  l a t e r ) .  

H o w e v e r ,  the  cu rves  of Fig .  2 shou ld  be modif ied.  
I t  is u n l i k e l y  t h a t  t he  su r f ace  c o n c e n t r a t i o n  wi l l  be  
zero. In  o r d e r  to t e s t  the  effects  of  v a r i o u s  s u r f a c e  
c o n c e n t r a t i o n s  on the  ou td i f fus ion  ( a n d  s l u m p i n g )  
process ,  r uns  w e r e  m a d e  w h e r e i n  t he  su r f ace  con-  
c e n t r a t i o n  was  he ld  cons t an t  a t  d i f fe ren t  va lues .  R e -  
sul ts  a r e  shown  in  Fig .  3. The  second  d i f fus ion  was  
ju s t  ha l f  the  t ime  of t he  f irst  d i f fus ion in a l l  t hese  
runs .  The  b o t t o m  c u r v e  goes to zero a t  zero abscissa .  

R a t h e r  l i m i t e d  d a t a  i n d i c a t e  t h a t  t he  su r f ace  con-  
c e n t r a t i o n  ( in  an  a t m o s p h e r e  e s s e n t i a l l y  devo id  of 
the  ou td i f fus ing  m a t e r i a l )  is s e v e r a l  o rde r s  of m a g -  
n i t u d e  less  t h a n  t h e  i n i t i a l  s a t u r a t i o n  va tue .  F i g u r e  3 
shows  t h a t  in such cases  i t  shou ld  be  p e r f e c t l y  s a t i s -  
f a c t o r y  to a s sume  zero su r f ace  c o n c e n t r a t i o n  for  
p r a c t i c a l  ou td i f fus ion  p r o b l e m s .  

A p p l i c a t i o n  to a T r a n s i s t o r  

The  re su l t s  of s i m u l a t e d  runs  such as these  w e r e  
a p p l i e d  to a h y p o t h e t i c a l  dev i ce  f ab r i ca t ion .  G a l l i u m  
was  d i f fused  into  n - t y p e  si l icon,  fo l lowed  b y  p h o s -  
pho rus  ( w i t h  a d i f f e ren t  d i f fus ion  coeff icient)  in a 
g a l l i u m - f r e e  a t m o s p h e r e .  Conve r s ion  of c o n c e n t r a -  
t ions  to r e s i s t i v i t i e s  gave  the  cu rves  of Fig .  4. The  
d a s h e d  cu rves  show the  r e s i s t i v i t y  and  t y p e  prof i les  
if t he  g a l l i u m  h a d  been  s t a t i c  d u r i n g  the  p h o s p h o r u s  
diffusion,  t ha t  is, us ing  the  e r r o r  func t ion  c o m p l e -  
m e n t  d i s t r i b u t i o n  for  the  t i m e  of g a l l i u m  di f fus ion 
a lone.  The  j unc t i ons  w o u l d  be  ju s t  w h e r e  t he  v e r t i -  
cal  dashes  r e a c h  the  u p p e r  b o u n d a r y  of the  f igure.  
The  sol id  cu rves  show the  r e su l t s  w h e n  ou td i f fus ion  
a n d  s l u m p i n g  a r e  i nc luded ;  for  t he  g a l l i u m  ou td i f fu -  
sion, i ts  su r f ace  c o n c e n t r a t i o n  was  set  a t  zero,  as d i s -  
cussed  above .  The  j unc t i ons  a r e  l oca t ed  n o w  w h e r e  
the  l ines  p r o j e c t  a b o v e  the  u p p e r  b o u n d a r y  of t he  
figure.  The  inner ,  co l l ec to r  j u n c t i o n  is seen to h a v e  
m o v e d  in a b o u t  0.12 mi l ;  the  outer ,  e m i t t e r  j u n c t i o n  
has  m o v e d  out  v e r y  l i t t le ,  0.014 mi l ;  t he  base  w i d t h  
has  thus  i n c r e a s e d  b y  a b o u t  0.13 mil .  In  add i t ion ,  t he  
r e s i s t i v i t y  in the  base  r eg ion  has  d e c r e a s e d  d e c i d -  
edly ,  and  its m i n i m u m  has  f a l l en  f r o m  0.11 o h m - c m  
to 0.045 o h m - c m .  

I ' ~  ' ' ' 1 I f  the  g a l l i u m  d i s t r i b u t i o n  w e r e  c a l c u l a t e d  on the  
bas is  of s imple  ind i f fus ion  w i t h  cons t an t  su r f ace  con-  
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outdi f fusion, culoted for total time. 
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cen t r a t i on  (e r ror  f unc t i on  c o m p l e m e n t )  bu t  for the 
total  t ime  of both  diffusions, its d i s t r i bu t ion  wou ld  
be as shown  by  the  dot ted  curve.  This is an  exce l len t  
fit for the  i n n e r  junc t ion ,  bu t  in t roduces  some er ror  
in  the  pos i t ion  of the outer ,  emi t t e r  junc t ion .  As 
m e n t i o n e d  before, this  is a m u c h  be t t e r  a p p r o x i m a -  
t ion t h a n  a s suming  the  first d i f fusant  is s tat ic  d u r i n g  
the second diffusion. 

The  effects of such changes  in  concen t r a t i on  p ro -  
files on the  proper t ies  of t rans i s tors  can be d e m o n -  
s t ra ted  readi ly .  

Bulk Diffusion Process 
A second type  of p rob l em was to ob ta in  the con-  

cen t r a t i on  profile for a m a t e r i a l  which  in i t i a l ly  had  
a fixed concen t r a t i on  of i m p u r i t y  in  a r eg rown  reg ion  
and  zero concen t ra t ion  in  the  ad jacen t  b u l k  mater ia l ,  
w h e n  the  i m p u r i t y  diffused f rom the  r e g r o w n  region  
in to  the bulk .  T rans i s to r  s t ruc tu res  of a p p r o x i m a t e l y  
this n a t u r e  have  been  descr ibed by  var ious  au thors  
(6-10) .  The  diffusion processes are s imi la r  to those 
in  the g rown-d i f fused  t echn ique  (11, 12). The  a n a -  
lyt ical ,  exact  so lu t ion  is s imple  for the case where  
both regions  are of inf ini te  ex ten t  (1) .  Bu t  now a 
l iqu id  al loy dot is placed on the  r e g r o w n  region  and  
is a ssumed  to m a i n t a i n  a cons tan t  surface  concen t r a -  
t ion at  a fixed d is tance  ( th ickness  of r e g r o w n  re -  
gion)  f rom the  i n n e r  b o u n d a r y  of the  r eg row n  re -  
gion. Resul ts  for this s i tua t ion  are  compared  in  Fig. 
5 wi th  the  ana ly t i ca l  so lut ion for the doub ly  i n -  
finite case. Solid curves  are smoothed f rom the  
REAC results ,  and  dashed curves  r ep re sen t  the  
doubly  inf in i te  solut ion.  Curves  1 are for a short  
t ime  of diffusion and  curves  2 for a longer  t ime. A r -  
rows show the  b o u n d a r y  of the  r eg rown  region.  

I t  is c lear  tha t  the  doub ly  inf ini te  so lu t ion  is sat is-  
fac tory  for a short  diffusion (or, wha t  a m o u n t s  to 
the same thing,  a th ick  r eg rown  reg ion) .  For  a long 
diffusion, however ,  the doub ly  inf in i te  solut ion is in 
error .  I t  m u s t  a lways  pass t h rough  the va lue  0.50 at  
the  b o u n d a r y  of the  r e g r o w n  region,  so it  becomes 
poorer  as t ime  goes on. This  is ano the r  exa mp l e  
where  a m a j o r  va lue  of the m a c h i n e  solut ion is in  
e s t ab l i sh ing  l imi ts  w i t h i n  which  s imple r  ana ly t i ca l  
solut ions  are sa t i s fac tor i ly  accurate .  

1 . 0 .  , 1 ' ' ' ' ' 
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Fig. S. Diffusion through a regrown region. Arrow shows 
boundary, calculated by REAC; . . . . .  doubly 
infinite solution; 1 after short time; 2 after longer time. 

The a b r u p t  d ropp ing  off of the  REAC resul ts  at  
la rge  d is tances  and  especia l ly  at long t imes  is an  
error .  I t  occurs because  the  c i r cu i t ry  used forces the  
concen t r a t i on  curve  to go t h r ough  zero jus t  b e y o n d  
the last  concen t ra t ion  va lue  ac tua l ly  read. This e r ro r  
is easy to recognize,  however ,  and  can  be corrected 
by  g rea te r  sophis t ica t ion in  d i rec t ing  the  m a c h i n e  
behavior .  The runs  shown in  Fig. 5 were  f rom u n -  
u sua l ly  long ma c h i ne  r u n n i n g  t imes,  which  ordi -  
n a r i l y  are rejected.  

A th i rd  type  of p r ob l e m concerns  a t w o - l a y e r  sys-  
tem, w h e r e i n  there  is one va l ue  of the diffusion co- 
efficient in  one l aye r  and  a di f ferent  va l ue  in  the  
other.  This  is not  qu i te  an oxide l ayer  r ep resen ta t ion ,  
because  the  d i s t r i bu t ion  coefficient at the in te r face  is 
a s sumed  to be un i ty ,  and  because  the differences in  
coefficient va lues  are not  ex t reme,  bu t  it  m i gh t  r ep -  
resen t  a d i s tu rbed  l ayer  on a semiconduc tor  surface.  

F i g u r e  6 shows the  resu l t s  w h e n  the doping  m a t e -  
r ia l  diffuses faster  in  the ou te r  l ayer  and  s lower in  
the  semiconduc tor  bu lk ;  the ra t io  is 5: 1. The solid 
curves  are for two p a r t i c u l a r  t imes,  w i th  t~ la te r  
t h a n  tl. The dashed curve  shows w h a t  the concen t r a -  
t ion profile would  have  been  if  diffusion had  oc- 
cu r red  in  the i n n e r  l ayer  for the same l eng th  of t ime  
bu t  wi th  a cons tan t  "sur face"  concen t r a t i on  in  the  
in te r face  equa l  to its va lue  at t ime  tl. The rat io of 
concen t r a t ions  (dev ia t ion  f rom the ac tua l )  increases  
wi th  dis tance.  The concen t r a t i on  at a n y  fixed po in t  
w i t h i n  the m a t e r i a l  moves  u p w a r d  and  to the  left  
w i th  t ime,  on this  graph.  

F igu re  7 shows the  resul t s  w h e n  the  doping  m a t e -  
r ia l  diffuses on ly  0.1 as fast  in  the  outer  l ayer  as in  
the bulk .  A ga i n  the  hypo the t i ca l  profile is shown for 
the shor te r  t ime,  to ind ica te  how the increase  w i th  
t ime  of the  b o u n d a r y  concen t r a t i on  causes a profile 
d i f ferent  f rom the  e r ror  func t ion  complement .  Again ,  
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Fig. 6. Diffusion into bulk through layer with higher dif- 
fusion coefficient. 
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In  a l l  such p r o b l e m s ,  a m a j o r  a d v a n t a g e  of t he  
s i m u l a t i o n  t e c h n i q u e  is i t s  f l ex ib i l i ty :  i t  is easy  to  
r e p r e s e n t  a w i d e  v a r i e t y  of d i f fus ion condi t ions .  I t  
g ives  a n s w e r s  r ead i ly ,  w h e n  an  e x a c t  a n a l y t i c a l  so -  
lu t ion  m a y  be c o m p l e x  to so lve  o r  diff icult  to e v a l u -  
a te  n u m e r i c a l l y .  In  a d d i t i o n  to g iv ing  a d e q u a t e  so lu-  
t ions,  i t  is a lso v a l u a b l e  in  i n d i c a t i n g  l im i t s  w i t h i n  
w h i c h  s imple  a n a l y t i c a l  so lu t ions  a r e  suff ic ient ly  
accura t e .  
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c o n c e n t r a t i o n s  a t  p a r t i c u l a r  loca t ions  m o v e  u p w a r d  
and  to the  le f t  w i t h  t ime,  on th is  g raph .  In  Fig.  6 
and  7 the  b r e a k  in each  c u r v e  occurs  w h e r e  t he  d i f -  
fus ion  coefficient  changes  va lue .  

In  a d d i t i o n  to t he  p r o b l e m s  d i scussed  here ,  s i m u -  
l a t ion  of d i f fus ion  m a y  be  a p p l i e d  to  cases  w h e r e  the  
d i f fus ion coefficient va r i e s  w i t h  d is tance ,  as w h e n  
one t y p e  of dop ing  m a t e r i a l  is d i f fused  t h r o u g h  m a -  
t e r i a l  w i t h  s igni f icant  c o n c e n t r a t i o n s  of the  oppos i t e  
t y p e  of dope.  The  d i f fus ion  coefficient m a y  v a r y  w i t h  
t i m e  r a t h e r  t h a n  w i t h  pos i t ion .  This  wi l l  occur  d u r -  
ing  the  h e a t i n g  and  cool ing  process  i n v o l v e d  in d i f -  
fusion,  and  e spec i a l l y  w h e n  s low cool ing  is u t i l i zed  
in o r d e r  to m a i n t a i n  l i f e t ime  or  r e s i s t i v i t y  of the  m a -  
te r ia l .  Or  t he  su r face  c o n c e n t r a t i o n  m a y  be  a f u n c -  
t ion of t ime,  as w h e n  a t w o - t e m p e r a t u r e  f u r n a c e  is 
used  and  the  dop ing  m a t e r i a l  is s l owly  hea ted ,  or  if  
the  dope  m u s t  diffuse a long  a r a t h e r  long p a t h  in 
o r d e r  to r e a c h  the  s e m i c o n d u c t o r  m a t e r i a l .  

Manuscr ip t  rece ived  Apr i l  29, 1958. This pape r  was 
p repa red  for de l ivery  before  the  New York  Meeting, 
Apr i l  27-May 1, 1958. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be  publ ished in the June  1959 JOURNAL. 
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ABSTRACT 

A n  ins t rument  has been developed for  the  observat ion  of optical  sca t ter ing  
in sil icon and in in te rmeta l l ic  compounds.  I t  is considered as a supp lemen ta ry  
tool sui table  for s tudying crys ta l  imperfect ions  in conjunct ion wi th  other  
opt ical  methods.  Sca t te r ing  pa t te rns  of hea t - t rea ted ,  c ruc ib le -g rown sil icon 
crys ta ls  have been discussed as examples .  The observat ions  are  in comple te  
agreement  wi th  prev ious ly  publ i shed  resul ts  obta ined by  severa l  other  inves-  
t igators  on the c lus ter ing  of oxygen in silicon caused by  hea t  t rea tment .  

Op t i ca l  o b s e r v a t i o n s  on s i l icon in  the  w a v e -  
l e n g t h  r a n g e  g r e a t e r  t h a n  1.1 ~, t h a t  is, in  t h e  r eg ion  
of i ts  i n f r a r e d  t r ansmis s ion ,  h a v e  l ed  to s ign i f ican t  
p r o g r e s s  in  the  s t u d y  of  c r y s t a l  pe r fec t ion .  In  p a r t i c -  
u la r ,  t h e  i n v e s t i g a t i o n s  of Dash  (1)  on b i r e f r i n g e n c e  
in  Si  as o b s e r v e d  in t r a n s m i s s i o n  b e t w e e n  c rossed  
po l a r i z e r s  h a v e  r e v e a l e d  m a n y  de t a i l s  such as s t r a i n  
pa t t e rn s ,  g r o w t h  r ings ,  and  m u l t i p l e  tw inn ing .  In  
his  s tud ies  an  i n f r a r e d  c o n v e r t e r  t u b e  is u sed  for  
v i sua l  obse rva t ions .  W h i l e  th i s  m e t h o d  is q u i t e  
sens i t ive ,  i t  does  no t  r e v e a l  c e r t a i n  t y p e s  of i m p e r -  
fect ions,  such  as v e r y  f inely  d i s p e r s e d  p r e c i p i t a t e s  
caused  b y  t h e  p r e s e n c e  of o x y g e n  in Si c ry s t a l s  
g r o w n  in q u a r t z  c ruc ib les .  

As  K a i s e r  has  shown,  hea t  t r e a t m e n t  of such 
c rys t a l s  a t  1000~ causes  f o r m a t i o n  of SiO2 c lus t e r s  
w i t h i n  the  Si  m a t r i x ,  and  these  c lus te r s  in t u r n  g ive  
r i se  to op t i ca l  s ca t t e r i ng  (2 ) .  W h i l e  D e b y e  a n d  
L e d e r h a n d l e r  (3)  h a v e  r e p o r t e d  m e a s u r e m e n t s  of 
t he  a n g u l a r  d i s t r i b u t i o n  of sca t t e r ing ,  a s ens i t i ve  
a r r a n g e m e n t  for  o b s e r v i n g  the  i n t e n s i t y  d i s t r i b u t i o n  
of  s c a t t e r e d  l igh t  w i t h i n  t he  s a m p l e  is of c o n s i d e r -  
ab l e  i n t e r e s t  in c o n j u n c t i o n  w i t h  o the r  op t i ca l  
m e a s u r e m e n t s  such as 9-~ a b s o r p t i o n  (4)  a n d  the  
b i r e f r i n g e n c e .  

Experimental Arrangement 
A sens i t ive  i n s t r u m e n t  for  o b s e r v i n g  the  s c a t t e r -  

ing  m u s t  use  a s t r ong  l i g h t  source  to  p r o v i d e  a v e r y  
i n t ense  i l l u m i n a t i o n  of  t he  s a m p l e  and  at  the  s a m e  
t ime  the  f ield of v i e w  m u s t  be  k e p t  as d a r k  as pos -  
s ib le  w h e n  the  s c a t t e r i n g  s a m p l e  is n o t  in  p lace .  
This  cond i t i on  is a l w a y s  ea sy  to fulf i l l  i f  t he  s a m p l e  

B ~ Sph 

o, 

S J 

Fig. 1. Optical principle of scattering a r r a n g e m e n t  

is i l l u m i n a t e d  t h r o u g h  a r e l a t i v e l y  s m a l l  a p e r t u r e  
a n d  t h e  o b s e r v a t i o n  p a t h  m a k e s  a l a r g e  a n g l e  w i t h  
the  d i r ec t ion  of i l l umina t i on ,  as i t  is done  in  ob -  
s e r v i n g  the  T y n d a l l  sca t t e r ing ,  w h e r e  th is  ang le  is 
u s u a l l y  90 ~ . In  c o n t r a s t  to such  an  a r r a n g e m e n t ,  
we  h a v e  chosen  a l a r g e  i l l u m i n a t i o n  a p e r t u r e  
a r o u n d  a con ica l  d a r k  field zone a n d  the  i n t e g r a t e d  
s c a t t e r e d  l igh t  is o b s e r v e d  f r o m  ins ide  an  u m b r a  or  
s h a d o w  cone (5) .  F i g u r e  1 shows  t h e  op t i c a l  a r -  
r a n g e m e n t  s c h e m a t i c a l l y .  The  i n t e g r a t i n g  s p h e r e  
Sph  is i l l u m i n a t e d  b y  the  l i gh t  source  S. This  sphe re  
has  a s m a l l  opening ,  O:, in f ron t  and  a l a r g e r  one, 
O1, on the  oppos i t e  side, w h i c h  is b a c k e d  b y  a b l a c k  
cone, B. The  holes  O1 a n d  O2 def ine an  u m b r a  or  
s h a d o w  cone into  w h i c h  no l igh t  o r i g i n a t i n g  f rom 
the  s p h e r e  can  p e n e t r a t e .  I f  a s a m p l e  is p u t  b e f o r e  
O: i t  w i l l  be  i l l u m i n a t e d  w i t h  an  a p e r t u r e  of 180 ~ 
If  s c a t t e r i n g  occurs ,  t he  s c a t t e r e d  l i g h t  w i l l  p e n e -  
t r a t e  in to  the  s h a d o w  cone, w h i c h  m e a n s  t h a t  the  
s a m p l e  w i l l  b r i g h t e n  up  acco rd ing  to t he  d e g r e e  of 
s c a t t e r i ng  w h e n  v i e w e d  f r o m  w i t h i n  t he  s h a d o w  
cone. 

Figure 2 shows schematically the complete ar- 
rangement of the instrument for the study of scat- 
tering in Si. This instrument actually consists of a 
water-cooled integrating sphere Sph of I0 cm diam- 
eter which is i11uminated by a 200-w projection 
lamp. The inner wall of the sphere is gold plated, 
since gold has a high reflectivity in the infrared re- 
gion. The two aligned holes O1 and 02 have a di- 
ameter of 60 mm and 8 mm, respectively. The black 
body B is a cone of 70 cm length; it is covered on 

Fig. 2. Scattering meter schematically 
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Fig. 3. Optical path in silicon samples 

t he  ins ide  w i t h  b l a c k  ve lve t .  The  two  holes  in t he  
s p h e r e  def ine  an  u m b r a ,  as e x p l a i n e d  in  Fig .  1, 
w h i c h  p r o v i d e s  a su i t ab l e  d a r k  field for  a s ens i t i ve  
de t ec t i on  of a n y  s c a t t e r i n g  in  t he  Si  sample ,  w h i c h  
is p l a c e d  in  f ron t  of ho le  O2. The  s a m p l e  is s c a n n e d  
b y  m o v i n g  i t  across  t h e  ho le  on a mic roscope  stage.  
The  .specimens w i t h  t h i ckness  r a n g i n g  f rom a f r a c -  
t ion  of a m i l l i m e t e r  to s e v e r a l  m i l l i m e t e r s  h a v e  to 
h a v e  two  w e l l - p o l i s h e d  p l a n a r  faces ;  s c r a t ches  or  
dus t  p a r t i c l e s  wi l l  show up in the  s c a t t e r i n g  p i c tu re .  
The  ob j ec t i ve  L fo rms  a magn i f i ed  i m a g e  of the  s a m -  
p le  on the  face  of t he  i n f r a r e d  i m a g e  c o n v e r t e r  t u b e  
I. C. F o r  a sens i t ive  o b s e r v a t i o n  of t he  s c a t t e r e d  
l i gh t  f r o m  the  sample ,  i t  is i m p o r t a n t  t h a t  bo th  the  
o b j e c t i v e  L and  the  i m a g e  c o n v e r t e r  t ube  I. C. be  
l oca t ed  c o m p l e t e l y  w i t h i n  the  s h a d o w  cone. L i g h t  
d i f f rac t ion  causes  t h e  edge  of t h e  f r o n t  o p e n i n g  of 
t he  sphe re  to a p p e a r  as a b r i g h t  r i n g  in  the  p l a n e  of 
the  s a m p l e  image .  This  b r i g h t  r i n g  has  to be  cu t  off 
b y  a s u i t a b l e  d i a p h r a g m  A2 in f r o n t  of t he  i m a g e  
c o n v e r t e r  t ube  in o r d e r  to keep  the  f ield of v i e w  as 
d a r k  as poss ib le .  As  a consequence  of the  d a r k  
emiss ion  of the  i m a g e  c o n v e r t e r  ca thode ,  t he  field 
of ~ i ew  a t  r o o m  t e m p e r a t u r e  was  no t  v e r y  d a r k .  
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Fig. 4. Scattered intensity and 9-~ absorption vs. heat- 
treatment time at IO00~ for silicon (n-type, 9S ohm-cm, 
crucible pulled in [11 1] direction). 

S C A T T E R I N G  I N  S i  707 

Cool ing  of t he  t ube  r e s u l t e d  in a b a c k g r o u n d  close 
to t he  v i sua l  t h r e sho ld .  F o r  th is  p u r p o s e  d r y  a i r  
cooled b y  l i qu id  n i t r o g e n  was  b l o w n  f r o m  a r i n g -  
s h a p e d  m o u t h p i e c e  a ga in s t  t h e  f r o n t  w i n d o w  of t he  
c o n v e r t e r  tube .  F o r  m a n y  o b s e r v a t i o n s  i t  was  no t  
n e c e s s a r y  to use  cool ing.  

S ince  the  r e f r a c t i v e  i n d e x  of Si  is r e l a t i v e l y  h igh ,  
the  a p e r t u r e  of the  cone of i l l u m i n a t i o n  a n d  of t he  
cone of the  o b s e r v e d  s c a t t e r i n g  a r e  s t r o n g l y  r e d u c e d  
w i t h i n  t he  s a m p l e  in  c o m p a r i s o n  to t h e i r  c o r r e -  
s p o n d i n g  va lues  in  a i r ;  th is  r e l a t i o n  is s c h e m a t i c a l l y  
r e p r e s e n t e d  in Fig.  3. We  a r e  u s ing  a r e f r a c t i v e  i n -  
dex  v a l u e  of 3.54 for  Si a t  1.2 ~ as p u b l i s h e d  b y  
S a h b e r g  and  Vi l l a  (6) .  F o r  th is  r e f r a c t i v e  i n d e x  
the  a p e r t u r e  of 180 ~ p r o v i d e d  b y  t h e  i n t e g r a t i n g  
sphe re  sh r i nks  to a v a l u e  of 33 ~ or, i n  o t h e r  words ,  
t h e  i l l u m i n a t i n g  sphe re  as seen  f r o m  a s c a t t e r i n g  
p a r t i c l e  P ins ide  the  Si w o u l d  a p p e a r  u n d e r  an  
a p e r t u r e  of 33 ~ . S i m i l a r l y ,  the  b l a c k  b o d y  w h i c h  
a p p e a r s  f r o m  t h e  f ron t  ho le  in t he  sphe re  u n d e r  
30 ~ is seen f r o m  P u n d e r  t h e  r e d u c e d  a p e r t u r e  of 
8 ~ 22". In  o r d e r  to p r e s e r v e  the  d a r k - f i e l d  a r r a n g e -  
m e n t  the  ef fec t ive  a n g l e  u n d e r  w h i c h  the  s c a t t e r e d  
l i gh t  is o b s e r v e d  m u s t  be  s m a l l e r  t h a n  the  d a r k  
cone. W e  have  u sed  ef fec t ive  o b s e r v a t i o n  a p e r t u r e s  
b e t w e e n  3 ~ a n d  8 ~ w h i c h  c o r r e s p o n d s  to 10 ~ to 28 ~ 
a p e r t u r e s  in air .  I t  is qu i t e  a p p a r e n t  t ha t  in ou r  a r -  
r a n g e m e n t ,  due  to t he  h igh  r e f r a c t i v e  i n d e x  of St, 
e s s e n t i a l l y  f o r w a r d  s c a t t e r i ng  w i t h i n  +--15 ~ is ob-  
se rved .  

Results 
Le t  us  d iscuss  some  r e su l t s  o b t a i n e d  on Si  s ingle  

c rys ta l s .  F i r s t ,  i t  shou ld  be  e m p h a s i z e d  t h a t  t he  d e -  
s c r ibed  i n s t r u m e n t  se rves  bes t  as a s u p p l e m e n t a r y  
tool  in  c o n j u n c t i o n  w i t h  t he  o b s e r v a t i o n  of b i r e -  
f r i ngence  in  t r a n s m i s s i o n  a n d  of su r f ace  s t r u c t u r e  
in  re f lec ted  l ight .  A n y  su r f ace  s t r u c t u r e  of Si  s a m -  
ples  shows  up  s t r o n g l y  as s c a t t e r i n g  and,  in  o r d e r  
to a v o i d  e r r o n e o u s  resu l t s ,  t he  s a m p l e s  m u s t  be  
h i g h l y  po l i shed  and  t h e i r  su r f ace  q u a l i t y  c he cked  in 
re f lec ted  l ight .  Twinn ing ,  l ineage ,  and  s t r a in  p a t t e r n  
w e r e  f o u n d  to cause  v e r y  l i t t l e  s c a t t e r i n g  and  t h e r e -  
f o r e  a r e  s h o w n  up m o r e  s e n s i t i v e l y  in  t r a n s m i s s i o n  
b e t w e e n  c rossed  po l a r i z e r s  t h a n  in the  s c a t t e r i ng  
i n s t r u m e n t .  On the  o t h e r  hand ,  c l u s t e r i n g  of o x y g e n  
in Si caused  b y  h e a t  t r e a t m e n t  of c r u c i b l e - g r o w n  
c r y s t a l s  a t  1000~ p r o d u c e s  s t rong  effects t h a t  can 
r e a d i l y  be  o b s e r v e d  in t h e  s c a t t e r i n g  i n s t r u m e n t .  

In  Fig.  4 t he  i n t e n s i t y  of s c a t t e r e d  l i gh t  in  r e l a -  
t i ve  un i t s  is p l o t t e d  a g a i n s t  t he  t ime  of h e a t  t r e a t -  
m e n t  a t  1000~ for  a d j a c e n t  s l ices cu t  f r o m  a Si  
c r y s t a l  n - t y p e  w i t h  95 o h m - c m  re s i s t i v i ty .  The  i n -  
t e n s i t y  was  m e a s u r e d  w i t h  a p h o t o m u l t i p l i e r  t ube  
fac ing  the  i m a g e  c o n v e r t e r  tube .  The  b a c k g r o u n d  
i n t e n s i t y  as m a i n l y  caused  b y  the  i m a g e  c o n v e r t e r  
t ube  was  in th is  case  a b o u t  40 ~a. S a m p l e s  be fo re  
h e a t  t r e a t m e n t  gave  r e a d i n g s  b e t w e e n  50 and  70 ~a 
Also  p l o t t e d  is t he  9-~ a b s o r p t i o n  of t he  s a m p l e s  
vs. h e a t  t r e a t m e n t  t ime .  The  a b s o r p t i o n  coefficient  
be fo re  h e a t  t r e a t m e n t  was  2.76 cm -1. This  c o r r e -  
sponds  to an  in i t i a l  o x y g e n  c o n c e n t r a t i o n  of 4.5 x 
1017 O /cc  [see Fig.  1 in  ( 4 ) ] .  W h i l e  the  d e c a y  in  t he  
9-~ a b s o r p t i o n  t a k e s  p l ace  g r a d u a l l y  as o b s e r v e d  
p r e v i o u s l y  (2, 7) ,  t he  s c a t t e r e d  i n t e n s i t y  i nc reases  
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Fig. 5. Scattering pattern of silicon crystal with uniform 
oxygen content but with large differences in dislocation den- 
sities. The crystol was grown in the [111] direction and 
cut perpendicular to the growth axis. (After 130 hr of heat 
treatment at 1000~ magnification 6 �89  times after reduc- 
tion for publication.) 

steeply,  and af ter  1-2 hr  of heat  t r ea tment  a dist inct  
increase in scat ter ing is evident,  whi le  the change 
in the 9-~ absorpt ion is st i l l  ve ry  small. The in-  
tens i ty  of scat ter ing af ter  a cer ta in  h e a t - t r e a t m e n t  
per iod depends on the o r ig ina l  concentrat ion of 
oxygen and, of course, on the concentra t ion of cen- 
ters tha t  serve to form the nucleus of oxygen clus-  
ter. Lede rhand le r  and Pate l  (7) have shown tha t  
the decrease  of the g-~ absorpt ion wi th  h e a t - t r e a t -  
ment  t ime is s t rongly  dependent  on the  densi ty  of 
dislocations, which appa ren t ly  serve as nucleat ion 
centers  for the prec ip i ta t ion  of oxygen and for 
which fu r the r  evidence was publ ished recent ly  
(8, 9). F rom these resul ts  it  is concluded tha t  the  
in tens i ty  d is t r ibut ion  o f  scat ter ing af ter  a short  heat  
t r ea tmen t  at  1000~ is a sensi t ive indicat ion of the 
or iginal  d is t r ibut ion  of oxygen concentra t ion and 
of the d is t r ibut ion  of the concentra t ion of the  nu-  
cleation centers. Since the  9-~ absorpt ion of the 
crys ta l  before heat  t r ea tmen t  provides  a good meas-  

Fig. 6. Growth rings made visible by scattering. The ro- 
tated silicon crystal, p-type 130 ohm-cm, was cut parallel to 
growth direction [111].  (Heat treated at 1000~ for 100 hr, 
distance between growth rings 0.27 ram, magnification 8 
times after reduction for publicotion.) 

ure for the oxygen concentrat ion,  the sca t te r ing  
pa t t e rn  can be analyzed  for the d is t r ibut ion  of the 
nucleat ion center  concentrat ion.  F igure  5 gives an 
example  of a sca t ter ing  pa t t e rn  in a Si crystal .  Be-  
fore heat  t r e a tmen t  this c rys ta l  d isp layed a fa i r ly  
constant  9-~ absorption,  which indica ted  tha t  the  
or iginal  oxygen concentra t ion over  the  region 
shown was uniform wi th in  10%. In the br igh t  a rea  
in the picture,  high dislocation densit ies  were  found 
by etching. There prec ip i ta t ion  of oxygen produced 
strong scat tering,  which is in genera l  agreement  
wi th  the  findings of Lede rhand le r  and Pa te l  (7) 
that  dislocations offer favorable  sites for the clus- 
ter ing of oxygen. 

Growth  r ings can be made vis ible  by  scat ter ing,  
as Kaiser  (2) has a l r eady  shown. F igure  6 is a scat-  
ter ing pic ture  of a ro ta ted  Si c rys ta l  cut pa ra l l e l  to 
the growth direct ion and heat  t r ea ted  at  1000~ for 
100 hr. The c rys ta l  was grown in the [111] d i rec-  
t ion and the sample was p - t y p e  130 ohm-cm be-  
fore heat  t rea tment .  A ve ry  dis t inct  pa t t e rn  of 
s tr ipes has developed which checks wi th  the growth  
rings. The p ic ture  is s imilar  to b i ref r ingence  str ipes 
which Dash (1) has shown on ro ta ted  Si crystals  to 
be due to small  per iodic  t empera tu re  fluctuations 
dur ing  the crys ta l  growth.  Since even very  small  
t empera tu re  fluctuations cause apprec iable  changes 
in the oxygen concentrat ion,  it  is qui te  unde r s t and -  
able that  a dist inct  s t r ipe  pa t t e rn  resul ts  in the scat-  
ter ing inst rument .  Heat  t r ea tmen t  of 2-4 hr at 
1000~ is sufficient to make  the s t r ipes  c lear ly  vis i -  
ble. Longer  heat  t r e a t m e n t  was appl ied  to the sam-  
ple shown in Fig. 6 in order  to produce a high con- 
t ras t  for reproduct ion  purposes.  No bi ref r ingence  
str ipes were  detected on this pa r t i cu la r  c rys ta l  in 
t ransmission be tween crossed polar izers  before heat  
t rea tment ;  af ter  heat  t r ea tmen t  there  was only a 
very  faint  indicat ion of stripes. This proves  tha t  in 
this case the observat ion wi th  sca t tered  l ight  is 
more sensit ive than  the observat ion of b i re f r ing-  
ence. In Fig. 7 the same crys ta l  as shown in the p re -  
vious figure is p ic tured  in the lower  half. In the 
upper  half  an adjacent  slice of the crys ta l  is shown 
that  was gold p la ted  (10) to br ing  out  res is t iv i ty  
changes and junct ions but  was not heat  t rea ted .  A 
close inspection indicates  a good match  of the  two 
str ipe patterns '  as is to be expected  f rom the knowl -  
edge of the donor format ion  in Si (2, 9) caused by 
oxygen impur i t y  at t empera tu res  below 500~ Dur -  
ing the  normal  cooling of the sample,  appa ren t ly  a 
sufficient donor format ion  took place to br ing  out 
the s t r ipe pa t t e rn  af te r  plat ing.  This was confirmed 
by a second p la t ing  exper imen t  af ter  ha l f -hour  
t r ea tmen t  of the sample at 450~ The s t r ipe pa t -  
te rn  was essent ia l ly  the same before  and af ter  this 
t rea tment .  

The appl icat ion of the descr ibed scat ter ing in-  
s t rument  is not l imi ted  to St, but  can as wel l  be used 
for other  crysta ls  which have a sui table  t r ans -  
parency  range. For  instance, we have made  some 
p re l im ina ry  observat ions  on GaAs and InP crysta ls  
tha t  showed apprec iable  scat ter ing wi th  the appea r -  
ance of a gra iny  s tructure,  the unders tand ing  of 
which wil l  requi re  more deta i led  studies. I n t e r m e -  
tal l ic compounds with  a band  gap la rger  than  tha t  
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Fig. 7. Match of growth rings (same sample as Fig. 6) 
with junction delineation by gold plating. (Distance between 
growth rings 0.27 ram, magnification 61/2 times after re- 
duction for publication.) 

of Si give a s t rong ly  increased  sens i t iv i ty  because  
the i m a g e - c o n v e r t e r  t ube  used for the  obse rva t ion  
of sca t te r ing  has its m a x i m u m  sens i t iv i ty  at 0.8 ~, 
whi le  in  the case of Si the t ube  is used only  n e a r  
the  long w a v e - l e n g t h  l imi t  of its sensi t iv i ty .  I t  ap-  
pears  to be  of in te res t  to con t inue  the  inves t iga t ion  
of sca t te r ing  in  i n t e rme ta l l i c  compounds ,  bu t  it  
should be r e m e m b e r e d  tha t  it is no t  easy w i th  some 
of the  ma te r i a l s  to p repa re  p lane ,  h igh ly  pol ished 
surfaces as r equ i r ed  for the  measu remen t s .  
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Effects of Certain Chemical Treatments and Ambient Atmospheres 
on Surface Properties of Silicon 

T. M. Buck and F. S. McKim 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Measurements  of surface conductance, recombinat ion velocity (S), and field 
effect were made on n-  and p-type silicon specimens with certain surface t reat-  
ments  and ambient  atmospheres. The conditions covered a wide range in 
surface potential  (0.7 ev) and recombinat ion velocity (40-10 ~ cm/sec) .  Low 
recombinat ion velocity occurred when the surface was strongly p-type,  after 
t reatments  in boil ing deionized water  or sodium dichromate solution, or when  
the surface was strongly n-type,  after t rea tment  in concentrated hydrofluoric 
acid. Atmospheres which bend the energy bands back toward the middle from 
these extreme conditions caused S to increase. Curves of S vs. band position 
at the surface for the various t reatments  appear to be branches of the type of 
curve predicted by theory for recombinat ion centers at a discrete energy level. 
The position of the Fermi  level at the surface for a given t r ea tment  apparent ly  
depended to a small  extent  on whether  the bulk  mater ia l  was n-  or p-type.  
This apparent  difference, which is contrary to experience on germanium, may 
have been caused in par t  by poor contact between an inversion layer  and the 
bulk  material .  

A m o n g  var ious  types  of surface  s tudies  on semi-  
conductors  in  recent  yea rs  the  dependence  of su r -  
face r e c o m b i n a t i o n  ve loc i ty  (S) on  sur face  po ten t i a l  
has b e e n  used  to ga in  cons iderab le  i n f o r m a t i o n  on 
the energies ,  densit ies,  and  cap tu re  cross sections 
of surface  states, p a r t i c u l a r l y  on Ge (1-6) .  On Si 

such s tudies  have  been  h a m p e r e d  by  the  difficulty 
in  ob t a i n i ng  low S; in  fact, on ly  a few t r e a t m e n t s  
have  been  repor ted  for p r oduc i ng  low S on  Si (7, 8). 

In  the  p resen t  work,  th ree  of these low S t r e a t -  
me n t s  were  s tudied  a long w i t h  a c o m m o n  etch 
which  does not  p roduce  low S. Fie ld-ef fec t  and  su r -  
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face  c o n d u c t i v i t y  m e a s u r e m e n t s  showed  tha t  the  
low S t r e a t m e n t s  p r o d u c e  r a t h e r  l a r g e  sh i f t s  in s u r -  
face po t en t i a l .  [Moore  and  Ne lson  (7)  h a d  a l r e a d y  
r e p o r t e d  t h a t  t he  d i c h r o m a t e  t r e a t m e n t  m a k e s  t he  
su r f ace  p - t y p e . ]  S m a l l e r  sh i f t s  w e r e  p r o d u c e d  b y  
a t m o s p h e r e  cyc l ing  of a modi f i ed  B r a t t a i n - B a r d e e n  
t y p e  in  w h i c h  d r y  oxygen ,  w e t  n i t rogen ,  and,  in one 
case, d r y  n i t r o g e n  w e r e  used.  T h e  c o m b i n a t i o n  of 
c h e m i c a l  t r e a t m e n t s  and  a t m o s p h e r e  cyc l ing  p e r -  
m i t t e d  e x p l o r a t i o n  of a l a r g e  r a n g e  in su r f ace  p o -  
t e n t i a l  and  r e c o m b i n a t i o n  ve loc i ty .  

Details of Chemical Treatments 
The  t r e a t m e n t s  s t u d i e d  w i l l  be  iden t i f i ed  as (a )  

d i c h r o m a t e  (7 ) ,  (b)  bo i l i ng  de ion ized  w a t e r  (8) ,  
and  (c)  H F  soak  (8 ) .  These  t h r e e  can  p r o d u c e  low 
S on bo th  n -  and  p - t y p e  m a t e r i a l .  A f o u r t h  t r e a t -  
men t ,  (d)  HNO~:HF,  was  i n c l u d e d  for  c o m p a r i s o n  
w i t h  t h e  o thers .  

Dichromate t r ea tmen t . - -The  s p e c i m e n  w a s  soaked  
in 1% sod ium d i c h r o m a t e  so lu t ion  for  a f ew  m i n -  
u tes  a f t e r  a p r e l i m i n a r y  e tch  in 10/1 HNO~-HF and  
a l i gh t  r inse  in de ion ized  wa te r .  The  d i c h r o m a t e  
so lu t ion  u s u a l l y  has  b e e n  a l l o w e d  to d r y  on the  su r -  
face.  The  effect  is e n h a n c e d  s o m e t i m e s  b y  w a r m i n g  
the  so lu t ion  to 80~176 L i g h t  r i n s ing  in de ion ized  
w a t e r  a f t e r  th is  does  not  s eem to d e s t r o y  the  effect. 
D r y  o x y g e n  is a good a t m o s p h e r e  for  p r e s e r v i n g  
the  effects on su r face  c o n d u c t i v i t y  and  S a f t e r  th is  
t r e a t m e n t .  

Boiling deionized water  t r ea tmen t . - -The  spec i -  
m e n  was  i m m e r s e d  in  boi l ing ,  de ion ized  w a t e r  for  
30 m i n  or  longer ,  a f t e r  p r e l i m i n a r y  e t ch ing  and  
r ins ing .  A f t e r  boi l ing,  the  spec imen  was  d r i e d  b y  
e v a p o r a t i o n  or  b y  d r a w i n g  off excess  w a t e r  w i t h  
f i l ter  pape r .  I t  was  t hen  q u i c k l y  p l a c e d  in a d r y  
o x y g e n  a t m o s p h e r e .  

C o n d u c t i v i t y  of the  w a t e r  has  u s u a l l y  been  0.1 
t~mho cm -~ f r o m  t h e  de ion iz ing  co lumn  and  0.5-0.6 
tLmho-cm -~ a f t e r  bo i l ing ,  w i t h  m o s t  of the  i nc rea se  
p r o b a b l y  coming  f r o m  sources  o t h e r  t h a n  the  spec i -  
men .  The  de t a i l s  of th is  t r e a t m e n t  a r e  r a t h e r  c r i t i -  
cal  in  o b t a i n i n g  low S, e.g., the  w a t e r  m u s t  be  qu i t e  
pure ,  i t  m u s t  be  hot,  and  m e r e  h e a t i n g  in a i r  or  
o x y g e n  or  i m m e r s i o n  in  a n u m b e r  of o the r  l iqu ids ,  
m o s t l y  organic ,  a t  a b o u t  100~ do not  p r o d u c e  
low S. 

H F  t r e a t m e n t - - T h e  s p e c i m e n  was  soaked  in con-  
c e n t r a t e d  ( 4 8 % )  H F  for  5 min ,  a f t e r  a p r e l i m i n a r y  
e tch  in 10/1 HNO~:HF.  I t  was  t hen  r i n s e d  for  abou t  
5 sec in  r u n n i n g ,  de ion ized  w a t e r .  The  mos t  p r o -  
nounced  effect  on su r f ace  c o n d u c t i v i t y  and  S was  
p r e s e r v e d  b y  q u i c k l y  p l ac ing  the  s p e c i m e n  in d r y  
n i t r o g e n  ( w i t h i n  10-15 sec ) ;  he l ium,  argon,  etc., 
w o u l d  p r o b a b l y  do as wel l ,  b u t  o x y g e n  shou ld  be  
exc luded ,  as i t  t ends  to d e s t r o y  the  effect. 

10/1 HNO~:HF etch fol lowed by rinse in cold de- 
ionized wa ter . - -Th i s  is a c o m m o n l y  used  e tch  w h i c h  
r e m o v e s  Si  a t  a m o d e r a t e l y  s low r a t e  ( ~ 0 . 6  r a i l /  
m in )  l e a v i n g  a b r i g h t  smoo th  sur face .  In  a d d i t i o n  
to b e i n g  one of the  t r e a t m e n t s  u n d e r  s tudy ,  th is  
e tch  was  used  in p r e p a r i n g  the  s u r f a c e  for  t he  o the r  
t r e a t m e n t s ,  a l t h o u g h  the  effects of  t he  o t h e r  t r e a t -  
m e n t s  do n o t  s eem to d e p e n d  c r i t i c a l l y  on the  n a -  
t u r e  of t he  p r e l i m i n a r y  etch.  

Surface Conductivity 
The  su r face  c o n d u c t i v i t y  of a s e m i c o n d u c t o r  is a 

u n i q u e  func t ion  of  t he  su r f ace  p o t e n t i a l  o r  su r face  
b a r r i e r  h e i g h t  for  a g iven  b u l k  r e s i s t i v i t y .  S ince  th is  
func t ion  has  been  c a l c u l a t e d  (9 -11) ,  su r f ace  con-  
d u c t i v i t y  m a y  be  used  to d e t e r m i n e  su r f ace  p o t e n -  
t ia l .  The  d a t a  of K i n g s t o n  and  N e u s t a d t e r  (9) ,  
w h i c h  a r e  c onve n i e n t  for  t he  e x t r a p o l a t i o n  neces -  
s a r y  w i th  Si, w e r e  used  to construct cu rves  of  ~r8 
vs. U~ w h e r e  c~ is the  su r f ace  c o n d u c t i v i t y  and  U, = 
(E,. -- E , ) / k T  at  t he  sur face .  U~ is t he  c o r r e s p o n d i n g  
q u a n t i t y  in t he  in te r io r ,  E,, is the  F e r m i  leve l ,  and  
E, the  v a l u e  of E~. in i n t r i n s i c  m a t e r i a l ,  o r  a p p r o x i -  
m a t e l y  the  m i d d l e  of t h e  e n e r g y  gap.  No co r rec t ion  
was  m a d e  for  r e d u c e d  m o b i l i t y  n e a r  the  sur face ,  of 
the  t y p e  c a l c u l a t e d  b y  Schr i e f fe r  (11) ;  t h e  co r r ec -  
t ion is sma l l  for  Ge and  w o u l d  be  even  s m a l l e r  for  
Si because  of t he  l onge r  D e b y e  length .  

The  spec imens  w e r e  th in  s labs,  a b o u t  0.040 cm 
thick,  w i t h  h igh  b u l k  r e s i s t i v i t y  and  h igh  v o l u m e  
l i f e t ime  ( a b o u t  1000 t~sec). Res i s t ance  was  m e a s -  
u r e d  on a G e n e r a l  Rad io  Br idge ,  T y p e  650-P1. 
T e m p e r a t u r e  was  c o n t r o l l e d  s a t i s f a c t o r i l y  b y  m e a n s  
of a c o n s t a n t  t e m p e r a t u r e  b a t h  a t  28~ Contac t s  
w e r e  b o n d e d  to t he  ends  of t he  spec imens ,  gold  w i r e  
for  n - t y p e  m a t e r i a l  a n d  a l u m i n u m  for  p - t y p e ,  a f t e r  
f irst  p l a t i n g  a s m a l l  a r e a  w i t h  gold or  a l u m i n u m .  
These  con tac t s  w e r e  f o u n d  to h a v e  no s ign i f ican t  
r e s i s t ance  c o m p a r e d  to t he  t o t a l  r e s i s t ance  of the  
spec imens .  

The  change  in su r f ace  conduc tance ,  p e r  square ,  
was  c o m p u t e d  f r o m  

L 
~ = (RF - ~ -  RM~ - ')  --~ + a~r.~- [1]  

w h e r e  R~. is m e a s u r e d  r e s i s t ance ;  R ~  the  m a x i m u m  
w h i c h  could  be  o b s e r v e d  in  c e r t a i n  s i tua t ions ;  L the  
d i s t ance  b e t w e e n  con tac t s ;  P t he  c r o s s - s e c t i o n a l  
p e r i m e t e r  of t he  s lab;  and  •  t he  m i n i m u m  v a l u e  
( n e g a t i v e )  on the  t h e o r e t i c a l  c u r v e  of ~o-~ vs. U ,  

I t  was  n e c e s s a r y  to d e t e r m i n e  e x p e r i m e n t a l l y  
( d u r i n g  cyc l ing )  t h e  m i n i m u m  in c o n d u c t a n c e  in  
o r d e r  to p lace  o t h e r  po in t s  on the  curve .  Po in t s  w e r e  
p l a c e d  on the  n -  or  p - s i d e  of t he  m i n i m u m  on the  
bas is  of t he  a s s u m p t i o n  t h a t  d r y  o x y g e n  causes  a 
p - t y p e  sh i f t  w h i l e  w a t e r  v a p o r  causes  an  n -~ype  
shif t ,  so t ha t  w h e n  R~ dec reases  in d r y  o x y g e n  or  
i nc reases  in w e t  n i t r o g e n  the  su r f ace  m u s t  be  on the  
p - s i d e  of the  m i n i m u m  in su r f ace  conduc t iv i ty .  The  
oppos i t e  b e h a v i o r  w o u l d  i n d i c a t e  the  n - s ide .  This  
a s s u m p t i o n  was  b a s e d  on the  r e su l t s  of s e p a r a t e  
f ie ld-ef fec t  m e a s u r e m e n t s  on these  t y p e s  of su r faces  
and  i t  is in accord  w i t h  t he  g e n e r a l  e x p e r i e n c e  of 
o the r s  w i th  e t c h e d  Si  and  Ge  surfaces .  

Surface Conductivity Results 
N - t y p e  si l icon.--In Fig.  1 t h e  r a n g e s  of su r f ace  

c o n d u c t i v i t y  c o v e r e d  d u r i n g  fou r  or  five cycles  of  
a l t e r n a t e  e x p o s u r e  to d r y  o x y g e n  and  w e t  n i t r o g e n  
(43% R.H.)  a r e  i n d i c a t e d  for  t he  fou r  d i f fe ren t  
t r e a t m e n t s .  E x p o s u r e s  to the  a t m o s p h e r e s  w e r e  for  
10 ra in  to s e v e r a l  hours  d e p e n d i n g  on the  t i m e  r e -  
q u i r e d  for  c o n d u c t a n c e  to s top  chang ing .  Changes  
w e r e  u s u a l l y  m o r e  r a p i d  in  w e t  n i t r o g e n  t h a n  in d r y  
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Fig. 1. N-type Si. Ranges of surface conductivity and U, for 
four different treatments in atmosphere cycling. Dry oxygen 
and wet nitrogen extremes are indicated by O~ and H20. 

oxygen .  The  e x t r e m e s  of c o n d u c t i v i t y  r e a c h e d  in 
these  a t m o s p h e r e s  a r e  i n d i c a t e d  b y  O_~ or  H~O in the  
f igures.  

The  b e h a v i o r  a f t e r  t he  10/1 H N O , : H F  e tch  was  
e r r a t i c  a t  f irst  b u t  a f t e r  s e v e r a l  cyc les  RF cons i s t -  
e n t l y  i n c r e a s e d  in  d r y  O2 and  d e c r e a s e d  in  w e t  N~ 
p r o d u c i n g  the  r a t h e r  s m a l l  r a n g e  i n d i c a t e d  on t h e  
curve ,  s l i g h t l y  on the  n - s i d e  of t he  s t r a i g h t  b a n d  
pos i t ion  w h i c h  is a t  U, = U~, ~ ,  = 0. 

W i t h  the  o the r  t r e a t m e n t s  the  b a n d s  could  be  
ben t  w e l l  a w a y  f r o m  th is  pos i t i on  in bo th  d i rec t ions .  
The  H F  t r e a t m e n t  h a d  a s t r ong  n - t y p e  effect. I n i -  
t i a l l y  ( in  d r y  n i t r o g e n )  su r f ace  c o n d u c t i v i t y  was  
ove r  35 ~mhos p e r  squa re ;  t he  s p e c i m e n  r e s i s t ance  
d r o p p e d  f r o m  a b o u t  70,000 to 35,000 ohms.  The  
cond i t ion  h e l d  for  a b o u t  2 h r  in d r y  n i t r o g e n  a f t e r  
w h i c h  a t m o s p h e r e  cyc l ing  was  s t a r t ed .  D u r i n g  c y -  
c l ing A~, d e c r e a s e d  in d r y  o x y g e n  and  i n c r e a s e d  in  
w e t  n i t rogen ,  b u t  t he se  osc i l l a t ions  w e r e  s u p e r i m -  

P-TYPE SILICON" 
30 p-140 OHM~ CM 

UB=--7. 4 

2s 

~~ 

r \ \ 

-~ BOILING 

-16 -12 -8 -4 4 2 12 16 
Us 

Fig. 2. P-type Si. Ranges of  surface conduct iv i ty  and U, 
fo r  three d i f fe ren t  t reatments  in atmosphere cycl ing. Dry 
oxygen and wet nitrogen extremes are indicated by O2 and 
H20. 

posed  on a s t e a d y  d o w n w a r d  t r e n d  in  su r f ace  con-  
d u c t i v i t y  so t h a t  e v e n t u a l l y  a f t e r  m u c h  cyc l ing  Act, 
was  at  the  l o w e r  e x t r e m e  of t he  r a n g e  in  d r y  O2 and  
w o u l d  no t  m o v e  up  v e r y  f a r  in  w e t  n i t rogen .  This  
i r r e v e r s i b l e  d o w n w a r d  t r e n d  is p r o b a b l y  a s soc ia t ed  
w i t h  t h e  g r o w t h  of an  ox ide  f i lm w h i c h  has  been  
s t ud i e d  b y  A r c h e r  (12) us ing  e l l i p s o m e t r y ,  a f t e r  
an  H F  soak.  S i m i l a r  b e h a v i o r  has  b e e n  s t u d i e d  on 
Ge b y  K i k u c h i  (13) ,  a l t h o u g h  S d id  no t  b e h a v e  in 
the  m a n n e r  w h i c h  w i l l  be  d e s c r i b e d  for  Si. 

The  o t h e r  two  t r e a t m e n t s  a l l o w e d  t h e  su r f ace  to  
swing  ove r  to t he  p - s ide ,  t h e  d i c h r o m a t e  t r e a t m e n t  
p r o d u c i n g  a s o m e w h a t  s t r o n g e r  sh i f t  t h a n  t h e  b o i l -  
ing  t r e a t m e n t .  In  a t m o s p h e r e  cyc l ing  su r f a c e  con-  
d u c t i v i t y  t r a v e r s e d  t h e  r a n g e s  i n d i c a t e d  qu i t e  r e -  
ve r s ib ly ,  going  t h r o u g h  the  m i n i m u m .  

P-type silicon.--On a p - t y p e  s p e c i m e n  (Fig .  2) t he  
t r e a t m e n t s  p r o d u c e d  sh i f t s  in  t he  s a m e  d i r e c t i o n  
b u t  of  s o m e w h a t  d i f f e ren t  m a g n i t u d e .  T h e  bo i l ing  
a n d  d i c h r o m a t e  t r e a t m e n t s  p r o d u c e d  l a r g e r  v a l u e s  
of  ~o-~ and  [ U, I t h a n  t h e y  d id  on the  n - t y p e  spec i -  
m e n  w h i l e  t he  n - t y p e  t r e a t m e n t  ( H F )  p r o d u c e d  
s m a l l e r  va lues .  

On Ge, B r a t t a i n  and  G a r r e t t  (4)  f o u n d  U, t he  
s ame  on n -  or  p - t y p e  m a t e r i a l  for  a g iven  t r e a t -  
m e n t ;  t h e  su r f ace  s ta tes  d e t e r m i n e d  t h e  pos i t i on  of 
the  F e r m i  l eve l  a t  t he  su r face  r e g a r d l e s s  of t he  b u l k  
r e s i s t i v i t y  or  m a j o r i t y  c a r r i e r  type .  In  t he  p r e s e n t  
case, w i t h  Si, t he  d i f fe rences  a r e  no t  v e r y  l a r g e  b u t  
t h e y  d id  seem r ea l  and  r e p r o d u c i b l e .  Poo r  con tac t  
b e t w e e n  an  i n v e r s i o n  l a y e r  and  the  b u l k  m a t e r i a l  
cou ld  cause  an  effect in th is  d i r ec t ion ;  t he  i n v e r s i o n  
l a y e r  w o u l d  no t  m a k e  i ts  fu l l  c o n t r i b u t i o n  to t he  
change  in  c o n d u c t a n c e  and  th is  w o u l d  cause  an  u n -  
d e r e s t i m a t e  of [U~ J, e.g., a t  the  02 e x t r e m e s  for  
t he  d i c h r o m a t e  and  bo i l ing  t r e a t m e n t s  in  Fig .  1. 
H o w e v e r ,  i t  does  no t  seem t h a t  th is  cou ld  account  
e n t i r e l y  for  the  d i f fe rences  b e t w e e n  the  w e t  e x -  
t r e m e s  for  these  s ame  t r e a t m e n t s  on  the  two  t y p e s  
of m a t e r i a l .  

W h a t e v e r  the  e x p l a n a t i o n  of t he  d i f fe rences  in  
m a g n i t u d e ,  t he  sh i f t s  a r e  in t he  s ame  d i r ec t i on  on 
bo th  n -  and  p - t y p e  m a t e r i a l .  T h e  c h e m i c a l  t r e a t -  
m e n t s  h a d  the  p r e d o m i n a n t  inf luence  in  d e t e r m i n -  
ing  su r face  p o t e n t i a l  w h i l e  t he  a t m o s p h e r e s  h a d  a 
s e c o n d a r y  m o d u l a t i n g  inf luence.  Bo th  the  c h e m i c a l  
t r e a t m e n t  and  the  a m b i e n t  a t m o s p h e r e  a r e  o b -  
v ious ly  i m p o r t a n t  in  e s t a b l i sh ing  the  su r f ace  p o -  
t en t i a l .  

T h e  m e c h a n i s m s  b y  w h i c h  t h e s e  t r e a t m e n t s  cause  
t hese  effects a r e  no t  c lear .  The  w e l t - k n o w n  p - t y p e  
effect  of o x y g e n  ( a n d  also ozone a n d  ch lo r ine )  has  
been  a s c r i b e d  to i ts  h igh  e l ec t ron  aff ini ty  b y  w h i c h  
i t  ac ts  as an  accep to r  (14) .  D i c h r o m a t e ,  be ing  a 
s t r ong  ox id i z ing  agent ,  a lso m i g h t  be  e x p e c t e d  to 
p r o v i d e  a c c e p t o r  levels .  Moore  and  Ne l son  (7)  p r o -  
posed  an  e l e c t r o c h e m i c a l  m e c h a n i s m .  T h e  f a m i l i a r  
n - t y p e  effect of w a t e r  v a p o r  is less  s u s c e p t i b l e  to  
q u a l i t a t i v e  e x p l a n a t i o n  a n d  the  s ame  m a y  be  sa id  
for  t he  H F  soak.  One w o n d e r s  w h y  t h e  su r f ace  is 
so s t r o n g l y  n - t y p e  w h e n  i t  is s t r i p p e d  of o x i d e  and  
has  some H F  a b s o r b e d  on it, and  w h y  ox ide  f i lm 
g r o w t h  causes  i t  to go b a c k  in  t h e  p - d i r e c t i o n .  The  
p - t y p e  effect  of t he  bo i l ing  t r e a t m e n t  m a y  b e  due  
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to c l ean ing  of the  su r f ace  w h i c h  a l l ows  o x y g e n  to 
be  m o r e  effect ive  in  p r o d u c i n g  i ts  n o r m a l  p - t y p e  
shif t .  

Surface Recombination 
A l l  t he  v a l u e s  of S to be r e p o r t e d  w e r e  c o m p u t e d  

f r o m  f i l amen t  l i f e t imes  d e t e r m i n e d  b y  the  p h o t o -  
c o n d u c t i v i t y - d e c a y  m e t h o d  (15) .  A s impl i f ied  e q u a -  
t ion  (16) was  used  to c o m p u t e  S f r o m  f i l amen t  l i f e -  
t i m e  for  these  spec imens  w i t h  t h i c k n e s s  c o n s i d e r a b l y  
s m a l l e r  t h a n  wid th .  The  spec imens  w e r e  cut  f r o m  
c rys t a l s  w h i c h  had  h igh  v o l u m e  l i f e t i m e  a n d  w e r e  
r e l a t i v e l y  f ree  of n o n - r e c o m b i n i n g  t r aps .  In  some  
cases, h o w e v e r ,  e spec i a l l y  w h e n  low S was  o b t a i n e d  
t o g e t h e r  w i t h  a s t rong  i n v e r s i o n  l aye r ,  " t a i l s "  w e r e  
o b s e r v e d  in  t he  p h o t o c o n d u c t i v i t y  d e c a y  curves ,  
s o m e w h a t  s i m i l a r  to those  d e s c r i b e d  b y  H a y n e s  and  
H o r n b e c k  for  v o l u m e  t r a p s  (15) .  This  effect,  w h e n  
obse rved ,  was  e l i m i n a t e d  b y  v e r y  w e a k  d - c  l ight .  
S ince  i t  was  usua l ly ,  if not  exc lus ive ly ,  a s soc ia t ed  
w i t h  a s t r ong  i n v e r s i o n  l a y e r  cond i t ion  i t  m a y  have  
been  caused  by  su r f ace  pho tovo l t age .  A l l  v a l u e s  of  
S w e r e  d e t e r m i n e d  f rom good e x p o n e n t i a l  d e c a y  
curves ,  u s u a l l y  w i t h  no a m b i e n t  l i gh t  b u t  s o m e -  
t imes  w i t h  w e a k  d - c  l igh t  w h e n  n e c e s s a r y  to ge t  a 
good e x p o n e n t i a l .  The  low S va lue s  p r o d u c e d  b y  the  
t h r e e  spec ia l  t r e a t m e n t s ,  on bo th  n -  and  p - t y p e  
m a t e r i a l ,  w e r e  conf i rmed,  a t  l eas t  q u a l i t a t i v e l y  
and  in  some  cases  q u a n t i t a t i v e l y ,  b y  the  P M E  
m e t h o d  (17) .  

I t  has  been  m e n t i o n e d  t h a t  t he  success  of  t he  low 
S t r e a t m e n t s  d e p e n d s  on k e e p i n g  the  s p e c i m e n  in 
t he  p r o p e r  a t m o s p h e r e .  A p r o m i n e n t  f e a t u r e  of t he  
b e h a v i o r  is t h a t  t he  d i r ec t i on  in  w h i c h  S changes  in  
an  a t m o s p h e r e  d e p e n d s  on the  p r e v i o u s  t r e a t m e n t .  
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A f t e r  the  bo i l ing  and  d i c h r o m a t e  t r e a t m e n t s ,  d r y  
O~ f avo r s  low S w h i l e  w a t e r  v a p o r  causes  S to i n -  
c rease  d r a s t i c a l l y .  The  oppos i t e  is t r u e  a f t e r  t he  
H F  and  HNO~: H F  t r e a t m e n t s .  

In  o r d e r  to ob t a in  S as a func t ion  of U,, f i l amen t  
l i f e t i m e  m e a s u r e m e n t s  w e r e  m a d e  d u r i n g  cyc l ing  
a long  w i t h  the  su r f ace  c o n d u c t i v i t y  m e a s u r e m e n t s  
d i scussed  above .  The  r a w  d a t a  fo r  two  such  e x p e r i -  
m e n t s  a r e  s h o w n  in Fig .  3 a n d  4 for  t he  d i c h r o m a t e  
and  H F  t r e a t m e n t s .  A f t e r  t he  d i c h r o m a t e  t r e a t m e n t  
and  w i t h  d r y  O~ a m b i e n t  t he  l i f e t i m e  was  h igh  a n d  
r e s i s t ance  r a t h e r  low. E x p o s u r e  to w e t  n i t r o g e n  
caused  the  va lue s  to t r a v e r s e  t h e  c u r v e  in t he  c lock-  
wi se  d i r ec t i on  d o w n  to the  w e t  N~ e x t r e m e .  D r y  
o x y g e n  b r o u g h t  t h e m  b a c k  a g a i n  coun te rc lockwise .  
Cyc l ing  a f t e r  t he  H F  t r e a t m e n t  caused  an osc i l l a t -  
ing  sh i f t  t o w a r d  h i g h e r  r e s i s t ance  and  l o w e r  l i f e -  
t ime.  In  bo th  these  cases t h e r e  was  v e r y  l i t t l e  sca t -  
t e r ing ;  S was  a w e l l - b e h a v e d  func t ion  of su r face  
c o n d u c t i v i t y  or  su r f ace  po ten t i a l .  This  was  t r u e  also 
for  the  HNO3-HF e tch  a f t e r  an  i n i t i a l  p e r i o d  of  i n -  
s t a b i l i t y  and  e r r a t i c  behav io r .  The  b e h a v i o r  in  t hese  
t h r e e  cases  s t r o n g l y  s u g g e s t e d  t h a t  t he  a t m o s p h e r e s  
d id  no t  change  the  r e c o m b i n a t i o n  s t a tes  b u t  m e r e l y  
sh i f t ed  su r face  po ten t i a l .  A f t e r  the  bo i l i ng  t r e a t -  
m e n t  t h e r e  was  some  s c a t t e r i n g  and  hys t e r e s i s  
t h r o u g h o u t  the  cyc l ing  b u t  not  enough  to p r e v e n t  
the  d r a w i n g  of a f a i r l y  r e a s o n a b l e  smoo th  cu rve  of 
l i f e t i m e  vs. r es i s t ance .  

F i g u r e  5 shows  the  cyc l ing  d a t a  c o n v e r t e d  to S 
and  U, va lues .  L o w  r e c o m b i n a t i o n  ve loc i t y  occurs  
w h e n  the  su r f ace  is s t r o n g l y  n - t y p e  or  s t r o n g l y  
p - t y p e  and  a t m o s p h e r e s  w h i c h  t end  to b e n d  the  e n -  
e r g y  b a n d s  b a c k  t o w a r d  t h e  m i d d l e  f r o m  these  e x -  
t r e m e  condi t ions  cause  S to increase .  T h e  b e h a v i o r  
e x p l a i n s  w h y  low S is no t  o b t a i n e d  w i t h  mos t  c o m -  
m o n  e tches  w h i c h  p r o b a b l y  l eave  the  su r f ace  in  t he  
m i d d l e  r eg ion  as does  t he  HNO~:HF etch.  H o w e v e r ,  
i t  does not  fo l low tha t  a n y  t r e a t m e n t  w h i c h  p r o -  
duces  as l a r g e  a sh i f t  in U, w i l l  a lso p r o d u c e  low 
S s ince  a n o t h e r  t r e a t m e n t  m i g h t  cause  r e c o m b i n a -  
t ion s ta tes  to change  in e n e r g y  or  dens i ty ,  or  both .  
A n  e x a m p l e  of  th i s  has  been  o b s e r v e d  w i t h  an  e tch  
in hot  s o d i u m  h y d r o x i d e  1 w h i c h  caused  a n  n - t y p e  
sh i f t  even  s t r o n g e r  t h a n  the  H F  t r e a t m e n t  b u t  d id  
no t  p r o d u c e  v e r y  low S. A f ew m e a s u r e m e n t s  i n -  
d i c a t e d  t h a t  in th is  case t he  S vs. U, c u r v e  was  d i s -  
p l aced  to the  r i g h t  of the  H F  cu rve  in  Fig .  5. 

S ince  the  d a t a  of Fig.  5 r e p r e s e n t  fou r  d i f fe ren t  
c h e m i c a l  t r e a t m e n t s  i t  m a y  be  too op t imis t i c  to t r y  
to a n a l y z e  the  d a t a  for  ene rg i e s  a n d  c a p t u r e  cross  
sec t ions  of r e c o m b i n a t i o n  centers ,  b u t  an  a t t e m p t  
has  b e e n  made .  F o r  the  case  w h e r e  S v a r i e s  on ly  
be c a use  of v a r i a t i o n  in su r f ace  p o t e n t i a l  w i t h o u t  
a n y  change  in  the  r e c o m b i n a t i o n  cen te rs ,  a n d  w h e r e  
t he  r e c o m b i n a t i o n  s t a tes  a r e  a t  one d i sc re t e  e n -  
e r g y  level ,  c u r r e n t  t heo r i e s  (3, 4) p r e d i c t  cu rves  of 
the  t y p e  g iven  b y  the  d a s h e d  cu rves  of F ig .  5. A n -  
o t h e r  p o s s i b i l i t y  w o u l d  be  a cu rve  w i t h  a b r o a d  
flat  top l e a d i n g  to two  poss ib le  v a l u e s  of  the  e n e r g y  
level .  More  t h a n  one of t he se  cu rves  m i g h t  be  o b -  
s e rved  ove r  a l a r g e  r a n g e  of su r face  po t en t i a l ,  r e p -  
r e s e n t i n g  m o r e  t h a n  one set  of r e c o m b i n a t i o n  s ta tes .  

I S u g g e s t e d  b y  I .  L .  K a l n i n s .  
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Fig. 5. Surface recombination velocity vs. U, for four dif- 
ferent treatments, with atmosphere cycling. N-type Si. 0 
dichromate treatment; /k boiling treatment; X HF soak; [ ]  
HNOJHF etch. 

Many,  et al. (3, 5) have  found  curves  of this  type  in  
expe r imen t s  on Ge in  which  surface  po ten t i a l  was 
var ied  by  a t r ansve r se  electric field. 

In  the p resen t  case for Si, the  da ta  obv ious ly  do 
not  fal l  on one u n i v e r s a l  curve.  The chemical  t r ea t -  
men t s  u n d o u b t e d l y  do change  the  r e c o m b i n a t i o n  
states to some ex ten t ;  for example ,  the dens i ty  of 
states was a p p a r e n t l y  h igher  for the d i ch romate  
t r e a t m e n t  t h a n  for the boi l ing  t r ea tmen t .  However  
it is i n t e re s t ing  to specula te  tha t  the  HF  and  boi l ing  
t r e a t m e n t  da ta  m a y  fo rm two b ranches  of the  same 
curve  and  to compare  t h e m  wi th  the  theore t ica l  
curves  (dashed)  which  have  been  sketched in. The 
curve  on the left  is for a r e c o m b i n a t i o n  cen te r  0.26 
ev above the midd le  of the ene rgy  gap wi th  a cap-  
tu re  cross-sec t ion  ra t io  r  ~ 5 x 10 ~. This is, of 
course, an  u n u s u a l l y  h igh ra t io  and  m u s t  be re -  
garded wi th  suspic ion in  v iew of the  piecing to-  
ge ther  of da ta  for d i f ferent  t r e a t m e n t s  which  was  
necessary  to cover  the range.  However ,  the  H F  
curve,  in  par t i cu la r ,  def ini te ly  has the p roper  slope 
for one b r a n c h  of the  t ype  of curve  pred ic ted  by  
theory  for a discrete  t r ap  ene rgy  and, if the  whole  
range  of U~ could have  b e e n  covered w i thou t  chang-  
ing t r ea tmen t s ,  the da ta  migh t  be ana lyzed  in  more  
deta i l  by  c u r r e n t  theories.  
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Fig. 6. Surface recombination velocity vs. Us for three dif- 
ferent treatments, with atmosphere cycling. P-type Si. 

The data  for the p - t y p e  specimen,  Fig. 6, aga in  
show r e c ombi na t i on  ve loc i ty  low at  the  p-  or n - t y p e  
ex t remes  and  high in  the midd le  region.  A n d  aga in  
the curves  r e semble  outs ide b ranches  of the  theo-  

1 
re t ica l  type  of curve,  wi th  S fa l l ing  off by  - -  in  one 

e 
un i t  (kT) of U ,  

Field Effect 
The field effect m e a s u r e m e n t s  are no t  discussed 

in  detail .  In  r e l a t ion  to the foregoing m a t e r i a l  the i r  
chief  va lue  was  tha t  they  gave qua l i t a t i ve  ind ica -  
t ions of the n -  or p - t y p e  cha rac te r  of the surface,  as 
inf luenced by  chemica l  t r e a t m e n t  and  a tmosphere ,  
which  pe r mi t t e d  a choice of the  p roper  b r a n c h  of 
the conduc tance  curve  in  the  d-c  m e a s u r e m e n t s .  

The me thod  used was tha t  of A i g r a i n  (18) which  
has been  developed and  used ex t ens ive ly  by  Mon t -  
gomery  (19) in  s tudies  of t ime  cons tan ts  of surface  
states on Ge. A theore t ica l  t r e a t m e n t  of h i g h - f r e -  
quency  field-effect p h e n o m e n a  has been  g iven  by  
G a r r e t t  (20).  

Fie ld-effect  mob i l i t y  (~F.E.) was  d e t e r m i n e d  as a 
f unc t i on  of f r e que nc y  of the  appl ied  field, over a 
r a nge  of 50 cycles/sec to 60 kc/sec.  The  i n t e r p r e t a -  
t ion  was clear in  the case of a s t rong n - t y p e  surface 
on n - m a t e r i a l  or a s t rong  p - t y p e  sur face  on p - m a -  
ter ial .  In  these cases field-effect  mob i l i t y  was  nega -  
t ive or posit ive,  respect ively ,  a nd  was cons tan t  over  
the f r e que nc y  range.  This is the type  of behav io r  
M o n t g o m e r y  found  wi th  Ge. 

But  anomal ies  occurred  w h e n  s t rong inve r s ion  
layers  were  e v i de n t l y  present .  M o n t g o m e r y  found  
tha t  wi th  inve r s ion  layers  on Ge, ~F.E. had  posi t ive  
va lues  at low f r e que nc y  for p - t y p e  i nve r s ion  layers  
(or nega t ive  for n - t y p e  i nve r s i on  layers )  and  then  
changed  in one sweep to a va lue  h a v i n g  the  sign of 
the m a j o r i t y  car r ie r  and  cons ide rab ly  l a rger  t h a n  
bu lk  mobi l i ty ;  the  change  of sign, which  occurred  
wi th  an inflect ion at  1/(27r~) was a t t r i b u t e d  to 
fa i lu re  of r egene ra t i on  processes to keep up  w i th  
the  a l t e r n a t i n g  field. (r~ is the f i lament  l i fe t ime. )  
In  i nve r s ion  l ayer  s i tua t ions  on Si the  behav io r  was  
s imi la r  i n  tha t  ~F~. changed  s ign in  the  same direc-  
tions, b u t  the inf lect ion f r e que nc y  was no t  gene ra l ly  
equa l  to 1/(27rTf) and  the re  were  r a t h e r  sharp  
m i n i m a  or m a x i m a  in  the  curves  at  h ighe r  f r e -  
quency.  The inflect ion f r e que nc y  u s u a l l y  corre-  
sponded to a l i f e t ime  h igher  t h a n  ac tua l ly  measured .  
Again,  as wi th  the d-c  conduc t iv i ty  me a su r e men t s ,  
there  is the poss ibi l i ty  tha t  difficulties m a y  arise 
f rom poor contact  b e t w e e n  the  inve r s ion  l ayer  and  
the bu lk  mate r ia l .  The s i tua t ion  is expected  to be 
worse  wi th  Si t h a n  Ge because  of the  smal le r  r e -  
verse  c u r r e n t  across a j u n c t i o n  in  Si. 

Never theless ,  in  spite of the  difficulty in  de ta i led  
in t e rp re t a t ion ,  the  genera l  fea tures  of the  field- 
effect curves  for the  va r ious  t r e a t m e n t s  were  qu i te  
r ep roduc ib le  and  gave qua l i t a t i ve  ev idence  of the  
n -  or p - t y p e  effects of the  va r ious  t r e a t m e n t s  and  
a tmospheres .  

E f f e c t s  on  D e v i c e s  

I n f o r m a t i o n  of this  sort  should  be he lp fu l  in  se- 
lect ion of surface  t r e a t m e n t s  and  a tmospheres  to 
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i m p r o v e  Si dev ice  p a r a m e t e r s  w h i c h  d e p e n d  on s u r -  
face  p o t e n t i a l  and  S. F o r  e x a m p l e ,  t he  " p - t y p e "  
t r e a t m e n t s  m i g h t  be  e x p e c t e d  to i m p r o v e  b r e a k -  
down  v o l t a g e  in p+-n d iodes  ( h i g h e r  b u l k  r e s i s t i v i t y  
on the  n - s i d e ) ,  w h i l e  a l l  t h r e e  l ow S t r e a t m e n t s  
shou ld  i m p r o v e  ~ in  t r a n s i s t o r s  w h i c h  h a v e  suffi- 
c i en t ly  h igh  v o l u m e  l i f e t ime .  The  H F  t r e a t m e n t  
offers the  c o m b i n a t i o n  of l ow  S w i t h  an  n - t y p e  
su r f ace  w h i c h  in  c e r t a i n  s i tua t ions  m a y  be  m o r e  d e -  
s i r ab l e  t h a n  the  p - t y p e  su r f ace  of  t h e  o t h e r  two.  
H o w e v e r ,  the  H F - t r e a t e d  su r f aces  t end  to be less  
s t ab le  t h a n  the  o the r  two.  In  some p r e l i m i n a r y  e x -  
p e r i m e n t s  w i t h  p+-n g r o w n - j u n c t i o n  d iodes  t he  
b r e a k d o w n  v o l t a g e  i nc r ea sed  p r o g r e s s i v e l y  f rom 
abou t  140 to 310 v in go ing  t h r o u g h  the  ser ies  f r o m  
the  s t ronges t  n - t y p e  ( H F )  t r e a t m e n t  to t he  s t r o n g -  
est  p - t y p e  ( d i c h r o m a t e )  t r e a t m e n t .  This  is in  ac -  
cord  a t  l eas t  q u a l i t a t i v e l y  w i t h  t he  su r face  b r e a k -  
d o w n  t h e o r y  of G a r r e t t  a n d  B r a t t a i n  (21) .  H o w -  
ever ,  w h i l e  t he  d i c h r o m a t e  t r e a t m e n t  p r o d u c e d  the  
h i ghes t  b r e a k d o w n  v o l t a g e  i t  a lso caused  a l a r g e  
s a t u r a t i o n  c u r r e n t  p r e s u m a b l y  because  of t he  l a r g e r  
ef fec t ive  j u n c t i o n  area .  

Conclusions 
1. The  c h e m i c a l  t r e a t m e n t s  h a d  s t r o n g e r  effects 

t han  the  a t m o s p h e r e s  in d e t e r m i n i n g  su r f ace  p o -  
ten t ia l .  H o w e v e r ,  bo th  t he  c h e m i c a l  t r e a t m e n t s  and  
a m b i e n t  a t m o s p h e r e s  w e r e  i m p o r t a n t  in e s t a b l i s h -  
ing  the  su r f ace  po t en t i a l .  

2. L o w  r e c o m b i n a t i o n  ve loc i t y  o c c u r r e d  w h e n  
the  su r f ace  was  s t r o n g l y  p - t y p e ,  a f t e r  t he  d i c h r o -  
m a t e  and  bo i l ing  de ion ized  w a t e r  t r e a t m e n t s ,  or  
w h e n  it  was  s t r o n g l y  n - t y p e ,  a f t e r  the  H F  t r e a t -  
ment .  A t m o s p h e r e s  w h i c h  p u l l e d  the  e n e r g y  b a n d s  
back  t o w a r d  the  m i d d l e  f r o m  these  e x t r e m e  con-  
d i t ions  caused  S to  i nc rea se  ( w a t e r  v a p o r  in  t he  
case of t he  bo i l i ng  and  d i c h r o m a t e  t r e a t m e n t s ,  and  
d r y  o x y g e n  a f t e r  t he  H F  t r e a t m e n t . )  The  e x t r e m e  
b e n d i n g  in e i t he r  d i r e c t i o n  r e q u i r e d  to ob t a in  l ow 
S e x p l a i n s  w h y  low S is no t  p r o d u c e d  b y  mos t  com-  
mon  e tch ing  t r e a t m e n t s .  

3. C u r v e s  of  S vs. U8 for  t he  v a r i o u s  t r e a t m e n t s  
r e s e m b l e  b r a n c h e s  of t h e o r e t i c a l  cu rves  for  r e c o m -  
b i n a t i o n  cen te r s  a t  a d i sc re t e  e n e r g y  level .  A t e n t a -  
t ive  ana lys i s  m a d e  b y  p iec ing  t o g e t h e r  cu rves  for  
t r e a t m e n t s  on the  n - t y p e  s a m p l e  i nd i ca t e s  E ~ - - E ,  
0.26 ev  and  a c ro s s - s ec t i on  r a t i o  o~,/~n ~ 5 x 108 for  
one  set  of  r e c o m b i n a t i o n  centers .  Th is  e x t r e m e l y  
l a r g e  r a t i o  m u s t  be  v i e w e d  w i t h  susp ic ion  b e c a u s e  
of t he  p i ec ing  t o g e t h e r  r e q u i r e d  to o b t a i n  it. I f  i t  
had  b e e n  pos s ib l e  to a p p r o a c h  the  m a x i m u m  in S 
f r o m  b o t h  s ides  w i t h o u t  c h a n g i n g  t h e  c h e m i c a l  
t r e a t m e n t ,  a m o r e  d e t a i l e d  a n d  r e l i a b l e  ana lys i s  
could  be  m a d e .  

4. The  a p p a r e n t  d i f f e rence  b e t w e e n  Us v a l u e s  
for  a g iven  t r e a t m e n t  on n -  a n d  p - t y p e  m a t e r i a l  
m a y  have  been  due,  a t  l eas t  in  pa r t ,  to poor  con tac t  
b e t w e e n  an  i n v e r s i o n  l a y e r  and  the  b u l k  m a t e r i a l .  
This  w o u l d  also c h a n g e  t h e  s h a p e  of t he  S vs. U8 
cu rves  o b t a i n e d  u n d e r  i n v e r s i o n  l a y e r  cond i t ions  
b u t  w o u l d  no t  affect  t he  cu rves  for  e n h a n c e m e n t  
l a y e r  condi t ions .  
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Saturation Currents in Germanium and Silicon Electrodes 

John B. Flynn 

Sylvania Electric Products Inc., Woburn, Massachusetts 

ABSTRACT 

Saturat ion currents  observed in  germanium electrodes in KOH and in 
silicon electrodes in dilute HF solutions have been studied with a view to 
de termining the source of generat ion wi th in  the electrode of the carriers 
involved in the reaction at the electrode solution interface. In n-type ger- 
man ium anodes the generat ion is pr incipal ly  in the bulk with negligible con- 
t r ibut ion from the surface. Cathodes of p - type  germanium in KOH show that 
surface generat ion is predominant .  Generat ion in the space-charge region of 
silicon electrodes is probably the l imit ing process in dilute HF. 

The p h e n o m e n a  of s a tu r a t i on  c u r r e n t  in  g e r m a -  
n i u m  and  sil icon electrodes has been  s tudied  by  
severa l  workers  (1-5) .  For  n - t y p e  Ge anodes  in  
KOH solu t ion  the i r  genera l  conclus ion  is tha t  the  
l imi t ing  cu r ren t s  observed  are  due  to the ra te  of 
gene ra t ion  of holes in  the b u l k  which  diffuse to the 
surface and  in i t i a te  the d issolu t ion  of Ge atoms. 
However ,  the role of surface gene ra t ion  r e ma i ns  
somewha t  obscure.  

It  was the purpose  of this i nves t iga t ion  to t ry  to 
confirm the above f indings  by  a more  di rect  method  
and  at the same t ime eva lua t e  the m a g n i t u d e  of 
the con t r i bu t i on  of surface genera t ion .  S imi la r  
s tudies  were  also car r ied  out, on p - t y p e  cathodes 
and  Si electrodes.  

Experimental 
Figure  1 is a d i a g r a m  of the cell used for the  ex-  

p e r i m e n t a l  work.  I t  consis ted of a t h r e e - n e c k e d  
100-ml  r o u n d  bo t tomed  flask; each neck  was  p ro -  
v ided wi th  a po lye thy l ene  stopper.  The leads to the 
different  e lectrodes passed t h rough  the stoppers.  
The coun te r  e lec t rode  was  a piece of p l a t in i zed  
p l a t i n u m  sheet. The re fe rence  electrode for Ge was 
a s a tu ra t ed  ca lomel  electrode,  connec t ion  be ing  
made  by  means  of a b r idge  of s a tu ra t ed  KC1 solut ion.  

For  the  work  on Si e lectrodes a P t  w i r e  was  used 
as the re fe rence  e lect rode and  the  ins ide  wa l l  of the  
flask was l ined  w i th  beeswax  aga ins t  the  corrosive 
HF solut ions.  The outs ide of the  cell was  pa i n t e d  

B R I D ~  .-CATMOOE 

SE~IICONDUCTOR ANODE 

Fig. 1. Electrolytic cell diagram 

black because  the Si e lectrodes were  qui te  sens i t ive  
to light.  

The HF  solut ions  were  ~ 5% [i.e., 1 vol  of 48% 
HF (C.P.) d i lu t ed  to 10 vol  w i th  demine ra l i zed  
water] .1 

The Ge or Si spec imens  used for electrodes were  
cut  f rom s ing l e - c rys t a l  m a t e r i a l  in  the  fo rm of slabs 
about  0.8 cm thick. The surface  exposed to the  solu-  
tion, which  was  a p p r o x i m a t e l y  on the  (111) plane,  
va r ied  in the area  f rom 2 to 4 cm ~. 

The me thod  of m o u n t i n g  the  Ge or Si i n  the cell is 
shown  in Fig. 2. The samples  were  Cu p la ted  on the  
back  side (e lec t ro lyt ic  for Ge, electroless for Si) 
which  was then  smeared  w i th  solder. The  electrode,  
except  for the face, was t hen  covered w i th  b lack  
w a x  to insu la te  it f rom the so lu t ion  and  m i n i m i z e  
a ny  photoeffect.  

1 Dr. P.  W a n g  of our  l a b o r a t o r y  has  f o u n d  t h a t  so lu t i ons  of t h i s  
d i l u t i o n  p e r m i t  s m o o t h  e l ec t ro ly t i c  e t c h i n g  of p - t y p e  Si. 

~i~ i1~' BRASS ROD 

~ ~ - - - B L A C K  WAX 

F 
Fig. 2. Semiconductor electrode 

j------z---BRASS RODS 
p/ i ̀z ~ '--CORK 

----Pt RIBBON 
-----GLASS OR TYGON 
-- -SEMICONDUCTOR 

~--METAL CAN 

Fig. 3. Diagram of second type of cell used 

715 



716 JOURNAL OF THE ELECTROCHEMICAL SOCIETY December 1958 

A second  e x p e r i m e n t a l  a r r a n g e m e n t  was  used  
m a i n l y  for  the  p u r p o s e  of  c h e c k i n g  the  r e su l t s  ob -  
t a i n e d  to see if a n y  c u r r e n t  l e a k  s ign i f i can t ly  a f -  
f ec ted  the  resu l t s .  This  is s h o w n  in Fig .  3. H e r e  t h e  
e l ec t rodes  w e r e  ben t  in such a w a y  t h a t  the  u n -  
w a x e d  s e m i c o n d u c t o r  su r f ace  was  t u r n e d  up.  A 
glass  or  T y g o n  c y l i n d e r  was  m o u n t e d  on th is  face. 
The  so lu t i on  was  p l a c e d  in t he  cy l i nde r .  Th is  a r -  
r a n g e m e n t  e n o r m o u s l y  r educes  the  chance  of l e a k -  
age. A p l a t i n u m  r ibbon ,  s e rv ing  as a coun t e r  e lec -  
t rode ,  was  p l aced  in t he  solu t ion .  This  cel l  was  
m o u n t e d  in  a m e t a l  can  w h i c h  was  cove red  w i t h  a 
co rk  s topper .  

This  m e t a l  can and  the  cel l  shown  in Fig .  1 w e r e  
m o u n t e d  in a t h e r m o s t a t t e d  w a t e r  b a t h  k e p t  a t  
25.0 ~ --+0.1~ for  a l l  of t he  w o r k  e x c e p t  w h e r e  t he  
t e m p e r a t u r e  was  d e l i b e r a t e l y  va r i ed .  

The  r e s i s t i v i t i e s  of t he  Ge and  Si  w e r e  m e a s u r e d  
by  the  four  p o i n t  p r o b e  me thod ,  and  the  l i f e t i m e  
on Ge  was  m e a s u r e d  b y  the  t r a v e l i n g  l i g h t - s p o t  
t echn ique .  L i f e t i m e s  of the  Si s amp le s  w e r e  not  
m e a s u r e d .  

The  c u r r e n t - v o l t a g e  cu rves  w e r e  o b t a i n e d  as fo l -  
lows.  F r o m  a d - c  p o w e r  s u p p l y  a c e r t a i n  v o l t a g e  
was  a p p l i e d  across  t h e  cell .  The  v o l t a g e  of t he  
semiconductor e l e c t r o d e  was  m e a s u r e d  aga in s t  the  
r e f e r e n c e  e l e c t r o d e  or  coun t e r  e l ec t rode  and  the  
c u r r e n t  t h r o u g h  the  cel l  was  also m e a s u r e d  a t  e v e r y  
a p p l i e d  v o l t a g e  se t t ing .  

Results 
Using  the  a r r a n g e m e n t  in Fig.  3 s h o w e d  t h a t  the  

b l a c k  w a x  gave  a d e q u a t e  e l ec t r i ca l  i n su l a t i on  b e -  
t w e e n  the  so lu t ion  and  m e t a l  p a r t s  of the  e lec t rode .  

Most  of  the  w o r k  r e p o r t e d  he re  dea l s  w i t h  n - t y p e  
Ge anodes .  I f  we  a s s u m e  tha t  the  c u r r e n t  in  n - t y p e  
Ge anodes  is l i m i t e d  b y  the  b u l k  g e n e r a t i o n  of c a r -  
r iers ,  i t  can  be s h o w n  eas i ly  t h a t  t he  l i m i t i n g  c u r -  
r en t  d e n s i t y  ( i )  shou ld  obey  the  r e l a t i o n s h i p  

i = q~ D~ us N~ ~ --p 
L 

Here  q is t he  e l ec t ron ic  charge ,  D~ is t h e  d i f fus ion 
coefficient  of holes,  u ,  is the  e l ec t ron  mob i l i t y ,  N, 2 
is the  p r o d u c t  of e l ec t rons  a n d  holes  a t  e q u i l i b r i u m ,  
p is t he  r e s i s t i v i t y  of t he  m a t e r i a l ,  a n d  L is t h e  d i f -  
fus ion  l e n g t h  of holes.  

In  d e r i v i n g  th is  e xp re s s ion  i t  is a s s u m e d  tha t  t he  
hole  c o n c e n t r a t i o n  at  the  g e r m a n i u m - s o l u t i o n  i n t e r -  
face  is e f fec t ive ly  zero  and  t h a t  t he  r e s i s t i v i t y  of 
n - t y p e  Ge is d e t e r m i n e d  b y  e l ec t ron  c onc e n t r a t i on  
only .  

The re fo re ,  if  th is  r e l a t i o n s h i p  holds ,  a p lo t  of t he  
l i m i t i n g  c u r r e n t  d e n s i t y  fo r  s e v e r a l  n - t y p e  Ge  spec -  
imens  a g a i n s t  the  q u a n t i t y  (p /L)  shou ld  y i e l d  a 
s t r a i g h t  l ine  of s lope  (q~D~ u,,N~ ~) and  zero i n t e r -  
cept .  

In  Fig .  4 some  c u r r e n t  v o l t a g e  cu rves  a r e  shown  
w h i c h  w e r e  o b t a i n e d  w i t h  n - t y p e  Ge anodes  in a 
1.35N K O H  so lu t ion  at  25~ The  m e t h o d  of t a k i n g  
a v a l u e  for  the  s a t u r a t i o n  c u r r e n t  w h e r e  t he  s a t u -  
r a t i on  is no t  pe r f e c t  is shown.  The  p o r t i o n  of the  
c u r v e s  m a r k e d  A and  B a re  e x t r a p o l a t e d  u n t i l  t h e y  
in te r sec t .  The  c u r r e n t  a t  th is  p o i n t  is t a k e n  as the  
s a t u r a t i o n  cu r ren t .  

A p lo t  of the  s a t u r a t i o n  c u r r e n t  dens i t i e s  aga in s t  
the  r a t i o  of r e s i s t i v i t y  to  d i f fus ion l e n g t h  (p /L)  fo r  
s e v e r a l  n - t y p e  Ge s a mp le s  is shown  in Fig .  5. Two 
runs  w e r e  m a d e  on a lmos t  a l l  of the  samples .  W h i l e  
the  d a t a  a p p e a r  to fa l l  a b o u t  a s t r a i g h t  l ine  p a s s -  
ing t h r o u g h  the  or ig in ,  t he  v a l u e  of i ts  s lope  is 4.4 
t imes  the  t h e o r e t i c a l l y  c a l c u l a t e d  v a l u e  for  a c u r -  
r en t  m u l t i p l i c a t i o n  of un i ty .  

In  Fig.  6 is the  s ame  d a t a  p l o t t e d  a l i t t l e  d i f fe r -  
en t ly ,  n a m e l y ,  the  c u r r e n t  d e n s i t y  d i v i d e d  b y  the  
r e s i s t i v i t y  a ga in s t  the  r e c i p r o c a l  of t he  d i f fus ion 
length .  This  m a n n e r  of p l o t t i n g  the  d a t a  shows a 
l i t t l e  m o r e  c l e a r l y  t he  d e p e n d e n c e  of  t he  l i m i t i n g  
c u r r e n t  d e n s i t y  on the  b u l k  p r o p e r t i e s  a lone.  

I f  su r face  g e n e r a t i o n  was  c o n t r i b u t i n g  a p p r e -  
c i ab ly  to the  cu r r en t ,  t hen  the  p lo t  in  Fig .  6 w o u l d  
show a def in i te  i n t e rcep t ,  w h i c h  i t  does  not.  Hence ,  
in 1.35N K O H  and  p r o b a b l y  o the r  e l e c t r o l y t i c  e t c h -  
ing  solut ions ,  t he  s a t u r a t i o n  c u r r e n t s  o b s e r v e d  w i t h  
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cm; e, 14 ohm-cm, 0.07 cm; A, 5.8 ohm-cm, 0.13 cm. 

5 . 0  

2.C 

"" _o 
x 

'7, 
E 
i 

d 
E ,g 

v 1.0 

o 

, ,~ ' , , ,  , . , , ,  I . . . . . . . . .  ~ . . . . . . . .  
IO0 200 

P/L (ohm) 

Fig. 5. Plot of i vs. # /L  for several n-type Ge anodes in 
1.35N KOH at 25~ 



Vol. 105, No. 12 

x 

TE 0.2 

E 
o OJ 
(5. g 

--I% 
O.C 

S A T U R A T I O N  C U R R E N T S  I N  G e  & S i  E L E C T R O D E S  717 

g 

qO 

o ~ .7" 

~176  o 
_ g O  o 

IO 20 30 

~/L (cm -~) 

Fig. 6. Current density divided by resistivity vs. the reci- 
procal of the diffusion length for several n-type Ge anodes in 
1.35N KOH at 25~ 

n - t y p e  Ge  anodes  a r e  due  to b u l k  g e n e r a t i o n  a lone  
w i t h  a neg l ig ib l e  c o n t r i b u t i o n  f r o m  the  sur face .  

F u r t h e r m o r e ,  the  c u r r e n t  m u l t i p l i c a t i o n  a p p e a r s  
to be close to 4 r a t h e r  t h a n  a v a l u e  of abou t  2 r e -  
p o r t e d  b y  o the r s  (1, 2).  W e  a re  u n a b l e  at  th is  t ime  
to account  for  th is  d i f fe rence  in the  va lue s  of c u r -  
r e n t  m u l t i p l i c a t i o n  found.  A poss ib l e  m e c h a n i s m  for  
a c u r r e n t  m u l t i p l i c a t i o n  of 4 is g iven  be low:  

G e ( s )  + e+---> G e ( I I )  + e- r a t e  d e t e r m i n i n g  

G e ( I I )  > G e ( I V )  + 2e- r a p i d  

The  R o m a n  n u m e r a l s  i nd i ca t e  t he  va l ence  s t a t e  
of Ge, and  the  ro le  of OH- ions is not  def ined.  This  
m e c h a n i s m  s i m p l y  r e q u i r e s  t ha t  t he  species  f o r m e d  
due  to the  d i f fus ion of a hole  to a Ge a t o m  a t  the  
su r f ace  is s p o n t a n e o u s l y  ox id i zed  e l e c t r o l y t i c a l l y ,  
and  Ge ions, as OH- c o m p l e x e s  (3 ) ,  go in to  solu t ion .  

A f inal  p o i n t  on t h e  n - t y p e  Ge anodes  is the  q u e s -  
t ion  of the  t e m p e r a t u r e  d e p e n d e n c e  of the  s a t u r a -  
t ion cu r r en t .  S ince  the  d a t a  i n d i c a t e  t ha t  we  m a y  
ignore  t he  c o n t r i b u t i o n  f rom su r face  gene ra t ion ,  
t hen  the  t e m p e r a t u r e  d e p e n d e n c e  of t he  s a t u r a t i o n  
c u r r e n t  shou ld  y i e l d  i n f o r m a t i o n  on the  r e c o m b i n a -  
t i o n - g e n e r a t i o n  l eve l s  in the  bu lk .  

By the  S h o c k l e y - R e a d  (6)  t h e o r y  for  t he  b u l k  
l i f e t i m e  of a s emiconduc to r ,  i t  can  be  shown  for  
the  b u l k  d i f fus ion  c u r r e n t  t h a t  

--E, + 1/a• 

kT  ~/po + no 
i o: T2 e 

~o 

Here  p~ is t he  hole,  and  no is the  e l ec t ron  e q u i l i b -  
r i u m  concen t ra t ions ,  r e spec t i ve ly .  T is the  abso lu t e  
t e m p e r a t u r e ,  E2 is t he  e n e r g y  gap  w id th ,  a n d  AE is 
the  d i f fe rence  b e t w e e n  the  g e n e r a t i o n  cen t e r  e n e r g y  
l eve l  and  e i t he r  the  lowes t  conduc t ion  b a n d  e n e r g y  
l eve l  or  t he  h ighes t  va l ence  b a n d  level .  This  a m -  
b i g u i t y  a r i ses  f rom u n c e r t a i n t i e s  r e g a r d i n g  the  
r e l a t i v e  size of quan t i t i e s  in the  exp re s s ion  for  b u l k  
l i f e t ime .  

Us ing  this  exp re s s ion  the  l i m i t i n g  c u r r e n t s  w e r e  
m e a s u r e d  on two  anodes ;  one, 30 o h m - c m ;  the  o ther ,  
18 o h m - c m  ove r  a r a n g e  of t e m p e r a t u r e s .  

The  q u a n t i t y  log ( i lT ~) (no~k/no + p~ was  p l o t t e d  
a ga in s t  ( l / T ) .  In  th is  p lo t  t he  s lope  shou ld  be  equa l  
to (--E~ + �89  These  two  s a m p l e s  y i e l d e d  
a p p r o x i m a t e l y  the  s ame  v a l u e  of the  slope,  i.e., 
--0.65 ev, f r o m  w h i c h  a v a l u e  of AE of 0.28 ev  can  be  

c a l c u l a t e d  (Fig .  7).  This  v a l u e  is cons i s t en t  w i t h  a 
Ni  or  Cu r e c o m b i n a t i o n  l eve l  (7) .  

F i v e  p - t y p e  Ge ca thodes  w e r e  s t u d i e d  n e x t  in 
1.35N KOH.  The  c u r r e n t s  t e n d e d  to s a t u r a t e  b u t  
showed  no w e l l - d e f i n e d  s a t u r a t i o n  cur ren t .  El l i s  (8)  
has  found  t h a t  a Ge s p e c i m e n  shows  an  i n c r e a s e d  
su r f ace  r e c o m b i n a t i o n  ve loc i t y  a f t e r  h a v i n g  been  
m a d e  a ca thode  in  d i lu t e  ac id  so lu t ion  as the  e lec -  
t ro ly t e .  He a t t r i b u t e s  th is  i nc rease  to depos i t ed  
h y d r o g e n .  

In  our  case  s ince  h y d r o g e n  is depos i t ed ,  the  su r -  
face  r e c o m b i n a t i o n  ve loc i t y  ( a n d  hence,  su r f ace  
g e n e r a t i o n )  m a y  be  i nc r e a s ing  be c a use  of th is  h y -  
d r o g e n  and,  the re fo re ,  no d i s t i nc t  s a t u r a t i o n  is 
noted .  

This  hypo the s i s  was  t e s t ed  by  r e p l a c i n g  the  K O H  
so lu t ion  w i t h  a 1.4M (NH4)~S~O8 solut ion.  The  h y -  
d r o g e n  depos i t i on  is l a r g e l y  r e p l a c e d  in  th is  case  
by  the  r e d u c t i o n  of p e r s u l f a t e  ions. A m o r e  d i s t inc t  
s a t u r a t i o n  is o b t a i n e d  w i t h  th is  e l e c t r o l y t e  as seen 
in Fig.  8. The  l i m i t i n g  c u r r e n t s  in 1.4M (NH~)2S~O~ 
n e v e r t h e l e s s  w e r e  s t i l l  too l a r g e  to be due  to b u l k  
g e n e r a t i o n  alone.  This  can  be  s h o w n  b y  a c a l c u l a -  
t ion f rom the  m e a s u r e d  l i f e t imes  and  res i s t iv i t i es .  
R a t h e r  a su r f ace  r e c o m b i n a t i o n  ve loc i t y  of  ~ 1 0  +' or  
h i g h e r  is i n d i c a t e d  in (NH,)~S.~O, solut ion.  

Si l i con  

F i v e  n - t y p e  Si  anodes  w e r e  used  in  5% H F  so lu-  
t ions;  the  c u r r e n t s  t e n d e d  to s a t u r a t e  f a i r l y  we l l  and  

r t , , 
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Fig. 7. Temperature variat ion of saturation current of two 
n-type Ge anodes in ] .35N KOH. O, 35 ohm-cm; t ,  18 
ohm-cm. 
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Fig. 8. Current density-voltage curve for one p-type Ge 
cathode at 25~ O, ] . 4M (NH,)2&20~; o, ] .35N KOH. 
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Fig. 9. Current  densi ty-vol tage curves for one p-type Si 
cathode in dark  X, and in di f fuse l ight  A ,  and one n-type Si 
anode in dark  e, and in di f fuse l ight  O. In 5 %  HF at  25~ 

c u r r e n t  densi t ies  in  the range  of 5-9 t~amp-cm -~ 
were  observed.  For  b u l k  genera t ion ,  diffusion lengths  
of the  order  of ~10  -~ cm wou ld  be ind ica ted  for  these  
samples.  Recent  work  on Si indica tes  diffusion 
l eng ths  of the  order  of 10 -~ cm are the rule.  More-  
over, surface  r e c o m b i n a t i o n  velocit ies of the  order  
of 10 *~ or h igher  would  be r equ i r ed  if surface gen-  
e ra t ion  was  the  d o m i n a n t  process. However ,  this  
va lue  seems i m p r o b a b l y  high. 

F r o m  the  work  of Sah, et at. (11),  the c u r r e n t  due 
to gene ra t ion  in  the space charge reg ion  for p - n  Si 
j unc t i ons  u n d e r  la rge  r eve r se  b ias  is g iven  as 

q W n ~  
i (sp.  ch.) -- 

~'~ e E t - E ~ / k T  -~- Trio e E ~ - E t / k T  

In  this express ion  q is the e lect ronic  charge,  k is 
B o l t z m a n n ' s  constant ,  T is the absolu te  t empe ra tu r e ,  
W is the w id th  of the  space charge region,  n,  is the  
in t r ins ic  ca r r i e r  concen t r a t i on  in  Si, and  the q u a n -  
t i t ies T .... ~~ are the rec iprocal  cap tu re  p robabi l i t i e s  
of e lect rons  and  holes, respect ively .  The  q u a n t i t y  
E , -  E~ is the  difference b e t w e e n  the  r e c o m b i n a -  
t ion  gene ra t i on  cen te r  ene rgy  level  and  the  in t r ins ic  
level.  

Values  found  by  these au thors  for the u n k n o w n  
quan t i t i e s  above  are:  W : 10-' cm; E t -  E~ : 4.6 kT; 
r p ~  1 . 2 x 1 0  -ssec; T .o=4 .3X  10 -6 sec. 

Using these va lues  in  the  above  express ion  for 
i ( sp .  ch.) we get 

i ( sp .  ch.) = 0.6 x 10 -~ amp cm -~ 

Whi le  this  va lue  is somewha t  l ower  t h a n  the  va lues  
of cu r r en t  dens i ty  found,  it is st i l l  of the  r igh t  
order  of m a g n i t u d e  to ind ica te  the p robab i l i t y  tha t  
in our  n - t y p e  Si anodes  the source of car r ie rs  is 
m a i n l y  due to gene ra t ion  in  the space charge  region.  

One  p - t y p e  Si ca thode was s tud ied  in  the  same 
solut ion.  The c u r r e n t  is of the same order  of m a g -  
n i t u d e  and  indicates  gene ra t i on  of car r ie rs  in  the  
space charge  region.  

I n  Fig. 9 is shown  the c u r r e n t - v o l t a g e  curves  for 
one p - t y p e  Si ca thode and  one n - t y p e  Si anode in  
5% H F  solut ion.  Two curves  are  shown  for each 
electrode.  Data  for one curve  was t a k e n  wi th  l ight  
exc luded  f rom the electrode;  da ta  for the  o ther  was  
t a k e n  wi th  the electrode exposed to the  diffuse 
l ight  f rom the su r round ings .  

Conclusion 
1. S a t u r a t i o n  cu r r en t s  in  n - t y p e  Ge anodes in  

1.35N KOH are due  to the  gene ra t i on  of holes in  
the b u l k  w i th  neg l ig ib le  c o n t r i b u t i o n  f rom surface  
genera t ion .  

2. F u r t h e r m o r e  a c u r r e n t  m u l t i p l i c a t i o n  of ap -  
p r o x i m a t e l y  4, ins tead  of a va lue  of abou t  2 as 
found  by others,  is repor ted .  

3. The fa i lu re  of the p - t y p e  Ge cathode to sa tu -  
ra te  d i s t inc t ly  in  1.35N K O H  can be a t t r i b u t e d  to 
deposi ted hydrogen .  

4. It  is p robab l e  tha t  the  l im i t i ng  cu r r en t s  ob-  
served in  Si e lectrodes in  ~ 5 %  H F  are due  to gen-  
e r a t i on  of car r ie rs  in  the  space charge reg ion  of the  
electrode at the  so lu t ion  in terface .  
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High-Pressure, High-Temperature Growth 
of Cadmium Sulfide Crystals 

W. E. Medcalf and R. H. Fahrig 

The Eag~e-Picher Research Laboratories, Miami, Oklahoma 

ABSTRACT 

A process is described for growing cadmium sulfide crystals of uni form 
size, shape, and homogeneity from the melt. Structure  and electrical charac- 
teristics of the crystals are discussed, and segregation data on several impur i ty  
species are given. A method is described for preparing high pur i ty  cadmium 
sulfide powder by the purification of cadmium and sulfur followed by direct 
combinat ion of the elements. 

C r y s t a l l i n e  c a d m i u m  sulf ide  has  r i sen  to p r o m i -  
nence  in  i n d u s t r y  a n d  r e s e a r c h  as a m a t e r i a l  w h i c h  
m a y  be  used  in  p h o t o v o l t a i c  cells,  r a d i a t i o n  d e -  
t ec t ion  devices ,  i n f r a r e d  windows ,  and  p h o t o s e n s i -  
t ive  e lements .  

The  u s u a l  m e t h o d s  for  t he  p r e p a r a t i o n  of s ingle  
c rys t a l s  of c a d m i u m  sulf ide h a v e  been  conf ined to 
v a p o r  p h a s e  or  s u b l i m a t i o n  p rocesses  c a r r i e d  ou t  a t  
n e a r  a t m o s p h e r i c  p r e s su re .  One  such m e t h o d  w a s  
d e s c r i b e d  b y  F r e r i c h s  ( 1 , 2 ) ,  in w h i c h  h y d r o g e n  
sulf ide  and  a c a r r i e r  gas  a r e  pa s sed  ove r  h e a t e d  
c a d m i u m  me ta l .  C r y s t a l s  p r o d u c e d  b y  this  m e t h o d  
a re  m o s t l y  r i b b o n s  or  p l a t e l e t s .  A second  m e t h o d  
d e s c r i b e d  b y  R e y n o l d s  a n d  C z y z a k  (3)  is a s t a t i c  
r e s u b l i m a t i o n  p rocess  in w h i c h  a c h a r g e  of c a d m i u m  
sulf ide is h e a t e d  in  an  a t m o s p h e r e  of h y d r o g e n  su l -  
fide in  a sea l ed  tube .  C r y s t a l s  in t he  f o r m  of p r i s m s  
a r e  f o r m e d  d i r e c t l y  on the  c h a r g e  as a r e s u l t  of 
loca l  v a p o r i z a t i o n  a n d  c rys t a l l i z a t i on .  A modi f i ca -  
t ion  of th i s  m e t h o d  was  r e p o r t e d  b y  R e y n o l d s  and  
G r e e n e  (4)  and  invo lves  v a p o r i z a t i o n  of c a d m i u m  
sulf ide w i t h  r e c r y s t a l l i z a t i o n  on a s u b s t r a t e  in  a n -  
o t h e r  p a r t  of the  sys t em.  T h e  v a p o r i z e d  c a d m i u m  
sulf ide c rys t a l l i z e s  on  the  s u b s t r a t e  in l a r g e  gra ins ,  
some of w h i c h  w e i g h  in excess  of 50 g a n d  a re  
s h o w n  b y  x - r a y  m e a s u r e m e n t  to be  s ing le  c rys t a l s .  

In  the  p r e s e n t  w o r k  the  d e v e l o p m e n t  of a m e t h o d  
of g r o w i n g  c r y s t a l s  f rom the  m e l t  was  u n d e r t a k e n  
as a n o t h e r  a p p r o a c h  to t he  p r o b l e m  of g r o w i n g  
c a d m i u m  sulf ide c r y s t a l s  s u i t a b l e  for  use  in so la r  
e n e r g y  convertors. I t  was  d e s i r e d  t h a t  the  p rocess  
w o u l d  p r o v i d e  l a r g e r  s ing le  c r y s t a l s  of c a d m i u m  
sulf ide w i t h  d e s i r a b l e  p h o t o v o l t a i c  p r o p e r t i e s  and,  
specif ical ly ,  t h a t  t h e y  w o u l d  be  h o m o g e n e o u s  in  
r e spec t  to so lu te  i m p u r i t i e s  a n d  e l ec t r i c a l  c h a r -  
ac te r i s t i cs .  

C a d m i u m  sulf ide was  first  m e l t e d  b y  T iede  a n d  
Sch leede  (5)  and  a m e l t i n g  p o i n t  of 1750~ u n d e r  
100 a t m  of n i t r o g e n  was  r e p o r t e d .  The  e x p e r i -  
m e n t a l  w o r k  was  c a r r i e d  out  in  a s m a l l  s tee l  b o m b  
con t a in ing  an  e l e c t r i c a l l y  h e a t e d  g r a p h i t e  tube .  The  
a p p a r a t u s  w a s  o p e r a t e d  for  p e r i o d s  of a f e w  m i n -  
utes.  R e c e n t l y  t he  m e l t i n g  of c a d m i u m  sulf ide was  
c a r r i e d  ou t  a t  t he  N a t i o n a l  C a r b o n  R e s e a r c h  L a b -  
o r a to r i e s  (6 ) .  Th is  w o r k  was  no t  pub l i shed ,  b u t  i t  

is u n d e r s t o o d  t ha t  a m e l t i n g  p o i n t  of a p p r o x i m a t e l y  
1500~ was  o b t a i n e d  u n d e r  a p r e s s u r e  of 200 a t m  
of a rgon.  More  r e c e n t l y  t he  m e l t i n g  p o i n t  of c ad -  
m i u m  sulf ide was  r e p o r t e d  b y  A d d a m i a n o  (7)  to be  
1475 ~ •176  

Equipment 
The  i n i t i a l  p h a s e  of t he  p r e s e n t  s t u d y  was  t h e  d e -  

s ign  and  cons t ruc t i on  of  a f u r n a c e  c a p a b l e  of  m a i n -  
t a i n i n g  m o l t e n  c a d m i u m  sulf ide  fo r  a p e r i o d  of  s e v -  
e ra l  hours  w i t h o u t  excess ive  vapo r i za t i on .  The  bas is  
for  t he  des ign  was  the  a v a i l a b l e  i n f o r m a t i o n  on  
t e m p e r a t u r e  and  p re s su re ,  a cons ide r a t i on  of  t he  r e -  
su l t s  des i red ,  a n d  the  co r ro s ive  effects of h o t  c a d -  
m i u m  sulf ide v a p o r  on v a r i o u s  m a t e r i a l s  of con-  
s t ruc t ion ,  d e t e r m i n e d  e x p e r i m e n t a l l y .  A schema t i c  
d i a g r a m  of t he  f u r n a c e  is s h o w n  in Fig .  1. 

The  p r e s s u r e  she l l  is a f o rged  s tee l  p o t  w i t h  cover .  
The  ins ide  d imens ions  a re  10 in. in  d i a m e t e r  b y  20 
in. deep.  The  w a l l  is 3 in. t h i c k  and  is j a c k e t e d  for  
w a t e r  cooling.  The  cover ,  w h i c h  is h e l d  d o w n  b y  
20-1 in.  a l loy  s tee l  bol ts ,  is f i t ted  w i t h  s ight  g lass  
opening ,  a c e n t r a l  v e r t i c a l  opening ,  a n d  a p ipe  con-  

Fig. 1. Design of furnace used for growth of cadmium 
sulfide crystals from the melt. 
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nection to a gauge, safety rup tu re  disk, and pres-  
surizing line. The pot is equipped wi th  insulat ing,  
pressure  t ight  bushings around the electric power  
leads, and also a hydrau l i ca l ly  opera ted  e levator  to 
vertically position the crucible inside the furnace. 
All pressure seals are Buna rubber "O" rings. 

The purpose of providing the central top open- 
ing and the sight glass was for use in the Czochral- 
ski method of growing crystals, should this tech- 
nique prove feasible. The elevator was provided for 
slow withdrawal of the melt from the hot zone. 

The present method of protecting the walls of the 
pressure shell is by surrounding the heating ele- 
ment with fused stabilized zirconia brick lined with 
a porous carbon cylinder. The top section of the 
insulation is removed and replaced each time the 
furnace is opened for loading or unloading. The re- 
mainder of the insulation is packaged in a stainless 
steel container. 

The heating element is a multiple split type 
graphite cylinder 3 in. OD x 21/z in. ID x 5 in. long. 
The thermal gradient along the length of the ele- 
ment is such that the temperature near the bottom 
is lower than that in the central and upper portions 
Of the cylinder. The element is connected to the 
water-cooled molybdenum electrodes by threaded 
graphite studs. 

Power for the furnace is furnished by a stepdown 
transformer with a variable autotransformer in the 
primary. The capacity of the power supply is 20 
kw. Under 90% maximum heating load, the furnace 
draws 850 amp, at about 21.5 v. Control of the fur- 
nace temperature is by manual operation of the 
variable transformer. 

Monitoring the temperature inside the furnace 
is made possible through the use of a boron graph- 
ite-graphite thermocouple (8). It is mounted on the 
end of a water-cooled elevator shaft. Output from 
the sensing device is fed to a strip chart recorder. 

The p-type graphite was obtained from the Na- 
tional Carbon Research Laboratories. I 

Experimental Procedure 
The pressure  furnace descr ibed above cannot be 

used read i ly  for e i ther  the Czochralski  method or 
for control led w i thd rawa l  of the mel t  f rom the hot 
zone. Excessive vapor iza t ion  
scurement  of the sight glass 
ered crucible,  necessary for 
nique, is used. Convective 
chimney effect resul t  when 
d r a w n  from the hot  zone. 

The fol lowing procedure  is 

of the charge and ob- 
occur when an uncov-  
the Czochralski  tech-  

currents  caused by  
the crucible is wi th -  

used in growing single 
crystals :  Approx ima te ly  150 g of crushed, densified 
cadmium sulfide is in t roduced into a high pur i ty  
graphi te  crucible and placed inside the furnace 
heat ing element.  The crucible is suppor ted  by  the 
thermocouple  and a porous carbon stool piece which 
are  mounted  on the top end of the e levator  shaft. 
The crucible  is covered by a loosely fi t t ing graphi te  
lid. The hot zone of the furnace  is then capped by 
a porous carbon cover;  and the top section of the  
furnace insulation, a cast ceramic disk 21/2 in. thick, 

1 Th rough  the k indness  of R. L. Shepard  who,  wi th  his associates,  
developed the boron g raph i t e -g raph i t e  thermocouple .  

is la id  on the top. The furnace cover is next  bol ted  
down and evacuat ion is begun. During evacuat ion 
the pressure  lines and furnace  are purged  wi th  a r -  
gon. Af ter  evacuation,  the furnace is filled wi th  
argon to a pressure  of about  1000 psi and heat ing is 
s tarted.  The t empera tu re  of the  bot tom of the cru-  
cible is raised r ap id ly  to about  1500~ This meas-  
u rement  lacks precision since the "cold" junct ion 
of the thermocouple  var ies  somewhat  due to con- 
auct ion of heat  by the pressur ized gas. Af ter  the 
t empera tu re  reaches this point, the furnace pressure,  
which has been rising with  the tempera ture ,  is ad-  
jus ted  to 1500 psi and the heat ing is s lowed down to 
level  off the t empera tu re  for 1 hr. This assures com- 
plete  mel t ing of the charge. The power  is then re -  
duced s lowly over  a per iod of about  6 hr  so that  the 
t empera tu re  of the  crucible bo t tom is b rought  down 
in a l inear  manner .  

Controlled Solidification of the Melt 
The the rmal  grad ien t  along the heat ing e lement  

and conduction heat  losses through the crucible  
support  cause the lowest  por t ion of the mel t  to 
solidify first. As the t empe ra tu r e  is decreased by  
reduct ion of power  to the element,  progress ive  
freezing of the mel t  takes place f rom the bot tom 
upwards  toward  the top. A ve ry  slow advance of the  
sol id- l iquid  in terface  encourages the format ion of 
large crystals .  Fas te r  cooling resul ts  in smal ler  
crysta ls  a r ranged  in a co lumnar  formation.  

Results 
Some of the ingots are  of good crys ta l l ine  s t ruc-  

ture  at  the bot tom but  have  a region or pocket  at  
the top which is noncrys ta l l ine  in nature .  Minute  
par t ic les  of e lementa l  cadmium and voids from 
which sulfur  and cadmium have been volat i l ized 
are often present  in this pocket.  This indicates  tha t  
a por t ion  of the cadmium sulfide unde rwen t  the rmal  
decomposit ion while  in the mol ten  state, and tha t  
the products  of decomposit ion were  re jec ted  by  the 
advancing growth  of c rys ta l l ine  mater ia l .  By care-  
ful ly  control l ing the cooling ra te  the size of this 
noncrys ta l l ine  area  can be diminished.  

F igure  2 is a photograph  i l lus t ra t ing  the c rys ta l -  
l ine and noncrys ta l l ine  areas  in three  ingots which 
have been sectioned ver t ica l ly .  

Cadmium sulfide crysta ls  grown under  control led 
conditions are single crystals .  Severa l  ingots have 
been obtained which are made  up of only one large  
crys ta l  weighing more than  100 g. Crysta l l iza t ion is 

Fig. 2. Ingots of codmium sulfide sectioned vertically 
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Fig. 3. Cadmium sulfide ingot with specimens cleaved and 
machined. 

Fig. 4. Comparat ive size of cadmium sulfide ingots as a 
function of pressure. 

in  t he  h e x a g o n a l  s y s t e m  and  the  v e r t i c a l  g r o w t h  
axis  t ends  to co inc ide  r o u g h l y  w i t h  t he  C - a x i s  to 
g ive  a n  0001 face  at  t he  top  of t he  c rys ta l ,  a l t h o u g h  
in some cases  t he  C - a x i s  m a y  be  c a n t e d  as  m u c h  as  
15 ~ f rom the  c ruc ib l e  axis .  I t  is b e l i e v e d  t h a t  th is  
is due  to u n s y m m e t r i c a l  h e a t  p a t t e r n s  e x i s t i n g  in 
t he  ho t  zone of the  f u r n a c e  w h e n  seed ing  is b e g u n  
in t he  b o t t o m  of  t he  me l t .  The  c r y s t a l s  m a y  be  
c leaved ,  or  m a y  be  m a c h i n e d  to secure  a spec imen  
of  a n y  de s i r ed  o r i en t a t i on .  

F i g u r e  3 is a p h o t o g r a p h  showing  a s ingle  c r y s t a l  
ingot ,  a c l e a v e d  sec t ion  of an  ingot ,  a n d  a s p e c i m e n  
m a c h i n e d  to a def in i te  o r i en ta t ion .  

E~ect  of Pressure on Crystal Growth  

S e v e r a l  r uns  w e r e  c a r r i e d  out  a t  p r e s s u r e s  con-  
s i d e r a b l y  l o w e r  t h a n  1500 psi .  W i t h  d e c r e a s i n g  
p r e s s u r e  the  r a t e  of v o l a t i l i z a t i o n  of c a d m i u m  su l -  
fide i nc r ea sed  and  the  ingots  w e r e  of p o o r e r  c r y s t a l -  
l ine  s t ruc tu re .  

I d e n t i c a l  w e i g h t  of c h a r g e  w a s  u sed  in  t h e  p r e p -  
a r a t i on  of t h e  ingots  shown  in Fig .  4. The  c h a r g e  
was  b r o u g h t  to the  m e l t i n g  p o i n t  in each  case  and  
t hen  q u i c k - c o o l e d  to dec rea se  the  a m o u n t  of v o -  
l a t i l i za t ion .  The  w e i g h t  loss a t  250 ps i  was  25.4% 
as c o m p a r e d  to a 5% loss in w e i g h t  a t  1500 psi.  
T h e r e  w e r e  m o r e  vo ids  and  n o n c r y s t a l l i n e  a r e a s  in 
the  ingots  p r e p a r e d  a t  low p res su res .  S ince  our  ob -  
j ec t i ve  w a s  to secu re  c a d m i u m  sulf ide of good c r y s -  
t a l l i ne  s t ruc tu re ,  t he  low p r e s s u r e  s tud ies  w e r e  d i s -  
con t inued .  I t  is i nd ica ted ,  h o w e v e r ,  t h a t  l ow  p r e s -  
su re  m e l t i n g  m a y  be  used  in  zone - r e f i n ing  s tudies .  

Fig. 5. Experimental concentration profiles for segregation 
of impurit ies in normal freezing of cadmium sulfide melt. 

Segregation of Solute Impurit ies  

D e t e r m i n a t i o n  of  ef fec t ive  s e g r e g a t i o n  coefficients 
w i t h  n o r m a l  f r eez ing  u n d e r  a g i v e n  set  of e x p e r i -  
m e n t a l  cond i t ions  was  u n d e r t a k e n .  F o u r  c rys t a l s  
w e r e  g r o w n  u n d e r  n e a r l y  i d e n t i c a l  conditions of 
charge ,  p r e s su re ,  and  cool ing  ra t e .  The  p r e s s u r e  was  
m a i n t a i n e d  a t  1500 psi.  The  m e l t s  w e r e  caused  to 
c ry s t a l l i z e  s l owly  ove r  a p e r i o d  of  6 h r  to p r o v i d e  
a s l owly  a d v a n c i n g  s o l i d - l i q u i d  i n t e r f a c e  f r o m  the  
b o t t o m  to the  top  of the  me l t .  S ince  t h e  r a t e  of  
m o v e m e n t  of t he  i n t e r f a c e  could  no t  be  o b s e r v e d  or  
p r e c i s e l y  d e t e r m i n e d  us ing  t h e  p r e s e n t  e q u i p m e n t ,  
the  e x p e r i m e n t a l  coefficients o b t a i n e d  could  no t  be  
cons ide r ed  as e q u i l i b r i u m  va lues .  

The  fou r  c r y s t a l s  p r o d u c e d  w e r e  sec t ioned  h o r i -  
zon t a l l y  in to  five e q u a l  sec t ions  and  a n a l y z e d  spec -  
t r o g r a p h i c a l l y .  The  i n t e g r a t e d  c o n c e n t r a t i o n  d a t a  
w e r e  used  to construct prof i les  d e p i c t i n g  the  concen- 
t r a t i o n  of i m p u r i t i e s  r e t a i n e d  in t he  sol id  as a f u n c -  
t ion  of (g)  the  f r a c t i o n  of t he  m e l t  sol idif ied.  The  
in i t i a l  c o n c e n t r a t i o n  Co was  t a k e n  as the  a v e r a g e  
c o n c e n t r a t i o n  of t he  five segmen t s .  By  p l o t t i n g  the  
so lu te  c o n c e n t r a t i o n  Cs vs. (g)  i t  is poss ib l e  to d e -  
t e r m i n e  the  a p p r o x i m a t e  Ko~f f r o m  t h e  i n t e r s e c t i o n  
of the  prof i le  w i t h  t he  y - a x i s .  F i g u r e  5 r e p r e s e n t s  
the  e x p e r i m e n t a l  prof i les  for  s e v e r a l  i m p u r i t y  
species  in the  c a d m i u m  sulf ide  m a t r i x .  

The  prof i les  i nd i ca t e  t h a t  s i l icon,  ca lc ium,  copper ,  
and  l e a d  t end  to be r e j e c t e d  b y  the  a d v a n c i n g  so l id -  
l iqu id  i n t e r f ace  a n d  t h a t  zinc and  i n d i u m  a re  no t  
s e g r e g a t e d  in  the  n o r m a l  f r e e z i n g  process .  The  p r o -  
file of t he  m a g n e s i u m  species  i nd i ca t e s  a d i s t r i b u -  
t ion  coefficient s l i g h t l y  g r e a t e r  t h a n  1.0. More  r e -  
cent  da ta ,  not  shown  in Fig.  5, p r o v i d e  i n f o r m a t i o n  
tha t  m a n g a n e s e  is no t  s e g r e g a t e d  d u r i n g  the  c r y s -  
t a l l i z a t i o n  process .  Th is  is s h o w n  in T a b l e  I. 

The  d a t a  i n d i c a t e  t h a t  (a )  n o r m a l  f r eez ing  or  
zone ref in ing  of c a d m i u m  sulf ide m a y  be  u sed  to r e -  
m o v e  such  i m p u r i t i e s  as si l icon,  lead,  ca lc ium,  and  
coppe r ;  and  (b)  t ha t  c e r t a i n  so lu te  i m p u r i t i e s  such  
as i nd ium,  zinc, and  m a n g a n e s e  can  be  used  as d o p -  
ing  agen t s  h o m o g e n e o u s l y  d i s t r i b u t e d  t h r o u g h o u t  
the  c rys ta l .  
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Table I 
CdS crystal No. 111, doping agent MnCL 

Solu te  i m p u r i t i e s ,  p p m  
Fraction 
solidified Si Mg Cu Ca Mn 

Top 0.9 500 5 1.0 50 50 
0.8 20 5 0.5 10 50 
0.6 20 5 0.5 10 50 
0.4 10 5 * 10 50 
0.2 10 5 * 10 50 

CdS crystal  No. 117, no doping agent 

Solu te  i m p u r i t i e s ,  p p m  
F r a c t i o n  R e s i s t i v i t y ,  
solidified Si Pb Mg Cu Ca ohm-cm 

0.9 100 * 1 0.5 10 0.46 
0.8 100 5 1 0.5 10 1.12 
0.6 100 * 1 0.5 10 1.38 
0.4 50 * 1 * 5 1.59 
0.2 50 * 1 * 5 2.60 

* Not  d e t e c t e d .  

Photovoltaic Cells 
Smal l  photovol ta ic  cells were  p r e p a r e d  f rom 

crys ta ls  g rown  by  (a)  c rys ta l l i za t ion  f rom the  mel t  
and  (b)  the vapor  phase  process (3) .  A compar i son  
of photovol ta ic  proper t ies  is shown  in  Tab le  II. 

High Purity Cadmium Sulfide 

C a d m i u m  sulfide now ava i l ab le  f rom commerc ia l  
sources conta ins  va r ious  impur i t i e s  in  concen t r a -  
t ions  of severa l  par t s  per  mi l l ion .  Such  impur i t i e s  
inc lude  silicon, calc ium,  magnes ium,  zinc, lead, iron,  
a l u m i n u m ,  and  copper.  Wi th  the  purpose  of o b t a i n -  
ing  m o r e  effective control  and  eva lua t i on  of solute  
impur i t i e s  in  crysta ls  g rown  f rom the melt ,  exper i -  
m e n t a l  work  was car r ied  out  to p rov ide  c a d m i u m  
sulfide feed m a t e r i a l  i n  which  the  i m p u r i t y  concen-  
t r a t i on  would  be no t  g rea te r  t h a n  1 ppm. The  p ro -  
cedure  used in  p r e p a r i n g  c a d m i u m  sulfide of i m -  
p roved  p u r i t y  is descr ibed  in  the  fo l lowing  p a r a -  
graphs.  

The p rocedure  tha t  was  deve loped  inc luded  the  
fo l lowing steps: (a)  pur i f ica t ion  of e l emen ta l  cad-  

Table II. Comparison of photovoltaic properties of cadmium sulfide 
crystals grown from the melt and by a vapor phase process 

mi um,  (b)  pur i f ica t ion  of e l e m e n t a l  sul fur ,  and  (c) 
synthes is  of c a d m i u m  sulfide f rom the  pur i f ied ele-  
ments .  In  the  pur i f ica t ion  of e l e me n t a l  c a d m i u m  
a nd  su l fu r  it  was  found  tha t  the  use of bo th  d is t i l la -  
t ion  and  zone m e l t i n g  processes was  r e q u i r e d  to ob-  
t a i n  the  des i red pur i ty .  

Commerc i a l  g rade  c a d m i u m  was g iven  three  
d is t i l la t ions  in  a cast i ron  re to r t  to effect ively de-  
crease the concen t r a t i on  of zinc and  lead to ap-  
p r o x i m a t e l y  20 ppm.  These d is t i l la t ions  p roved  to 
be necessa ry  for s u b s e q u e n t  r e m o v a l  of these  ele-  
me n t s  to a concen t r a t i on  of less t h a n  1 p p m  by  zone 
mel t ing .  The  c a d m i u m  t h e n  was  zone me l t ed  by  the  
process descr ibed  by  P f a n n  (9) .  A g raph i t e  boat  
was  used to p rov ide  an  ingot  19 in. in  l e n g t h  and  
we igh ing  a p p r o x i m a t e l y  1 kg. Af te r  six m o l t e n  
zones of 1.0 in. l eng th  were  passed hor i zon ta l ly  
t h r o u g h  the solid ingot,  the  ba r  became  monoc rys -  
t a l l ine  over  90% of its l eng th  and  the  i m p u r i t y  con-  
cen t r a t i on  over  a d is tance  of 50% of its l e n g t h  was  
be low the  l imi t s  of spec t rographic  detect ion.  

F o u r  d i s t i l l a t ions  of su l fu r  in  a clear  qua r t z  u n i t  
r emoved  iron,  zinc, a l u m i n u m ,  and  copper  to nea r  
the l imi t  of spec t rographic  detect ion.  Sil icon, cal-  
c ium, and  a t race  of m a g n e s i u m  were  st i l l  p resen t  
in  the su l fu r  af ter  four  dis t i l la t ions .  To f u r t h e r  
p u r i f y  the  sul fur ,  zone m e l t i n g  t echn iques  were  i n -  
vest igated.  These inc luded  (a)  the  conven t iona l  
zone me l t i ng  process in  wh ich  a m o l t e n  zone of ap-  
p r o x i m a t e l y  1.0 in. in  l eng th  was  caused to t r ave r se  
a hor izon ta l  solid ingot  of su l fu r  and  (b)  a reversed  
zone me l t i ng  p rocedure  in  which  a smal l  solid zone 
was caused to progress  t r a n s v e r s e l y  t h r ough  an  
e longa ted  me l t  of sulfur .  This  t echn ique  of r e m o v -  
ing  f rom a solid subs tance  soluble  impur i t i e s  h a v -  
ing a d i s t r i bu t i on  coefficient g rea te r  t h a n  1.0, was  
repor ted  by  O v e r b y  (10).  The  l a t t e r  process p roved  
to be effective in  the  r e mova l  of si l icon a n d  ca lc ium 
f rom the  sulfur .  The zone me l t i ng  procedures  were  
car r ied  out  in  a g raph i te  boa t  18 in. in  l eng th  and  
pur i f ied ingots  of su l fu r  we igh ing  a p p r o x i m a t e l y  
1 lb were  produced.  

The  synthes is  of c a d m i u m  sulfide was  car r ied  out  
by  a vapor  phase  reac t ion  in  a quar tz  reactor .  The  
pur i f ied su l fu r  and  c a d m i u m  were  vola t i l ized  f rom 
separa te  quar tz  boi lers  e x t e r n a l  to the reac tor  w i th  
h e l i u m  used as the  car r ie r  gas. The reac to r  was  

Open  Con-  
Res i s -  c i r cu i t  v e r s i o n  

M e t h o d  t i v i t y ,  Mob i l i t y ,  vo l t age ,  Effi- 
R u n  No. c rys t a l  g r o w t h  ohm-e ra  em~/v  sec v e iency* 

HP-84 From melt  1.41 108 0.40 1.77 % 
HP 60 From melt  0.29 180 0.52 2.30t 
HP-91(a)  From melt  1.62 175 0.36 2.22 
HP-91(b)  F r o m m e l t  1.62 171 0.44 2.42 
HP-96 From melt  0.75 179 0.35 2.42 
HP-57 From melt  0.13 300 0.475 6.11 

Vapor phase 
growth - -  - -  - -  2.055 
(average 
value) 

* R F L - 2  L a m p  @ 1.5 g - c a l / c m 2 / m i n .  ( In  s u n l i g h t  t he  c o n v e r s i o n  
eff iciency is 30-50% grea ter . )  

t D e t e r m i n e d  b y  t he  R e s e a r c h  L a b o r a t o r i e s  of  t he  H a r s h a w  C h e m i -  
cal  Co. 

$ Th is  v a l u e  was  o b t a i n e d  f r o m  a r ecen t  a n d  s epa ra t e  s t u d y  of  t h e  
c o n v e r s i o n  eff iciencies of  a l a r g e  n u m b e r  of c a d m i u m  sul f ide  c rys ta l s  
g r o w n  by  v a p o r  phase  depos i t ion .  I t  is  i n c l u d e d  i n  t h e  t ab l e  fo r  
p u r p o s e s  of  compar i son .  

Table III. Spectrographic analyses 

I m p u r i t i e s ,  p p m  

Si  P b  M g  F e  Cu  Zn  Ca A1 

I Cadmium 
Triple distilled 10 10 1.0 1 3.0 20 2 2 
Zoned, 6passes 1 * 1.0 * * * * * 

II Sulfur  
Star t ing sulfur  20 * 1.0 4 4.0 * 80 3 
2Xdis t i l led 20 * 1.0 2 2.0 * 50 2 
4Xdis t i l led  10 * 0.5 * 1.0 * 30 * 
4X distilled and 
zone cooled * * 0.5 * 1.0 * * * 

III  Cadmium sulfide 
(synthesized) 100 * 0.5 * 0.5 * * * 

* Not  de tec ted .  
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m a i n t a i n e d  at  a t e m p e r a t u r e  of 900~ d u r i n g  the  
synthesis .  

The c a d m i u m  sulfide fo rmed  as smal l  c rys ta ls  
h a v i n g  a m e d i a n  rad ius  of a p p r o x i m a t e l y  4~. One  
pound  of synthes ized  c a d m i u m  sulfide was  p roduced  
per  r u n  r e p r e s e n t i n g  a recovery  of a p p r o x i m a t e l y  
80% of theore t ica l  based on the weight  of c a d m i u m  
used. The spec t rographic  da ta  on the  r eac tan t s  and  
p roduc t  are  shown  in  Tab le  III. 

There  was a s ignif icant  increase  in  si l icon d u r i n g  
the synthes i s  due to i n t r o d u c t i o n  f rom the  opaque  
qua r t z  used in  the reactor .  There  was no i n t r o d u c -  
t ion  of o ther  impur i t i e s  d u r i n g  the react ion.  

Conclusions 
C a d m i u m  sulfide crys ta ls  of u n i f o r m  size and  

shape can  be g rown  f rom the me l t  in  an  a rgon  a t -  
mosphere  a t  1500 psi. Cont ro l led  cooling to cause a 
so l id - l iqu id  in te r face  to move  f rom the  bo t tom to 
the top of the  ver t i ca l  cy l inder  of m o l t e n  c a d m i u m  
sulfide at a s low and  cont ro l led  ra t e  resul t s  in  the  
fo rma t ion  of s ingle  crys ta ls  w e i g h i n g  in  excess of 
100 g. At  pressures  as low as 250 psi on ly  po lyc rys -  
t a l l ine  ingots are formed.  

Ingots  g r o w n  f rom the  me l t  are  homogeneous  
w i th  respect  to the o r i en ta t ion  of ce r t a in  solute i m-  
pur i t i e s  i nc lud ing  ind ium,  zinc, and  manganese .  
Silicon, calc ium,  copper,  and  lead are segregated  
d u r i n g  the n o r m a l  f reez ing  of c a d m i u m  sulfide ex-  
h i b i t i n g  an  effective d i s t r i bu t ion  coefficient of less 
t h a n  one. Solar  cells p r e p a r e d  f rom mel t  g r ow n  
crysta ls  have  photovol ta ic  convers ion  efficiencies 
equa l  to solar  cells p r epa red  f rom vapor  g r o w n  
c a d m i u m  sulfide crystals .  

Synthes i s  of c a d m i u m  sulfide f rom e l emen ta l  cad-  
m i u m  and  su l fu r  wh ich  have  been  pur i f ied by  dis-  

t i l l a t ion  and  zone me l t i ng  t echn iques  provides  a 
m a t e r i a l  which  has, w i th  the  except ion  of silicon, an  
i m p u r i t y  concen t r a t i on  no t  g rea te r  t h a n  1 p p m  as 
d e t e r m i n e d  spec t rographica l ly .  
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Some Semiconducting Properties of HgTe 
J. Black, S. M. Ku, and H. T. Minden 

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

ABSTRACT 

Mercuric tel luride was synthesized and single crystals were prepared both 
in a horizontal capsule and by the Br idgman technique. The Hall  coefficient R 
and the resistivity p were measured as a funct ion of temperature  and magnetic 
field. Above 250~ the mater ial  was intr insic wi th  an energy gap of around 
0.02 ev and a mean  density-of-states effective carrier mass of about 0.04 m~. 
Hall  effect and mangetoresistance data indicated that  at 300~ ~ ~ 16,000 
cm-~/v sec while ~/~p ~ 10. In the intr insic temperature  range, mobilit ies de-  
creased with increasing temperature.  

At low temperatures  R decreased markedly  with magnetic induct ion even 
though R measured at low fields was independent  of tempera ture  for one of 
the ingots. In  addition, the magnetoresistance fell far below a B 2 dependence 
at low temperatures.  This behavior  is characteristic of p- type  semiconductors 
in the t ransi t ion temperature  range between intr insic and extrinsic conduction. 
In HgTe this t ransi t ion temperature  range is quite wide because of the low 
energy gap. 

Since all mater ial  prepared from the melt  was p-type, it seems that  there 
is either a dominat ing acceptor impur i ty  in all the samples or the m a x i m u m  
melt ing point of the compound does not occur at the stoichiometric composition. 

Much  w o r k  has b e e n  done in  r ecen t  yea rs  in  de-  
t e r m i n i n g  the  e lect r ical  and  opt ical  p roper t ies  of 
s emiconduc t ing  compounds  wi th  the  zinc b l ende  

s t ruc ture .  The  m a i n  effort has  b e e n  concen t r a t ed  on  
the I I I - V  series of compounds ,  which  are especia l ly  
in t e re s t ing  because  of the i r  h igh  e lec t ron  mobi l i t ies .  
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Table I 

Crys ta l  S t a r t i n g  m a t e r i a l  Trace  impur i t i e s  

Z21-35 99.8 -k Te Ag, Cu, Fe, Pb, Si 
Tr ip le  Dist i l led Hg No analysis  

B51-1 99.999 Te Spectroscopical ly  pure  
99.999 + Hg Spectroscopical ly  pure  

C o m p a r a t i v e l y  l i t t l e  w o r k  has  been  done  on the  
I I - V I  compounds ,  w h i c h  have ,  in genera l ,  h i g h e r  
e n e r g y  gaps  b u t  l o w e r  c a r r i e r  m o b i l i t i e s  t h a n  I I I - V  
semiconduc to r s .  Two  of  t he  compounds ,  h o w e v e r ,  
HgSe  and  HgTe,  h a v e  been  r e p o r t e d  to possess  e lec -  
t r o n  mob i l i t i e s  g r e a t e r  t h a n  10,000 cmVv sec at  
r o o m  t e m p e r a t u r e  (1) .  P r e v i o u s  i n v e s t i g a t i o n s  p u b -  
l i shed  h a v e  been  m a d e  on th in  f i lms (2, 3) ,  p r e s s e d  
p o w d e r s  (4 ) ,  p r e s s e d  a n d  s i n t e r e d  p o w d e r s  (5 ) ,  
or  fused  ingo t s  (5 ) .  D e t a i l e d  m e a s u r e m e n t s  of the  
e l e c t r i c a l  p r o p e r t i e s  of s i n g l e - c r y s t a l  H g T e  h a v e  
been  r e p o r t e d  r e c e n t l y  b y  H a r m a n  and  L o g a n  (6 ) .  

I t  is  t h e  p u r p o s e  of  th is  p a p e r  to p r e s e n t  the  r e -  
sul ts  of an  i n v e s t i g a t i o n  of the  e l ec t r i ca l  p r o p e r t i e s  
of s i n g l e - c r y s t a l  HgTe.  The  H a l l  effect and  r e -  
s i s t i v i t y  of  a n u m b e r  of s a m p l e s  h a v e  been  m e a s -  
u r e d  f r o m  80 ~ to 650~ as a func t ion  of m a g n e t i c  
f ield s t r eng th .  

E x p e r i m e n t a l  M e t h o d s  

M e r c u r i c  t e l l u r i d e  was  s y n t h e s i z e d  f r o m  the  e l e -  
m e n t s  in  s ea l ed  e v a c u a t e d  q u a r t z  capsules .  The  
p u r i t y  of  t h e  s t a r t i n g  e l e m e n t s  is s h o w n  in T a b l e  I. 
The  capsu le  was  s l owly  h e a t e d  to 720~ w h i c h  is 
a b o u t  50 ~ a b o v e  the  m e l t i n g  po in t  of  t he  compound ;  
h e a t i n g  was  done  ove r  a p e r i o d  of  24 h r  to p r e v e n t  
t he  b u i l d u p  of an  excess ive  m e r c u r y  v a p o r  p r e s -  
sure.  Once  t h e  capsu l e  r e a c h e d  720~ the  m e l t  was  
a l l owed  to soak  for  an  a d d i t i o n a l  2 h r  w i t h  f r e q u e n t  
a g i t a t i o n  to i n s u r e  m i x i n g  of the  e lements .  A f t e r  
soaking ,  the  m a t e r i a l  was  s l o w l y  cooled to r o o m  
t e m p e r a t u r e .  D e b y e - S c h e r r e r  x - r a y  p o w d e r  p a t -  
t e rns  of t he  syn thes i zed  HgTe  a g r e e d  w i t h  d a t a  
p u b l i s h e d  p r e v i o u s l y  b y  o t h e r  i n v e s t i g a t o r s  (7 ) .  

Two s i n g l e - c r y s t a l  ingots  w e r e  p r e p a r e d .  One, 
Z21-35,  r e c e i v e d  35 zone  re f in ing  passes  a n d  the  
s ing le  c r y s t a l  was  g r o w n  in t h e  s a m e  boa t  t ha t  was  
used  for  zone ref ining.  The  other ,  B51-1,  was  g r o w n  

as  a s ing le  c r y s t a l  b y  the  B r i d g m a n  t e c h n i q u e  d i -  
r e c t l y  a f t e r  syn thes i s .  

Spectroscopic ana lys i s  of  the  z o n e - r e f i n e d  ingot ,  
Z21-35,  s h o w e d  t h a t  a l l  i m p u r i t i e s  o b s e r v e d  s e g r e -  
g a t e d  t o w a r d  the  l a s t - t o - f r e e z e  end.  Sn, Bi, and  P b  
s e g r e g a t e d  r a p i d l y  w h i l e  Ag,  Fe ,  a n d  Cu s e g r e g a t e d  
s lowly .  The  Cu a n d  Fe  c o n c e n t r a t i o n  cou ld  n o t  be  
r e d u c e d  b e l o w  ~ 5  p p m  a n d  ~ 5 0  p p m  r e s p e c t i v e l y  
in  35 passes .  

E l e c t r i c a l  m e a s u r e m e n t s  w e r e  m a d e  on s ing le -  
c r y s t a l  ba r s  a b o u t  1 x 2 x 10 m m ;  s a m p l e s  w e r e  
e t ched  in  a q u a  r e g i a  d i l u t e d  w i t h  w a t e r .  S t a in l e s s  
s tee l  p r e s s u r e  con tac t s  w e r e  used  on some spec i -  
mens ;  o the r s  w e r e  c o p p e r  p l a t e d  and  so ldered .  

F o r  l o w - t e m p e r a t u r e  m e a s u r e m e n t s  t he  s amp le s  
w e r e  cooled in a c r y o s t a t  to a b o u t  80~  and  t hen  
a l l o w e d  to w a r m  s l o w l y  to r o o m  t e m p e r a t u r e  w h i l e  
t he i r  e l e c t r i c a l  p r o p e r t i e s  w e r e  m e a s u r e d .  M e a s u r e -  
m e n t s  a b o v e  room t e m p e r a t u r e  we re  m a d e  as t he  
s a mp le s  w e r e  be ing  h e a t e d  in a s m a l l  n i c h r o m e  f u r -  
nace.  

The  Ha l l  coefficient  a n d  r e s i s t i v i t y  w e r e  m e a s -  
u r e d  as a func t ion  of bo th  t e m p e r a t u r e  and  m a g -  
ne t ic  field. The  u s u a l  d - c  t e c h n i q u e  was  e m p l o y e d ,  
and  vo l t ages  w e r e  m e a s u r e d  b y  m e a n s  of a L&N 
T y p e  K2 p o t e n t i o m e t e r .  A n  A r t h u r  D. L i t t l e  l l - i n .  
e l e c t r o m a g n e t  was  used.  The  v o l t a g e  across  the  
m a g n e t  c u r r e n t  shun t  was  c a l i b r a t e d  a g a i n s t  t he  
m a g n e t i c  field which ,  in  tu rn ,  was  m e a s u r e d  w i t h  a 
R a w s o n  r o t a t i n g  coil  g a u s s m e t e r .  

E x p e r i m e n t a l  Resul ts  
A l l  s a mp le s  s t u d i e d  h a d  a n e g a t i v e  H a l l  coefficient 

a t  a l l  t e m p e r a t u r e s  w h i c h  w e r e  r e a c h e d  in th is  i n -  
ves t iga t ion .  
Hall coe~cie~t.--Figure 1 shows  t h e  effect  of t e m -  
p e r a t u r e  on the  H a l l  coefficient  of a s a m p l e  f r o m  
B51-1,  a t  va r i ous  m a g n e t i c  f ield s t r eng ths .  A t  h igh  
t e m p e r a t u r e s  t he  H a l l  coefficient,  R, is n e a r l y  i n -  
d e p e n d e n t  of m a g n e t i c  i nduc t i on  B. A t  l ow t e m p e r -  
a t u r e s  R dec reases  w i t h  i n c r e a s i n g  m a g n e t i c  field 
s t r eng th .  In  Fig .  2 d a t a  of Fig.  1 a r e  r e p l o t t e d  w i t h  
t e m p e r a t u r e  as a p a r a m e t e r  i n s t e a d  of m a g n e t i c  
f ie ld s t r e n g t h  to show the  effect  of B on R a t  v a r i o u s  
t e m p e r a t u r e s .  A t  t e m p e r a t u r e s  d o w n  to 160~ o r  so 
t he  H a l l  effect a p p e a r s  to be  i n d e p e n d e n t  of B b e l o w  
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Fig. 1. Ha l l  c o e f f i c i e n t  R vs. 1 / T  a t  va r i ous  m a g n e t i c  in-  
duc t ions  f o r  a s a m p l e  c u t  f r o m  i n g o t  B5 ] - 1 .  
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Fig. 3. Var ia t ion of R with 1 /T  at 1000 gauss and 13,700 
gauss for two samples from ingot B51-1. 

1000 gauss. At  l iquid ni t rogen t empera tu res  meas-  
u rements  below 1000 gauss are needed to de te rmine  
whe ther  R var ies  significantly wi th  B at low field 
strengths.  

F igure  3 shows the effect o f  t empera tu re  on the 
Hal l  coefficient of samples f rom Z21-35 at two mag-  
netic field strengths.  I r r eve r s ib le  changes in R oc- 
cur red  above 500~ These changes were  p robab ly  
due to decomposit ion;  in fact, the odor of Te was 
not iceable  above 650~ Because of this, da ta  above 
about  500~ may  be in error .  The var ia t ion  of R 
wi th  magnet ic  field s t rength  is shown in Fig. 4. 
Data  for these curves were  obta ined f rom meas-  
u rements  of R as a funct ion of B at  79 ~ 202 ~ and 
296~ It  is clear  that  for ingot Z21-35 the Hal l  
effect at  l iquid ni t rogen t empera tu res  is independ-  
ent of magnet ic  field s t rength  at values of B below 
1000 gauss. The dependence  of R on B at  a given 
t empera tu re  is almost  the same for both the B51-1 
and the Z21-35 crystals.  

Curves of the  Hal l  effect at 900 gauss for two 
different  samples f rom B51-1 are shown in Fig. 5. 
Slice No. 1, which has the h igher  Hal l  coefficient, 
was closer to the f i r s t - to- f reeze  end than was slice 
No. 3. F igure  5 also shows the Hal l  curves at  13,700 
gauss for two samples f rom Z21-35. Again  the  sam-  
ple (slice No. 3) tha t  was closer to the f i rs t - to-  
freeze end has the  h igher  Hal l  coefficient. 
Resistivity.--Figure 6 shows the resis t ivi ty,  p, as a 
function of inverse t empe ra tu r e  for the var ious  
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Fig. 5. Var iat ion of R wi th 1 / T  ( B = 9 0 0  gauss) for two 
slices of ingot B51-1. Slice No. 1 was closer to the f irst-to- 
freeze end. Var ia t ion of R with 1 / T  (B-~13,700 gauss) for 
two slices of  ingot Z21-35. Slice No. 3 was closer to the 
f irst-to-freeze end. 

samples of B51-1 and Z21-35. As wi th  the Hal l  co- 
efficient, i r r evers ib le  changes in p were  observed 
above 500~ so tha t  values  of the res is t iv i ty  may  
be in e r ror  in this  t empera tu re  region. 

The Hal l  mobi l i ty  /~,----R~o was calcula ted f rom 
the res is t iv i ty  at  zero magnet ic  field and the Hal l  
coefficient at magnet ic  field s t rengths  where  R was 
independent  of B. In F igure  7 log R~o is p lo t ted  as a 
function of log T for samples from B51-1 and 
Z21-35. Room t empera tu re  values  of Hal l  mobi l i ty  
a re  in agreement  wi th  those repor ted  recent ly  by  
other  invest igators  (7).  

F igure  8 shows the effect of t empe ra tu r e  on the 
t ransverse  magnetores is tance  Ap/p of two samples 
f rom B51-1 at  var ious  magnet ic  field strengths.  
These two samples were  cut, side by  side, f rom a 
thin disk obta ined by  slicing the ingot normal  to its 
long axis. A t  5000 gauss and at 10,000 gauss Ap/p is 
the same for both samples  over  the  whole range  of 
t empera ture .  At  h igher  magnet ic  field strengths,  
however,  the two samples showed differences in 
Ap/p at t empera tu res  below about  180~ 
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Ficj, 6. Var iat ion of the resistivity O with 1 /T  for various 
samples of HgTe. 
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i ngo t  B51-1 a t  va r i ous  m a g n e t i c  induc t ions .  

The effect of t empera tu re  on the magne tores i s t -  
ance of three  samples f rom Z21-35 at  13,700 gauss is 
p lo t t ed  in Fig. 9. Slices 1 and 3 came from the first-  
to- f reeze  end of the ingot while  slice 2 was cut f rom 
the center  of the  ingot. The slice nea re r  to the f irst-  
to- f reeze  end had  the higher  magnetores is tance  at  
low tempera tures .  Above about  250~ the mag-  
netores is tance  of the th ree  slices became equal.  

A magnetores is tance  mobi l i ty  was calculated f rom 
the re la t ion  

( 
p , ~ =  \ p KB2 [1] 

where  

K = [2] 

F igure  10 shows the effect of t empera tu re  on the 
magnetores is tance  mobil i ty ,  /~, of ingot B51-1 at  
var ious  magnet ic  field s t rengths  and of ingot  Z21-35 
at  a field s t rength  of 13,700 gauss. At  low t empera -  
tures Ap/p falls  cons iderably  below a B" dependence  
at  h igh magnet ic  fields, whi le  at  high t empera tu res  
• follows app rox ima te ly  a B" dependence.  F u r -  
thermore,  at high t empera tu res  ~,~ is the same for 
both  B51-1 and Z21-35, and /~, decreases wi th  in-  
creasing tempera ture .  

I t  should be ment ioned tha t  at  room t empera tu re  
a po lycrys ta l l ine  sample  of HgTe showed a high 
t ransverse  magnetores is tance  (Ap/p = 0.12 at  10,000 
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Fig. 9. Magnetoresistance, Ap/p, vs. ] / T  for three slices 
of ingot Z21-35 at B=13,700 gauss. 
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Fig. lO. Magne to res i s t once  m o b i l i t y  /~m VS. 1 / T  a t  va r i ous  
m a g n e t i c  i nduc t ions  f o r  t w o  samples  o f  HgTe .  

gauss) whi le  the longi tud ina l  magnetores is tance  
was less than 10 -3 at  10,000 gauss. 

Discussion 
Energy gap.--The slopes of the log R and log p 

vs. 1/T curves (Fig. 1, 3, and 5) correspond to an 
energy  gap of about  0.08 ev. This resul t  is somewhat  
mis leading because the  T ~t2 dependence  of the  effec- 
t ive densi ty  of states must  be t aken  into account for 
such a low energy  gap. The dashed l ines of Fig. 1 
and 3 are  calcula ted f rom the equat ion 

R :  [ ~ 3~r b - - 1  1 

where  

and 

( 2~ m* kT y/3 
e-~, I ~  [4] n~ = 2 h" 

m *  = ( m .  m~) "~ [ 5 ]  

The energy  gap assumed is 0.025 ev and the scale 
factor  

b + 1 / m* 

(5) ( = T  = 
If  the  first two factors are  assumed to be uni ty ,  
m*/mo = 0.035. The pr inc ipa l  difficulty in the in t e r -  
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pre ta t ion  is that  for  such a low energy  gap the 
slope at  room t empera tu r e  is r e l a t ive ly  insensi t ive 
to the value  of the energy gap. If Eg -~ 0 is assumed, 
however,  the slope of the calcula ted curve is def -  
in i te ly  less than  tha t  of the  exper imen ta l  curve. 

The use of Fe rmi -Di r ac  statist ics ins tead of Max-  
we l i -Bol tzmann  stat ist ics increases the  slope of the 
calcula ted log R vs. 1/T for a given energy gap. 

Hall coe~cient . - -Since R < 0 in the intr insic  re -  
gion, the mobi l i ty  ra t io  ~ / /~  = b > 1. The log R vs. 
1/T curve for ingot Z21-35 appears  to be typica l  of 
p - t y p e  ma te r i a l  (see Fig. 3). Wi th  a low energy 
gap the t ransi t ion f rom intr insic  to extr insic  p - t y p e  
behavior  should take  place  over  a wide range  of 
tempera ture .  This would account for the fact  that  
even at 78~ R is st i l l  negat ive.  At  h igher  magnet ic  
fields the Hal l  zero appears  to shift  to higher  t em-  
pera tures  in a manner  s imi lar  to tha t  observed for 
InSb (8) .  

The Hal l  curve for ingot  B51-1 at  low magnet ic  
fields appears  to be  typica l  of n - t y p e  mater ia l .  On 
the other hand, at  h igher  magnet ic  fields R de-  
creases wi th  lower  t empera tu res  as shown in Fig. 1. 
The most  sa t isfactory explana t ion  of this behavior  
is that  ingot  B51-1 is also p - type ,  but  tha t  it has a 
lower extr insic  hole concentra t ion than  ingot 
Z21-35. This would account for the fact that  the 
Hall  zeros for ingot B51-1 appa ren t ly  occur at  lower  
t empera tu res  than  they  do for ingot Z21-35. In fact, 
Carlson has measured  the Hall  coefficient of appa r -  
ent ly  n - t y p e  HgTe at  ve ry  low tempera tures ,  and he 
found tha t  R became posi t ive near  20~ (9).  

Mobili ty.--In the intr insic  region 

Ro ~o ~ ~ -- ~ [ 6 ]  

Ap/p B 2 oc iz~ iz~ [7] 

The constants  of p ropor t iona l i ty  depend on the s ta -  
t ist ics used and on the sca t ter ing  mechanism as-  
sumed. If  Bol tzmann statist ics are  used and if the 
mean free pa th  is assumed independent  of energy 
( la t t ice  sca t te r ing) ,  then at room t empera tu re  Eqs. 
[6] and [7] lead to ~ =  15,800 cm2/v see, and 
b = 5.27. If the above assumptions  are correct,  ~,, 
and ~ cont inual ly  decrease wi th  increasing tem-  
pe ra tu re  above 240~ The va l id i ty  of using Boltz-  
mann  stat ist ics above room.  t empe ra tu r e  may  be 
quest ioned legi t imate ly .  For  instance,  using Boltz-  
mann stat ist ics at  300~ gives b = 5.27, whi le  
F e r m i - D i r a e  statist ics give b = 14.50. Nonetheless,  
it  appears  reasonable  to conclude tha t  in the neigh-  
borhood of room t empera tu r e  ~ ~ 16,000 and b ~ 10 
in contras t  to a va lue  of 100 repor ted  by Ha rman  
and Logan (6) a t  low tempera tures .  

H a r m a n  and Logan and Carlson (10) have  ob- 
served the large  var ia t ion  with magnet ic  field of the 
Hall  coefficient in HgTe. This var ia t ion  is la rge  at  
low tempera tures ,  bu t  vanishes  at room t e m p e r a -  
ture.  If  the present  in te rp re ta t ion  of these resul ts  is 
correct,  then t ru ly  n - t y p e  HgTe has not ye t  been 
reported.  This leads one to suspect tha t  HgTe might  
be " ins t r ins iea l ly"  p - type .  According to the theory  
of the  zinc b lende lat t ice,  Te vacancies  should act 
effectively as p - t y p e  impuri t ies .  On the o ther  hand, 
H a r m a n  and Logan observed tha t  the diffusion of 

Hg into HgTe lowers the intr insic  hole concentra-  
tion. In order  for  Hg atoms to act as compensat ing 
donors, they  would  be expected to occupy in te rs t i -  
t ia l  positions. This raises the poss ibi l i ty  tha t  the  ac-  
ceptors in p - t y p e  HgTe are in ters t i t ia l  Te atoms. 
If this is so, the  HgTe al loy having a m a x i m u m  
mel t ing  point  would contain a slight s toichiometr ic  
excess of Te. This effect has been observed in Bi~Te~ 
(11) and PbSe (12). The resul t  of ex tens ive ly  zone 
refining an ingot, e.g., our sample  Z21-35, would be 
to br ing  the solid composit ion close to the (p - type )  
invar ian t  point,  while  a single Br idgman  pass 
(B51-1) would  a l ter  the s tar t ing (s toichiometr ic)  
composit ion less. 

On the other  hand, some correlation has been 
shown between the  Hal l  coefficient and the segrega-  
tion of impur i t ies  (Fig. 5). I t  is en t i re ly  possible 
tha t  the same acceptor  i m p u r i t y  occurs in all  s t a r t -  
ing mater ia ls .  Al though ingot Z21-35 was ex ten-  
s ively zone refined, i t  was made  f rom less pure  
s ta r t ing  mater ia l s  than ingot  B51-1. The difference 
in pu r i t y  of the s ta r t ing  mate r ia l s  might  account 
for the fact  tha t  ingot Z21-35 appa ren t ly  has a 
h igher  extr ins ic  hole concentra t ion than  ingot  B51-1. 
Arsenic  and an t imony  are  common impur i t ies  in Te. 
They are not r ead i ly  detec table  by  spectroscopic 
means  so that  spectroscopical ly  pure  Te might  con- 
ta in  apprec iab le  quant i t ies  of these impuri t ies .  If 
As or Sb atoms were  to subst i tu te  in place of Te 
in the HgTe zinc b lende  lat t ice,  they  would act as 
acceptors.  Because of the vo la t i l i ty  of these  impur i -  
ties, zone refining the compound in a closed sys- 
tem (as was done for  ingot Z21-35) would segregate  
them very  slowly, so tha t  the genera l  level  of im-  
pu r i ty  in the s tar t ing mate r i a l s  would be ma in -  
tained.  

Conclusion 
Mercuric  te l lu r ide  has an e x t r e m e l y  smal l  but  

finite energy gap. I t  has high car r ie r  mobil i t ies  
character is t ic  of low energy gap compound semi-  
conductors,  and these high mobi l i t ies  s tem from low 
effective masses. Mercuric  te l lu r ide  also shares wi th  
most  o ther  semiconductors  the fact tha t  the electron 
mobi l i ty  is h igher  than  the hole mobil i ty.  As a re -  
sult  of the low energy gap, in te rp re ta t ion  of the 
t empera tu re  var ia t ion  of the  Hal l  coefficient is not  
s t ra igh t forward .  Mater ia l  which appears  to be 
n - t y p e  may  be in rea l i ty  p - type .  Al l  HgTe synthe-  
sized by  the authors  appears  to be p - type .  The ex-  
p lana t ion  could be in the p - t y p e  na tu re  of the in-  
va r ian t  solid composit ion of HgTe or in the pres-  
ence of a dominat ing  acceptor  impur i ty .  
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Electron Mobility in InP 
M. Glisksman and K. Weiser 1 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

The Hal l  mobi l i ty  of electrons in InP has been observed as a funct ion of 
t empera tu re  and of ca r r i e r  concentrat ion.  A lat t ice mobi l i ty  of 5000 cm~/v-sec 
at  290~ is ca lcula ted  f rom these results,  va ry ing  wi th  t empera tu re  at  least  as 
rap id ly  as T -2. The  observat ions  can be in te rp re ted  by assuming a combinat ion  
of la t t ice  and ionized impur i ty  scat ter ing wi th  an effective mass of the  order  
of 0.05 mo or less. 

The  p r o p e r t i e s  of t he  I I I - V  c o m p o u n d  i n d i u m  
p h o s p h i d e  a r e  of i n t e r e s t  because  of i ts  r e l a t i v e l y  
l a r g e  f o r b i d d e n  b a n d - g a p  [ 1.25 ev (1)  ] and  y e t  h igh  
e l ec t ron  mob i l i t y ,  w i t h  m e a s u r e d  v a l u e s  as h igh  as 
4500 cm2/v - sec  a t  290~ A s  y e t  l i t t l e  is k n o w n  
a b o u t  the  b a n d  s t r u c t u r e  or  the  s c a t t e r i n g  processes  
in  th is  m a t e r i a l .  The  s t u d y  of t he  t e m p e r a t u r e  
d e p e n d e n c e  and  the  effect of i m p u r i t i e s  on the  m o -  
b i l i t y  r e p o r t e d  in th is  p a p e r  i nd ica t e  t ha t  the  e l ec -  
t rons  in I n P  have  a s m a l l  effect ive  mass  ( p r o b a b l y  
less t h a n  0.05 too); c o n c u r r e n t  i nves t i ga t i ons  r e -  
p o r t e d  e l s e w h e r e  (2)  s h o w  t h a t  t h e  lowes t  conduc -  
t ion  b a n d  is s p h e r i c a l l y  s y m m e t r i c .  In  the  p u r e s t  
of the  c r y s t a l s  i n v e s t i g a t e d  in  th is  s tudy ,  the  m o -  
b i l i t y  va r i e s  as  r a p i d l y  as  T -~ in t he  t e m p e r a t u r e  
r a n g e  200~176 i n d i c a t i n g  t ha t  s c a t t e r i n g  b y  t h e  
acous t ic  phonons  of the  l a t t i c e  ( w h i c h  w o u l d  g ive  a 
m o b i l i t y  a T -1~) is no t  t he  on ly  s c a t t e r i n g  m e c h a n i s m  
presen t .  

Crystal Properties 
T h e  c r y s t a l s  u sed  in  th i s  s t u d y  w e r e  cut  f r o m  

p o l y c r y s t a l l i n e  ingots  g r o w n  in sea l ed  qua r t z  vials ,  
u n d e r  a p h o s p h o r u s  p r e s s u r e  of abou t  10 a tm.  F r o m  
d a t a  (3)  on t h e  s y s t e m  I n - I n P ,  w e  e s t i m a t e  t h a t  t h e  
m e l t  consis ts  of a p p r o x i m a t e l y  10% In  and  90% 
InP.  I n  gene ra l ,  t he  s labs  w e r e  of a s ingle  c ry s t a l  
or  a t  mos t  con t a ined  one  g r a i n  b o u n d a r y .  The  
h o m o g e n e i t y  was  i n v e s t i g a t e d  b y  a con t inuous  scan 
of  the  v a r i a t i o n  of  r e s i s t i v i t y  ove r  t he  l eng th  of t h e  
b a r s  m e a s u r e d ,  and  on ly  those  w h i c h  i n d i c a t e d  a 
u n i f o r m  res i s t iv i ty ,  w i t h  at  mos t  p e r h a p s  10% 
smooth  v a r i a t i o n  ove r  the  sec t ion  e m p l o y e d ,  a r e  
inc luded .  

The  p r o b l e m  of c o m p e n s a t i o n  is an  i m p o r t a n t  one. 
Of course  if  the  l a t t i ce  m o b i l i t y  is known ,  t he  
a m o u n t  of c o m p e n s a t i o n  can  be  e s t i m a t e d  f r o m  the  
m e a s u r e d  va lues .  H o w e v e r ,  if th is  is no t  t h e  case, 
o ther ,  less p rec i se  m e a n s  a r e  emp loyed .  The  h o m o -  
g e n e i t y  r e q u i r e m e n t  is a p p l i e d  to th is  end,  s ince  i t  

1 P r e s e n t  addres s :  I B M  L a b o r a t o r i e s ,  P o u g h k e e p s i e ,  N. Y. 

is e x p e c t e d  t ha t  m a t e r i a l s  of l a r g e  c o m p e n s a t i o n  
w i l l  v a r y  m o r e  r a d i c a l l y  in r e s i s t i v i t y  as a func t ion  
of pos i t i on  in the  c rys ta l .  The  v a r i a t i o n  of  m o b i l i t y  
a t  a g iven  t e m p e r a t u r e  as a func t ion  of c a r r i e r  con-  
c e n t r a t i o n  also shou ld  be  cons ide red ,  s ince  of course  
a n o m a l o u s  r e su l t s  w i l l  a p p e a r  for  a c r y s t a l  h e a v i l y  
compensa t ed .  One of these  l a t t e r  c rys t a l s  ($67)  is 
i n c l u d e d  in t h e  g roup  r e p o r t e d ,  as an  e x a m p l e .  
F i n a l l y ,  the  m o b i l i t y  shou ld  become  e s s e n t i a l l y  
i n d e p e n d e n t  of t he  i m p u r i t y  c o n c e n t r a t i o n  as t he  
c r y s t a l  p u r i t y  improves .  This  is a p p a r e n t  for  the  
p u r e s t  s a m p l e s  . i nves t iga ted  in the  t e m p e r a t u r e  
r a n g e  200~176  (Fig .  1).  

Procedure 
A n u m b e r  of g e o m e t r i c a l  a r r a n g e m e n t s  for  the  

con tac t s  to t he  c rys t a l s  has  been  used.  W i t h  t he  
s a m p l e s  r e p o r t e d ,  t h e  shape  of  the  p a r t  m e a s u r e d  is 
r e c t a n g u l a r ,  w i t h  two  sets of s ide  p robes  for  m e a s -  
u r i n g  p o t e n t i a l s  aff ixed in a d d i t i o n  to  t he  c u r r e n t  
contacts .  Two sets  a r e  used  so t ha t  the  v a r i a t i o n  
of t he  H a l l  coefficient  a long  the  l e n g t h  can  b e  ob -  
se rved .  The  s ide  p robes  in  some cases w e r e  a r m s  of 
the  m a t e r i a l  i tself ,  the  w h o l e  b r i d g e  s a m p l e  b e i n g  
cu t  w i t h  an  u l t r a s o n i c  tool ;  in o t h e r  cases,  t h e  s ide  
con tac t s  w e r e  so lde red ;  a n d  for  some c r y s t a l s  t h e y  
w e r e  0.002 in. d i a m e t e r  w i r e s  w e l d e d  to t he  i n d i u m  
phosph ide .  The  l a s t  a p p r o a c h e d  closest  to t he  i dea l  
s i tua t ion ,  in w h i c h  one w a n t s  no p e r t u r b a t i o n  to  
t he  cond i t ion  of the  c r y s t a l  i t se l f  f r om the  contacts .  

In  a l l  cases  the  con tac t s  w e r e  ohmic  in the  r eg ion  
e m p l o y e d ,  i.e., the  c u r r e n t - v o l t a g e  r e l a t i o n s h i p  was  
a l i n e a r  one.  The  r eg ion  of con tac t  u s u a l l y  w a s  
p r e p a r e d  for  s o l d e r i n g  b y  p l a t i n g  w i t h  copper ,  i n -  
d ium,  or  n ickel .  No a p p r e c i a b l e  d i f fe rence  was  
no ted ,  a n d  coppe r  was  used  for  mos t  of t he  c r y s t a l s  
w i t h  so lde red  contac ts .  

No spec ia l  p r e c a u t i o n s  w e r e  t a k e n  w i t h  t he  su r -  
faces  in  th is  s tudy .  Most  of the  c r y s t a l s  h a d  s a n d -  
b l a s t e d  surfaces .  H o w e v e r ,  s e v e r a l  of t h e  s amp le s  
w e r e  a c i d - e t c h e d  to l e a v e  a s h i n y  sur face .  No d i f -  
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Fig. ]. Meosured Holl mobilit ies R.cr os o function of tem- 
peroture for n-type indium phosphide. Volues for C3 hove 
been odjusted to give 4300 r ot 290~ 

f e r ence  in  the  r e su l t s  of t he  m e a s u r e m e n t s  was  
found  due  to t he  d i f f e ren t  su r f ace  t r e a t m e n t s .  

The  H a l l  effect and  the  c o n d u c t i v i t y  w e r e  m e a s u r e d  
as a func t ion  of t e m p e r a t u r e  us ing  a d - c  s y s t e m  for  
the  e l ec t r i ca l  m e a s u r e m e n t s  a n d  a t h e r m a l l y  i so-  
l a t e d  s y s t e m  for  the  t e m p e r a t u r e  s t ab i l i za t ion .  The  
H a l l  v o l t a g e  was  m e a s u r e d ,  in a l l  cases,  as a f u n c -  
t ion  of the  m a g n e t i c  field, and  the  v a l u e s  quo ted  a r e  
those  a p p l i c a b l e  in t he  l imi t  of zero fields. On ly  the  
p u r e s t  spec imens  s h o w e d  a n y  a p p r e c i a b l e  v a r i a t i o n  
w i th  m a g n e t i c  field. 

Observations 
The  va lues  of the  m o b i l i t y  as a func t ion  of t e m -  

p e r a t u r e  a r e  shown  in Fig .  1. Some  of  the  e l e c t r i c a l  
p r o p e r t i e s  of the  c rys t a l s  a re  i n c l u d e d  in T a b l e  I. 
The  c rys t a l s  a r e  l i s t ed  in  t he  sequence  of i nc r e a s ing  
m o b i l i t y  at  77~ w h i c h  is a lso  the  sequence  of 
dec r ea s ing  e l ec t ron  concen t r a t ion ,  excep t  for  t he  
h i g h l y  c o m p e n s a t e d  c r y s t a l  $67. The  l a s t  t h r e e  c r y s -  
t a l s  h a v e  a lmos t  the  s a m e  va lues  of m o b i l i t y  in  t he  
t e m p e r a t u r e  r a n g e  200~176  i n d i c a t i n g  t h a t  in  
th is  r eg ion  the  m o b i l i t y  is d o m i n a t e d  b y  l a t t i c e  
sca t t e r ing .  The  s lope of the  m o b i l i t y  cu rves  in  th is  
t e m p e r a t u r e  r a n g e  ind i ca t e s  a l a t t i c e  m o b i l i t y  v a r y -  
ing  at  l eas t  as T -~. A d e p e n d e n c e  of  T -~ was  a s s u m e d  
in the  ana lys i s  t ha t  fo l lows.  

Table I. Properties of n-type indium phosphide crystals 

C o n c e n t r a t i o n  of M o b i l i t y  M o b i l i t y  
e lec t rons  a t  290~ at  290~ a t  77~ 

Cr ys t a l  1016cm ~ em2/v-sec  em2/v-sec  

TAI5 54 2910 2600 
$51 7.4 3400 4170 
$67 0.37 3800 4170 
TAI43 4.3 4200 8300 
C3 2.6 3800 13,500 
$152 0.83 4300 21,000 
S192" 0.63 4500 23,400 

* These  v a l u e s  r e p r e s e n t  the  r e su l t s  fo r  a n u m b e r  of  samples ,  
w h i l e  the  c u r v e  S-192 i n  Fig .  1 is fo r  one  w h i c h  h a p p e n e d  to  h a v e  
t h e  l a rges t  m o b i l i t y .  
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% 
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/ /  

/ , 
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80  I00 2 0 0  3 0 0  
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Fig. 2. Mobil i t ies for scattering by ionized impurities in 
n-type InP os o function of temperature. Values were cal- 
culated from the observations of Fig. 1, assuming a lattice 
mobility/~L = 4.2 x 1 0 3 T -2 cm2/v-sec. 

Discussion and Analysis 
The  d a t a  w e r e  a n a l y z e d  in  t e r m s  of a c o m b i n a t i o n  

of l a t t i c e  and  ion ized  i m p u r i t y  sca t t e r ing .  The  l a t -  
t ice  s c a t t e r i n g  was  a s s u m e d  to be  p r o p o r t i o n a l  to 
T -~, as r e q u i r e d  b y  the  o b s e r v e d  v a r i a t i o n  of t he  
mob i l i t i e s  of t he  p u r e s t  c rys ta l s .  T h e  m a g n i t u d e  of 
the  m o b i l i t y  at  r oom t e m p e r a t u r e ,  even  in t he  p u r e s t  
c rys ta l s ,  is s t i l l  a f fec ted  b y  the  p r e s e n c e  of ion ized  
impur i t i e s .  This  c o n t r i b u t i o n  was  e s t i m a t e d  f rom an  
e x t r a p o l a t i o n  of the  l o w - t e m p e r a t u r e  va lue s  of t h e  
i m p u r i t y  s c a t t e r i n g  mob i l i t y ,  w h i c h  i n v o l v e d  a r e -  
i t e r a t i v e  p rocedure .  The  r e s u l t i n g  l a t t i c e  m o b i l i t y  
is 4.2 • 10 * T -~ cm2/v-sec ,  g iv ing  a v a l u e  of 5000 
cm'~/v-sec at  290~ The  i m p u r i t y  mob i l i t i e s  for  
mos t  of t he  c rys t a l s  shown in Fig .  1 w e r e  o b t a i n e d  
b y  us ing  the  e x p r e s s i o n  for  the  c o m b i n a t i o n  of i m -  
p u r i t y  and  l a t t i ce  mob i l i t i e s  g iven  b y  Conw e l l  (4 ) .  
Th is  e xp re s s ion  a s sumes  two  cond i t ions  not  a c t u a l l y  
p r e s e n t  in our  case. F i r s t ,  i t  r e f e r s  to c o n d u c ~ v i t y  
mobi l i t i e s ,  w h e r e a s  t he  m e a s u r e d  va lue s  h e r e  a r e  
H a l l  mobi l i t i e s .  H o w e v e r ,  t he  r a t i o  of H a l l  to d r i f t  
m o b i l i t y  is u n k n o w n ,  and  w e  h a v e  a s s u m e d  i t  to b e  
1. This  a s s u m p t i o n  is l i k e l y  to be  poo re s t  for  the  
c rys t a l s  w i t h  l a r g e s t  i m p u r i t y  sca t t e r ing .  

Second,  t he  Conw e l l  e x p r e s s i o n  as sumes  t h a t  t he  
l a t t i ce  s c a t t e r i n g  r e l a x a t i o n  t ime  is i n v e r s e l y  p r o -  
p o r t i o n a l  to t he  s q u a r e  roo t  of t h e  ene rgy .  If,  as is 
l i ke ly ,  t he  s c a t t e r i n g  in i n d i u m  p h o s p h i d e  is m u c h  
l ike  t h a t  t h o u g h t  to be  t he  case  in  i n d i u m  a n t i m o -  
n i d e  (5 ) ,  i.e., d o m i n a n t l y  p o l a r  s c a t t e r i n g  b y  t h e  
op t i ca l  modes ,  t he  r e l a x a t i o n  t i m e  a p p r o x i m a t i o n  
does no t  hold.  The  p o l a r  s c a t t e r i n g  is no t  s t r o n g l y  
d e p e n d e n t  (6)  on the  ene rgy ,  h o w e v e r ,  for  t he  e x -  
a m p l e s  u n d e r  d i scuss ion  here ,  and  the  e r r o r  m a d e  in  
th is  a s s u m p t i o n  shou ld  no t  h a v e  a s igni f icant  effect  
on the  conc lus ions  w h i c h  can  be  d r a w n .  
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The  r e s u l t i n g  i m p u r i t y  s ca t t e r i ng  mobi l i t i e s ,  ca l -  
c u l a t e d  f r o m  the  d a t a  b y  the  s u b t r a c t i o n  t e c h n i q u e  
d i scussed  above ,  a r e  g iven  in  Fig.  2 as a func t ion  of 
t e m p e r a t u r e .  These  a r e  n o w  b e l i e v e d  to be  in  o r d e r  
of i m p u r i t y  content ,  so t h a t  i t  is c l ea r  t ha t  c r y s t a l  
$67 does  h a v e  an  i m p u r i t y  c o n c e n t r a t i o n  b e t w e e n  
t h a t  of  TAI43 a n d  $51, a t  l eas t  t en  t imes  i ts  ne t  
e l e c t r o n  concen t r a t ion .  The  mob i l i t i e s  have  a s t rong  
p o s i t i v e  t e m p e r a t u r e  dependence ,  v a r y i n g  as T ~ b e -  
low a b o u t  40,000 cmVv-sec ,  and  as T = for  mob i l i t i e s  
l a r g e r  t h a n  th i s  va lue .  This  T ~ t e m p e r a t u r e  d e p e n d -  
ence is in  good q u a l i t a t i v e  a g r e e m e n t  w i t h  t h a t  
c a l c u l a t e d  b y  Brooks  (7)  and  H e r r i n g  (8) .  The  
change  in s lope  o b s e r v e d  m a y  be  due  to the  a s s u m p -  
t ions  no ted  above .  The  g r e a t e r  s lope  is also in  t he  
r eg ion  of r e d u c e d  a c c u r a c y  of t he  s u b t r a c t i o n  p r o -  
c edu re  because  t he  m o b i l i t y  is d o m i n a t e d  b y  the  
s c a t t e r i n g  b y  the  la t t ice .  W e  no te  t he  q u a l i t a t i v e  
b e h a v i o r  as in  s t rong  s u p p o r t  of ou r  a s s u m p t i o n s  
a b o u t  t he  l a t t i ce  m o b i l i t y  and  w i sh  to look  f u r t h e r  
now into  t he  d i r ec t  b e h a v i o r  of the  m e a s u r e d  m o -  
b i l i t i e s  on the  c o n c e n t r a t i o n  of  i m p u r i t y  c e n t e r s  
p resen t .  

W i t h  t he  a s s u m e d  l a t t i ce  mob i l i t y ,  i t  is poss ib le  
to ca l cu l a t e  t he  m o b i l i t y  as a func t ion  of ion ized  
i m p u r i t y  concen t r a t ion ,  m a k i n g  use of t he  e x p r e s -  
s ion g iven  b y  Brooks  (7)  and  H e r r i n g  (8)  for  the  
s c a t t e r i n g  b y  c h a r g e d  impur i t i e s .  

4 K  ~ ( 2 k T l ~ / ~  1 

~ -- e~(m*)~/~Nz - = - In ( 1 + b )  - -  b / ( 1 W b )  

6 K m *  ( k T )  "~ 
wi th  b 

~r n h "~ e 2 

w h e r e  K,  t he  d i e l ec t r i c  cons tan t ,  was  t a k e n  (9)  as 
10.8, and  N, and  n a r e  t he  dens i t i e s  of ion ized  i m -  
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Fig. 3 a ond b. Mobilities of electrons in indium phosphide 
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p u r i t i e s  and  e lec t rons ,  r e spec t ive ly .  The  effect ive  
m a s s  was  r e t a i n e d  as  a p a r a m e t e r ,  a n d  t h e  r e su l t s  
of t he  ca l cu la t ions  at  t he  t h r e e  t e m p e r a t u r e s  80 ~ , 
120 ~ and  200~ a re  shown  in Fig.  3 ( a ) ,  ( b ) ,  and  
(c ) ,  r e spec t i ve ly .  The  va lue s  1, 0.1, 0.04, a n d  0.01 
w e r e  used  for  the  ef fec t ive  mass  r a t i o  m~/mo.  

P l o t t e d  in t hese  f igures  a r e  five po in t s  r e p r e s e n t -  
ing, in  i n c r e a s i n g  i m p u r i t y  concen t r a t i on ,  t he  c r y s -  
t a l s  S192, S152, C3, TAI43,  and  $51. The  va lue s  a r e  
p l o t t e d  at  the  m e a s u r e d  e l ec t ron  concen t ra t ions ,  
w h i l e  t he  c a l c u l a t e d  cu rves  a r e  for  i m p u r i t y  concen -  
t r a t ions .  T h e r e  a r e  two  obv ious  f e a t u r e s  of these  
curves .  The  f irst  is t h a t  t h e  t h r e e  p u r e s t  c ry s t a l s  do 
a p p e a r  to l ie  a long  a cons i s t en t  ef fec t ive  mass  cu rve  
as a func t ion  of concen t r a t ion ,  i n d i c a t i n g  t h a t  t he  
e l e c t r o n  d e n s i t y  and  the  ion ized  i m p u r i t y  d e n s i t y  a r e  
a b o u t  t he  same.  This  is not  t he  case for  c ry s t a l s  
TAI43 a n d  $51. W e  conc lude  t h a t  these  l a t t e r  c r y s -  
t a l s  a r e  c o m p e n s a t e d  a p p r e c i a b l y .  This  is b o r n e  ou t  
b y  t h e  o b s e r v a t i o n  t ha t  a n o t h e r  s a m p l e  of $51, cu t  
c lose b y  the  c r y s t a l  d e s c r i b e d  here ,  h a d  an  e l ec t ron  
c o n c e n t r a t i o n  50% l a rge r ,  i.e., 12 X 10 TM cm -~. 

The  second  f e a t u r e  of i n t e r e s t  is t h a t  the  ef fec t ive  
mass  v a l u e  g i v i n g  the  bes t  fit to the  cu rves  is d i f fe r -  
en t  for  the  d i f fe ren t  t e m p e r a t u r e s .  Thus  a v a l u e  for  
m * / m o  of a b o u t  0.05 is a p p r o p r i a t e  a t  80~ w h i l e  
a b o u t  0.02 is b e t t e r  a t  120 ~ and  200~ Of course  
these  va lue s  d e p e n d  on the  l a t t i ce  m o b i l i t y  a s sumed .  
The  v a l u e s  for  t h e  l a t t i c e  m o b i l i t y  a r e  e x t r a p o l a t e d  
f r o m  h i g h - t e m p e r a t u r e  m e a s u r e m e n t s  u s ing  a p o w e r  
l a w  d e p e n d e n c e  of  T --~. I t  is poss ib le  t h a t  t he  m o b i l -  
i t y  d e v i a t e s  f r o m  a p o w e r  law,  e spec i a l l y  if d o m i -  
n a t e d  b y  p o l a r  op t i ca l  m o d e  sca t t e r ing .  The  v a l u e  
a t  80~  is t hus  less c e r t a i n  t h a n  the  va lue s  a t  h i g h e r  
t e m p e r a t u r e s .  

Conclusions 
The  m e a s u r e m e n t s  of mob i l i t i e s  r e p o r t e d  i nd i ca t e  

t h a t  the  e l ec t rons  in  i n d i u m  p h o s p h i d e  h a v e  a l a t t i ce  
m o b i l i t y  v a r y i n g  w i t h  t e m p e r a t u r e  a t  l eas t  as r a p i d -  
ly  as T -~. The  obse rva t ions ,  if i n t e r p r e t e d  as i n v o l v -  
ing, in  t he  p u r e s t  c rys ta l s ,  e s s e n t i a l l y  u n c o m p e n s a t e d  
samples ,  w o u l d  i n d i c a t e  t h a t  the  d e p e n d e n c e  is j u s t  
th is  in  t he  t e m p e r a t u r e  r a n g e  200 ~ to 300~ C r y s -  
t a l s  of  c o n c e n t r a t i o n  6 X 10 TM e l ec t rons  p e r  cm ~ h a v e  
a m o b i l i t y  of 23,400 c m V v - s e c  at  l i qu id  n i t r o g e n  
t e m p e r a t u r e s ,  w i t h  t he  m a x i m u m  in t he  m o b i l i t y  
o c c u r r i n g  a t  s t i l l  l o w e r  t e m p e r a t u r e s .  This  w o u l d  
i nd i ca t e  t h a t  p r e v i o u s  o b s e r v a t i o n s  of H a r m a n  a n d  
S t a m b a u g h  (10) of a m a x i m u m  m o b i l i t y  of 14,000 
cm2/v-sec  a t  l l 0 ~  for  a c r y s t a l  w i t h  an  e l ec t ron  
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concen t r a t i on  of 4 x 1015 cm -~ invo lved  cons iderab le  
compensa t ion ,  pe rhaps  of a factor  five or more.  A n  
even  la rger  a m o u n t  of compensa t ion  is ind ica ted  for 
c rys ta l  An of Fo lbe r th  and  Weiss (11),  which  has a 
m a x i m u m  mobi l i t y  of about  8000 cm~/v-sec, for an  
e lec t ron  concen t r a t i on  of about  4 f 10 TM cm-t  Our  
observa t ions  ind ica te  a lat t ice mob i l i t y  at 290~ of 
5000 cm~/v-sec. 

The mob i l i t y  observa t ions  have  been  fitted by  a 
m i x t u r e  of la t t ice  sca t t e r ing  and  ionized i m p u r i t y  
scat ter ing.  This fit involves  the  e lec t ron  effective 
mass as a pa rame te r ,  and  va lues  for m*/mo of 0.05 
or less are found  to give a fit to the data.  Our  con-  
c lusion as to the effective mass  va lues  is conse rva -  
t ive because  the ana lys i s  invo lves  a n u m b e r  of 
a s sumpt ions  of on ly  app rox ima te  val id i ty .  Ce r t a i n l y  
a ve ry  smal l  va lue  is indicated,  and  the resul t s  are 
in  good a g r e e m e n t  w i th  the app rox ima te  va lue  0.02 
r ecen t ly  deduced f rom optical  m e a s u r e m e n t s  by  
Reynolds,  L i lbu rne ,  and  Del l  (12).  
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Preparation and Some Characteristics of Single-Crystal 
Indium Phosphide 
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Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

A technique for pur i fy ing phosphorus, reacting elemental  ind ium and 
phosphorus, pur i fying the compound, ind ium phosphide, by a directional re- 
crystallization, and growing large crystals all in one glass tube is described. 
A crystal pul ler  for decomposable solids is described in detail and results for 
ind ium phosphide discussed. The electron mobil i ty  as a funct ion of tempera-  
ture is given for two single-crystal  specimens. An electron mobil i ty of 4000 
cm-~/v-sec at 300~ for a specimen containing a carrier concentrat ion of 
1 X 1017/cm z was achieved. Lifetime measurements  by the photoconductivi ty-  
decay method are discussed. The optical- transmission characteristics of speci- 
mens containing electron concentrations of 101~ ~ and 101~/cm ~ are presented. 

At  the p re sen t  t ime,  there  is cons iderab le  in te res t  
in  semiconduc t ing  compounds  for the i r  n u m e r o u s  
po ten t i a l  appl icat ions .  S u b s t a n t i a l  effort is be ing  
expended  u p o n  methods  (1, 2) for p r e p a r a t i o n  of 
pure  crys ta ls  of sufficient size for use in  so l id-s ta te  
devices. I n d i u m  phosphide  is p a r t i c u l a r l y  a t t r ac t ive  
for use in  such so l id-s ta te  devices as solar  bat ter ies ,  
t ransis tors ,  and  rectifiers because  of its ene rgy  gap 
of 1.25 ev and  high e lec t ron  mobi l i ty .  It  is the p u r -  
pose of this paper  to p resen t  two methods  for the  
p r e p a r a t i o n  of pure,  la rge  crys ta ls  of i n d i u m  phos-  
phide  and  to descr ibe  some charac ter is t ics  of those 
crystals.  

Crystal Growth of Indium Phosphide by Control 
of Liquid Indium-Phosphorus Vapor Reaction 

Since  i n d i u m  is e x t r e m e l y  inso lub le  in  solid i n -  
d i u m  phosphide,  p u r e  crys ta ls  of the  c o m p o u n d  can 

be g r ow n  f rom an  i n d i u m - i n d i u m  phosphide  solu-  
tion. The t echn ique  of r eac t ing  the  e lements ,  p u -  
r i fy ing  the  c o m p o u n d  by  a d i rec t iona l  r ec rys ta l l i za -  
tion, a nd  g rowing  crysta ls  all  in  one opera t ion  is 
now  described.  A d i a g r a m  of the  a ppa r a t u s  is shown 
in  Fig. 1. A quar tz  boa t  con t a in ing  i n d i u m  and  pure  
phosphorus  is sealed in  a qua r t z  t ube  u n d e r  a vac-  
u u m  of a p p r o x i m a t e l y  10 -6 m m  Hg. The qua r t z  tube  
is t hen  placed in  a t h r e e - f u r n a c e  a r r a n g e m e n t ,  as 
shown in  Fig. 1. A t e m p e r a t u r e  g rad ien t  of 60~ 
(1000~176 is m a i n t a i n e d  a long the boat  con-  
t a i n i ng  the i n d i u m  by  proper  pos i t ion ing  of the  f u r -  
naces. The  t e m p e r a t u r e  of the  th i rd  furnace ,  which  
controls  the phosphorus  p ressure  in  the  tube ,  is i n -  
creased s lowly to 485~ The phosphorus  vapor  t hen  
reacts  wi th  the l iqu id  ind ium.  As the  reac t ion  p ro -  
ceeds, the  so lub i l i ty  of I n P  in  l iqu id  i n d i u m  is 
exceeded and  I n P  crysta l l izes  at  the  cooler end  of 
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Fig. 1. Diagram of apparatus used for preparing InP 

the boat,  As the reac t ion  proceeds, the  s o l i d - l i q u i d  
i n te r face  s l o w l y  moves f r o m  the cooler  end of the 
boat  t o w a r d  the hot  end, Of  the ingots  p repared  by  
this technique,  at least  five s ing le -c rys ta l  dumbbe l l -  
shaped specimens (15 x 5 x 2 mm)  were  obtained.  
Some of the ingots were  almost  en t i re ly  one crystal .  

This method of obta ining InP f rom indium solu- 
t ion has the advantage  over the  so lu t ion-growth  
method suggested by  Wolff (1) in tha t  l a rge-bu lk ,  
s ingle-phase  ingots of the compound are obtained.  
Thus, no chemical  techniques are  requi red  to sepa-  
rate  the  indium from the compound crystals.  

Another  possible advan tage  of the method over  
the usual  c rys t a l -g rowing  processes is tha t  the in-  
tr insic number  of la t t ice  imperfections,  that  is, 
vacancies and interst i t ia ls ,  should be lower  because 
the compound is crys ta l l ized  at a t empera tu re  below 
its mel t ing point. However,  since the single crysta ls  
p repa red  by this technique are in contact  wi th  the 
quartz  boat  and, usual ly ,  wi th  other  crystals,  gross 
imperfect ions (2) are p robab ly  in t roduced as a re -  
sult of the rmal  stresses incurred  on cooling. One 
c rys ta l -g rowing  technique tha t  e l iminates  contact  
of the  solidified crys ta l  wi th  conta iner  mater ia l s  is 
the Czochralski  technique.  However,  convent ional  
ge rmanium and silicon crys ta l  pul lers  cannot  be 
used for compounds,  such as InP, tha t  have a high 
vapor  or dissociation pressure  (3, 4). 

Crystal Puller for Decomposable Solids 
The crys ta l  pul le r  descr ibed in this paper  is a 

modified version of the  one descr ibed by  Gremmel -  
maie r  (5) for the pul l ing of InAs and GaAs. I t  is 
bel ieved that,  wi th  this system, the pul l ing of large,  
s ing le -c rys ta l  ingots of InP, InAs, and GaAs can be 
reduced to a technique as s t andard  as tha t  for si l i-  
con. The over -a l l  pul l ing system is i l lus t ra ted  in 
Fig. 2. The pul l ing sys tem is var iable ,  wi th  pul l ing 
speeds as low as 1 r am/hr .  Two Alnico V magne t ron  
magnets  which are  coupled to a nonsymmet r ica l  
Pe rmendur  sleeve are  used to pull  and ro ta te  the 
seed. The Pe rmendur  sleeve is housed in a Vycor 
jacket  to protect  it f rom phosphorus  vapors.  

The ent i re  pul l ing chamber  is heated to the de-  
s ired t empera tu re  by  resis tance heaters.  A vol tage 
regula tor  on the resis tance furnaces  is necessary to 
obtain the requi red  t empera tu re  control. The fu r -  
nace around the lower  par t  of the pul l ing chamber  
is constructed from a 10 -cm-d iamete r  Vycor tube, 
wi th  the spi ra led  heat ing elements  of 22-gauge 
Chromel  wire,  p rovid ing  good vis ib i l i ty  of the 
mol ten  surface and seed crystal .  

q./~ 

Cross Section of Magnet 
Scale; ~ "  

Fig. 2. Diagram of magnetic crystal puller. 1, Variac speed 
control for 1/15-hp, 115-v, d-c motor; 2, 1/15-hp, 115-v, 
d-c motor; 3, Boston gear reductor, ratio, 200:1; 4, mecha- 
nism for raising and lowering crystal, over-all traversing 
length, 18.5 in.; 5, counterbalance weight; 6, threaded rod; 
7, spur gear; 8, worm gear; 9, clock motor (6 rpm); 10, Alnico 
V magnetron magnets; 11, stainless steel tube used as upper 
furnace housing, dimensions, 1.5-in. OD, 13/~-in. ID, 23-in. 
length; 12, water lines for cooling magnet; 13, Chromel heat- 
ing element to maintain desired ambient temperature at top 
of pulling chamber to control vapor pressure; 14, induction 
heating coil for melting InP; 15, Transite bearings; 16, 
Permendur spacers, dimensions, 27,/s-in. length, 1-in. width, 
17/'8-in. depth; 17, upper and lower base plates to support 
magnet; 18, table top; 19, support for upper furnace hous- 
ing; 20, transparent Vycor furnace, using Chromel heating 
element to maintain vapor pressure. 

A d iagram of the pul l ing chamber  is shown in 
Fig. 3. The pul l ing chamber  is a sealed Vycor en-  
velope evacuated  to a p ressure  of 2 x I0 -~ mm Hg. A 
doub le -wound  furnace of 22-gauge Chromel  wire  
covered with  porcela in  beads is used as the upper  
furnace.  The double  winding  is necessary to e l imi-  
nate 60-cycle v ibra t ion  of the winding  inside the 
magnet ic  field. 

The seed rod has bear ings  of AUC graphi te ,  wi th  
a c learance of 6 mils at room tempera ture .  I t  was 
found that  g raphi te  bear ings  are necessary for 
smooth rota t ion and w i t h d r a w a l  of the  growing 
crystal .  An induction hea te r  which couples d i rec t ly  
to the ma te r i a l  is used to heat  the melt .  The t em-  
pe ra tu re  of the mel t  is control led by  a P t -P t ,  Rh 
thermocouple  which feeds into a L&N tempera tu re  
controller .  

The first ingots pul led  in this system were  InAs, 
and single crys ta ls  were  obtained.  Later ,  InP crys-  
tals  were  pul led  in this system, and Fig. 4 shows one 
of these. The InP was pul led  at a ra te  of 5 m m / h r  
and a ro ta t ional  ra te  of 6 rpm. The. lowest  t empera -  
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Fig. 3. Diagram of magnetic crystal puller reaction cham- 
ber. 1, thermocouple well; 2, Pt, Pt-Rh thermocouple; 3, 
Vycor-walled furnace wound with Chromel resistance wire; 
4, induction heating coil; 5, quartz crucible, dimensions 
1 15/16-in. OD, 1 13/16-in. ID, 2-in. height; 6, InP seed 
held in place with a Vycor seed holder; 7, Vycor tube, dimen- 
sions 25-ram OD, 21-in. length; 8, graphite bearings, 1.2-in. 
length; 9, Vycor tube to protect Permendur, dimensions 19- 
ram OD, 2s~ in. length; 10, Permendur core, dimensions 
2�89 length, 15-ram OD, 8-ram ID; 11, stainless steel fur- 
nace housing; 12, Vycor tube, 64-ram OD; 13, upper furnace, 
22-gauge, double-wound Chrome1 wire covered with porcelain 
beads; 14, InP melt; 15, Transite base plate; 16, mransite 
cover plate with Chromel heating element. 

t u r e  in  t he  s y s t e m  was  con t ro l l ed  a t  485~ b y  the  
t h e r m o c o u p l e  at  the  top  of Fig.  3. A t  th is  t e m p e r a -  
t u r e  the  p r e s s u r e  of p h o s p h o r u s  is 5 a tm.  A c c o r d i n g  
to B o o m g a a r d  and  Schol  (4) ,  a p h o s p h o r u s  p r e s s u r e  
of 5 a t m  c o r r e s p o n d s  to a m e l t  compos i t i on  of I n P -  
In  at  e q u i l i b r i u m  of a p p r o x i m a t e l y  60 at. % In. The  
low so lub i l i t y  of i n d i u m  in sol id  I n P  is i l l u s t r a t e d  
b y  the  r e l a t i v e l y  low c a r r i e r  concen t r a t ion ,  10~7/cm 3, 
and  h igh  e l e c t r o n  mob i l i t y ,  3000 cmVv-sec ,  of  a 
p o l y c r y s t a l l i n e  n - t y p e  spec imen  cut  f rom t h e  ingot .  

The  p o l y c r y s t a l l i n e  seed  used  was  o b t a i n e d  f rom 
a z o n e - m e l t e d  ingot  of  InP.  F r o m  Fig.  4, i t  can  be 
seen  t h a t  t he  c r y s t a l  g r e w  r a p i d l y  in to  l a rge  c r y s -  
ta l l i t es .  The  c r y s t a l  in  t h e  f ron t  is a l a r g e  s ingle  
po r t i on  w i t h  t he  c h a r a c t e r i s t i c  flats r u n n i n g  the  
l e n g t h  of t he  c rys ta l .  The  c r y s t a l s  on the  r i g h t  edge  
of the  p h o t o g r a p h  s t a r t  f r om the  seed  and  r u n  the  
en t i r e  l e n g t h  of t he  ingot .  These  r e su l t s  sugges t  
tha t ,  w i t h  a s i n g l e - c r y s t a l  seed, l a r g e  s i n g l e - c r y s t a l  
ingots  of I n P  can  b e  g r o w n  eas i ly .  

Purificotion of Phosphorus 
S e v e r a l  poss ib le  t e chn iques  w e r e  i n v e s t i g a t e d  for  

the  pur i f i ca t ion  of phosphorus .  These  t echn iques  
i n c l u d e d  s u b l i m a t i o n  of r e d  p h o s p h o r u s  in a h y d r o -  

Fig. 4. Pulled ingot of InP 

gen s t r eam,  zone m e l t i n g  of w h i t e  phosphorus ,  and  
v a c u u m  d i s t i l l a t i on  of w h i t e  phosphorus .  H o w e v e r ,  
the  r e su l t s  a r e  b e l i e v e d  inconc lus ive  conce rn ing  the  
e f fec t iveness  of each  t e c h n i q u e  b e c a u s e  of the  e f -  
fects  of o x y g e n  impur i t i e s .  Res i s t iv i t i e s  a t  r oom 
t e m p e r a t u r e  r a n g e d  f r o m  10 o h m - c m  to 10 -5 o h m -  
cm. C a r r i e r  concen t r a t i ons  r a n g e d  f r o m  101~ ~ to 
10~7/cm 3. As  d i scussed  in t he  n e x t  sect ion,  o x y g e n  
is b e l i e v e d  to p r o d u c e  d e e p - l y i n g  l eve l s  in I n P  
wh ich  e f fec t ive ly  t r a p  out  e l ec t rons  o r i g i n a t i n g  f rom 
sha l l ow  donor  levels .  Thus,  e x t r e m e l y  low c a r r i e r  
c o n c e n t r a t i o n s  can  occur .  

A t e c h n i q u e  has  been  d e v e l o p e d  t h a t  m i n i m i z e s  
t he  c o n t a m i n a t i o n  f rom o x y g e n  and  o t h e r  i m p u r i -  
t ies.  In  th is  me thod ,  a V y c o r  a p p a r a t u s  is used  to 
p u r i f y  phosphorus ,  to p r e p a r e  the  c o m p o u n d  f rom 
the  e lements ,  and  to g row c rys t a l s  of t he  compound .  
As shown  in Fig.  5, th is  s y s t e m  consis ts  of  a r e s e r -  
vo i r  for  r ed  phosphorus ,  a p r i m a r y  condenser ,  a 
connec t ion  to a h i g h - v a c u u m  l ine,  and  a s e c o n d a r y  
condenser .  A q u a r t z  r e a c t i o n  t ube  con t a in ing  in -  
d i u m  in a doub le  qua r t z  boa t  is a t t a c h e d  to t he  
s e c o n d a r y  condenser .  A l t h o u g h  the  ox ide  on the  i n -  
d i u m  is c a r e f u l l y  r e m o v e d  b y  s c r a p i n g  and  cu t t ing ,  
an  o x i d e  fi lm on the  i n d i u m  u s u a l l y  occurs  u p o n  
me l t i ng .  To r e m o v e  the  ox ide  film, two  boa t s  a r e  
used,  as shown  in Fig.  5. The  i n n e r  boa t  possesses  
a s m a l l  orif ice w h i c h  a l lows  the  m o l t e n  i n d i u m  to 
flow f rom the  ou te r  boa t  in to  t he  i n n e r  boat .  The  
i n d i u m  oxide  floats on the  su r face  of t h e  ou te r  boa t  

vocuum 

o~aMz reo~fion tube 

Fur noc.e 

Pr imary  
r  

Fig. 5. Diagram of the phosphorus purification system 
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m u l t i p l e  i m p u r i t y  or  de fec t  l eve ls  w h i c h  e f fec t ive ly  
t r a p  ou t  e l ec t rons  f rom sha l l ow  donor  levels .  By  
us ing  the  p r e p a r a t i o n  t e c hn ique s  d i scus sed  in  t he  
p r e v i o u s  sect ions,  a c a r r i e r  c o n c e n t r a t i o n  of  1 x 101V 
cm ~ is ob t a ined .  This  r e l a t i v e l y  h igh  c a r r i e r  concen -  
t r a t i o n  is b e l i e v e d  due  to a low c o n c e n t r a t i o n  of 
c o m p e n s a t i n g  accep to r  impur i t i e s .  As  Fig .  6 shows,  
the  u n c o m p e n s a t e d  S p e c i m e n  l l B  has  t he  s ame  
e l e c t r o n  H a l l  m o b i l i t y  a t  r o o m  t e m p e r a t u r e  as t he  
low c a r r i e r - c o n c e n t r a t i o n  S p e c i m e n  7A. W h y  the  
m o b i l i t y  c u r v e  of S p e c i m e n  l l B  r ises  a b o v e  t h a t  of 
S p e c i m e n  7A canno t  be  e x p l a i n e d  on t h e  bas i s  of 
t he  u s u a l  l a t t i c e  and  i m p u r i t y  s c a t t e r i n g  concepts .  
The  u n u s u a l  m o b i l i t y  b e h a v i o r  of t he  spec imen  con-  
t a i n ing  d e e p - l y i n g  leve ls  ( S p e c i m e n  7A) and  the  
u n c o m p e n s a t e d  S p e c i m e n  l l B  is be ing  i n v e s t i g a t e d  
f u r t h e r .  

io' 
I0  0 i0  I 

T(=K} 

Fig. 6. Electron Hall mobi l i ty  as a function of reciprocal 
temperature for two single-crystal specimens of InP. 

and  does  no t  e n t e r  t he  i n n e r  boat ,  t hus  p r o v i d i n g  a 
c l ean  su r f ace  for  r eac t ion .  

The  p r o c e d u r e  for  t he  pu r i f i ca t i on  of  p h o s p h o r u s  
is as fol lows.  The  s y s t e m  is t h o r o u g h l y  ou tgas sed  
and  e v a c u a t e d  to a p r e s s u r e  of a b o u t  4 x 10 -5 m m  
Hg. T h e  r e d  p h o s p h o r u s  is h e a t e d  to t e m p e r a t u r e s  
r a n g i n g  f r o m  300 ~ to 380~ and  s u b l i m e d  into  the  
p r i m a r y  condense r .  W h e n  a suff icient  a m o u n t  of 
w h i t e  p h o s p h o r u s  has  co l lec ted  in  the  p r i m a r y  con-  
denser ,  t he  r e s e r v o i r  and  the  v a c u u m  l ine  a r e  sea l ed  
off. T h e r e a f t e r ,  the  w h i t e  p h o s p h o r u s  is d i s t i l l ed  
f rom the  p r i m a r y  r e s e r v o i r  at  150~ into  t he  sec-  
o n d a r y  condense r  a n d  f r o m  the  s e c o n d a r y  condense r  
a t  140~ into  the  q u a r t z  r e a c t i o n  tube .  Each  p r e -  
ced ing  sec t ion  is s ea l ed  f r o m  t h e  r e m a i n i n g  p a r t  of  
the  s y s t e m  a f t e r  a d i s t i l l a t i o n  is c a r r i e d  out  to p r e -  
v e n t  b a c k  d i s t i l l a t ion .  The  a m o u n t  of w h i t e  p h o s -  
p h o r u s  a d m i t t e d  to t he  r e a c t i o n  t ube  is m e a s u r e d  
v o l u m e t r i c a l l y .  T h e  r e a c t i o n  t u b e  t hen  is p l a c e d  in  
t h e  t h r e e - f u r n a c e  a r r a n g e m e n t  shown  in Fig .  1. To 
p r e v e n t  o x y g e n  f r o m  di f fus ing  t h r o u g h  the  q u a r t z  
r e a c t i o n  tube ,  the  r e a c t i o n  t ube  is enc losed  in  a 
q u a r t z  p r o t e c t i o n  t u b e  con t a in ing  a p p r o x i m a t e l y  
2/3 a t m  of a r g o n  and  some  t i t a n i u m  chips.  The  t i t a -  
n i u m  ch ips  act  as a n  ef fec t ive  ge t t e r  of o x y g e n  at  
t he  h i g h e r  t e m p e r a t u r e s .  In  e x p e r i m e n t s  in w h i c h  
t i t a n i u m  chips  and  a p r o t e c t i o n  t u b e  w e r e  not  u sed  
in  t he  p r e p a r a t i o n ,  d e e p - l y i n g  leve ls  w e r e  a l w a y s  
found.  On the  o the r  hand ,  in e x p e r i m e n t s  in w h i c h  
t i t a n i u m  ch ips  and  a p r o t e c t i o n  t ube  w e r e  used,  no 
e v i d e n c e  of d e e p - l y i n g  l eve l s  was  o b t a i n e d  f r o m  the  
e l ec t r i ca l  and  p h o t o c o n d u c t i v i t y  m e a s u r e m e n t s .  

Electrical Properties of 
Single-Crystal Indium Phosphide 

M e a s u r e m e n t s  of t he  H a l l  coefficient  and  the  r e -  
s i s t i v i t y  of a n u m b e r  of  s i n g l e - c r y s t a l  spec imens  of 
I n P  s h o w e d  t h a t  e l e c t r o n - c a r r i e r  concen t r a t i ons  
h a v e  been  a c h i e v e d  in  t he  101~ to 101~/cm~ r a n g e  
a t  r o o m  t e m p e r a t u r e .  H o w e v e r ,  t h e  t e m p e r a t u r e  d e -  
p e n d e n c e  of  t he  Ha l l  coefficient  of the  l o w e r  c a r r i e r -  
c o n c e n t r a t i o n  s a m p l e s  ind ica tes  t he  p re sence  of 

Lifetime Measurements 
L i f e t i m e  m e a s u r e m e n t s  b y  the  p h o t o c o n d u c t i v i t y -  

d e c a y  m e t h o d  w e r e  c a r r i e d  ou t  on s e v e r a l  spec i -  
mens .  F o r  t he  spec imens  of l o w e r  c a r r i e r  concen -  
t r a t i o n  (<101~ a long t i m e  cons t an t  of abou t  
600~ sec was  obse rved .  By  a pu l se  me thod ,  i t  was  
found  t h a t  t he  long  t ime  cons t an t  was  p r o b a b l y  due  
to t r a p p i n g  of  m a j o r i t y  ca r r i e r s .  F o r  the  h i g h e r  
c a r r i e r - c o n c e n t r a t i o n  samples ,  t he  p h o t o r e s p o n s e  
was  too s m a l l  to m e a s u r e .  The  p h o t o c o n d u c t i v i t y  
r e su l t s  sugges t  t h a t  t h e  l a r g e  p h o t o r e s p o n s e - t i m e  
cons t an t  is due  to n o n e q u i l i b r i u m  c a r r i e r s  w h i c h  
a r e  t r a p p e d  b y  d e e p - l y i n g  leve ls .  P r e s u m a b l y ,  t he  
source  of the  d e e p - l y i n g  l eve l s  is t h e  o x y g e n  i m -  
p u r i t y .  

Optical Properties 
Resu l t s  of t r a n s m i s s i o n  m e a s u r e m e n t s  on two  

s a m p l e s  a r e  g i v e n  in Fig.  7. The  th i ckness  of the  two  
spec imens  was  the  same,  4.5 mm.  The  spec imens  
w e r e  shown  to be  o p t i c a l l y  h o m o g e n e o u s  b y  m a s k -  
ing  va r i ous  r eg ions  and  m e a s u r i n g  the  p e r c e n t a g e  
t r a n s m i s s i o n  of t h e  u n m a s k e d  areas .  The  v a r i a t i o n  
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Fig. 7. Transmission characteristics of two N-type single- 
crystal specimens of InP at 300~ 
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in p e r c e n t a g e  t r a n s m i s s i o n  was  a few p e r  cent .  As  
s h o w n  in t he  f igure,  the  p e r c e n t a g e  t r a n s m i s s i o n  
was  d e t e r m i n e d  b e t w e e n  1.5~ and  15~. A t  t he  sho r t  
w a v e  length ,  the  t r a n s m i s s i o n  dec reases  f rom a 
m a x i m u m  of 63% at  4/~ to 51% at  1.5~. In  t he  i n t e r -  
m e d i a t e  w a v e  l e n g t h  range ,  the  t r a n s m i s s i o n  of  t he  
101~ s a m p l e  dec reases  f r o m  a m a x i m u m  of 61% to 
52% at  10/~, b u t  t he  t r a n s m i s s i o n  of t he  10 l~ s a m p l e  
is c o n s t a n t  a t  63%. The  o b s e r v e d  d i f f e rence  is p r o b -  
a b l y  due  to f r e e - c a r r i e r  abso rp t ion .  I n  t h e  10-15# 
reg ion ,  s t r u c t u r e  is o b s e r v e d  in  b o t h  spec imens .  
T r a n s m i s s i o n  m i n i m a  a p p e a r e d  in  t h r e e  sets  of 
three .  O s w a l d  (6)  has  o b s e r v e d  two  a b s o r p t i o n  
b a n d s  in the  13-15/~ r eg ion  w h i c h  c o r r e s p o n d  to t he  
l a r g e  t r a n s m i s s i o n  m i n i m a .  The  s t r u c t u r e  o b t a i n e d  
in  the  10-15~ r a n g e  is s im i l a r  to t he  l a t t i c e - a b s o r p -  
t i on  b a n d s  o b s e r v e d  in  g e r m a n i u m  and  s i l icon (7 ) ;  
h o w e v e r ,  t h e r e  is m o r e  r e g u l a r i t y .  
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Preparation of Crystals of Pure Hexagonal SiC 
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ABSTRACT 

The mode of growth  of SiC crysta ls  in l abo ra to ry  furnaces  is examined.  
I t  is shown tha t  the crysta ls  grow in an envi ronment  domina ted  by  radiat ion,  
and that  this env i ronment  m a y  be  responsible  for  the  specific or ienta t ion and 
possibly  the hab i t  of the crystals .  I t  is demons t ra ted  that,  under  normal  ex- 
pe r imenta l  conditions,  crys ta l  g rowth  is un l ike ly  to proceed by  a tw o-d ime n-  
sional nucleat ion mechanism. The means  of producing  re la t ive ly  pu re  crys ta ls  
are  discussed. 

I t  has  been  k n o w n  t h a t  l a r g e  c r y s t a l s  of t he  s e m i -  
conduc to r  SiC occas iona l ly  g r o w  d u r i n g  the  o p e r a -  
t ion  of c o m m e r c i a l  SiC furnaces .  L e l y  (1)  r e c e n t l y  
succeeded  in syn the s i z ing  c rys t a l s  of th is  m a t e r i a l  
on a l a b o r a t o r y  scale.  P ieces  of  SiC, f o r m e d  in to  a 
ho l low c y l i n d e r  in  a g r a p h i t e  c ruc ib le ,  w e r e  h e a t e d  
in  a g r a p h i t e  t ube  f u r n a c e  to a b o u t  2500~ The  
t e m p e r a t u r e s  w e r e  a r r a n g e d  so t h a t  the  cen t e r  of 
th is  c y l i n d e r  of SiC was  cooler  t h a n  the  ex t e r i o r .  
S i l i con  c a r b i d e  v a p o r  d i f fus ing  i n w a r d  thus  b e c a m e  
s u p e r s a t u r a t e d  and  condensed  in  t h e  cen t e r  of t he  
c y l i n d e r  in t he  f o r m  of s ingle  c rys ta l s .  The  compos i -  
t ion  of t h e  g r o w i n g  c r y s t a l s  w a s  a l t e r e d  b y  a d d i t i o n  
of c e r t a i n  i m p u r i t i e s  to the  a t m o s p h e r e  of p r e p a -  
ra t ion .  

I t  is the  p u r p o s e  of th is  p a p e r  to e x a m i n e  in  some 
d e t a i l  t he  na tu r e ,  hab i t ,  and  o r i e n t a t i o n  of  c r y s t a l s  
g r o w n  in th i s  fashion .  W e  sha l l  d e a l  e x c l u s i v e l y  
w i t h  t h e  p r e p a r a t i o n  of c ry s t a l s  of r e l a t i v e l y  h igh  
p u r i t y .  

Experimental 
The  f u r n a c e  used  in t he  p r e s e n t  w o r k  is b a s e d  

on a des ign  of K r o l l  (2) and  is s i m i l a r  to t h a t  of 
Le ly .  I t  is shown  in sec t ion  in Fig .  1. The  e q u i p m e n t  
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Fig. 1. High temperature graphite furnace. Planar SiC 
crystals are shown growing in the center of the furnace. All 
internal components ore made of graphite or carbon, and the 
furnace is insulated with lampblack. The outer tank, of 
stainless steel, is water cooled and vacuum t ight.  
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differs  f r o m  tha t  of L e l y  in  t ha t  a p rec i se  t e m p e r a -  
t u r e  con t ro l  is p r o v i d e d .  R a d i a t i o n  f rom a se lec ted  
a r e a  of the  h e a t e r  is sensed  b y  a t h e r m o p i l e  w h i c h  
is a r r a n g e d  to a d j u s t  the  p o w e r  i n p u t  to the  f u r n a c e  
b y  m e a n s  of  a s a t u r a b l e  core  r eac to r .  The  in i t i a l  
o p e r a t i n g  p o i n t  is se t  by  an  op t i ca l  p y r o m e t e r .  
S h o r t - t e r m  con t ro l  is abou t  • 1 7 6  w h i c h  is m o r e  
t h a n  a d e q u a t e  for  the  p r e s e n t  work .  This  s y s t e m  
also m a i n t a i n s  t he  f u r n a c e  for  m a n y  hours  at  w h a t  
a p p e a r s  to be  a cons t an t  t e m p e r a t u r e ,  w i t h i n  the  
r e p r o d u c i b i l i t y  of op t i ca l  p y r o m e t e r  se t t ings .  

The  f u r n a c e  m a y  be  o p e r a t e d  in h igh  v a c u u m  at  
t e m p e r a t u r e s  up  to a b o u t  2000~ A b o v e  this  t e m -  
p e r a t u r e  an  i n e r t  a t m o s p h e r e  m u s t  be  p r o v i d e d  to 
suppres s  e v a p o r a t i o n  of the  g r a p h i t e  f u r n a c e  com-  
ponents .  A l t h o u g h  h e l i u m  and  h y d r o g e n  m a y  be  
used,  a r g o n  is mos t  s a t i s f ac to ry .  In  the  s u b s e q u e n t  
d i scuss ion  o p e r a t i o n  a t  a t m o s p h e r i c  p r e s s u r e  in one 
of  these  gases  is p r e s u m e d .  

Crystal Growth and Habit 
The  c rys t a l s  p r e p a r e d  b y  L e l y  depos i t ed  in the  

fo rm of h e x a g o n a l  p y r a m i d s ,  h a v i n g  one  good face  
and  i r r e g u l a r  or  r o u n d e d  faces on the  r eve r se .  Oc-  
c a s iona l l y  p l a n a r  c r y s t a l s  w e r e  g rown .  F o r  p h y s i c a l  
m e a s u r e m e n t s  and  dev ice  w o r k  the  p l a n a r  c r y s t a l s  
a r e  des i r ab le .  

Rea l i z ing  t h a t  L e l y ' s  p r ac t i ce  of us ing  l u m p  SiC 
d id  no t  l e a d  to u n i f o r m  t h e r m a l  condi t ions ,  C h a n g  
and  K r o k o  (3)  c a r r i e d  out  e x p e r i m e n t s  w i t h  m o r e  
h o m o g e n e o u s  charges .  These  cons i s ted  of e i t h e r  
c o m m e r c i a l  g r a i n  SiC or  of s i l icon and  c a r b o n  m i x -  
tu res  of v a r i o u s  composi t ions .  The  cen t r a l  c a v i t y  or  
wel l ,  e s sen t i a l  for  c r y s t a l  g rowth ,  was  m a i n t a i n e d  
by  the  use  of a s u p p o r t i n g  space r  m a d e  of g r a p h i t e  
(4) .  This  conf igura t ion  has  been  used  e x t e n s i v e l y  
in the  p r e s e n t  w o r k  and  is not  on ly  a d v a n t a g e o u s  
e x p e r i m e n t a l l y  b u t  also l eads  to a s impl i f i ca t ion  
t ha t  is i m p o r t a n t  in  e s t ima te s  c o n c e r n i n g  t h e  e n -  
v i r o n m e n t .  Use of these  m o r e  h o m o g e n e o u s  cha rges  
l ed  to a s ign i f i can t ly  h i g h e r  y i e ld  of p la tes .  

Fig. 2. SiC crystals on a graphite substrate. Magnif icat ion 2X. 

F i g u r e  2 shows  p a r t  of such a c h a r g e  of th is  con-  
f igu ra t ion  and  the  g r o w t h  of c rys ta l s .  The  e n t i r e  
con ten t s  of a c r u c i b l e  w e r e  r e m o v e d  and  sp l i t  open  
to r e v e a l  the  de ta i l s .  The  m a j o r i t y  of  t he  c r y s t a l s  
a r e  p l ana r ,  and,  as m a y  be  seen,  have  a t e n d e n c y  to -  
w a r d  h o r i z o n t a l  o r i en ta t ion .  C r y s t a l s  of o t h e r  o r i e n -  
t a t ions  a r e  p r e s e n t  bu t  h a v e  g r o w n  at  l o w e r  ra tes .  
This  b e h a v i o r  is found  a m o n g  c r y s t a l s  n u c l e a t e d  
on g r a p h i t e  as w e l l  as on p ieces  of SiC, so i t  w o u l d  
a p p e a r  t ha t  t h e  b e h a v i o r  d e s c r i b e d  is i n d e p e n d e n t  
of t he  n a t u r e  of  t h e  subs t r a t e .  

I t  m i g h t  be t h o u g h t  t ha t  convec t ion  c u r r e n t s  
w i t h i n  t he  we l l  cou ld  s u p p l y  v a p o r  p r e f e r e n t i a l l y  to 
t he  h o r i z o n t a l  c rys ta l s .  T h e r e  is, h o w e v e r ,  some  r e -  
cen t  w o r k  t h a t  sugges t s  t h a t  the  a t m o s p h e r e  m a y  be  
s ta t ic .  L i g h t h i l l  (5)  has  e x a m i n e d  t h e o r e t i c a l l y  t he  
s i t ua t ion  in  w h i c h  a ho l l ow  v e r t i c a l  c y l i n d e r  is 
c losed  at  the  l o w e r  end,  b u t  is open  a t  t he  u p p e r  end  
to a body  of f luid a t  a l o w e r  t e m p e r a t u r e .  G e n e r a l l y ,  
convec t ion  occurs  w i t h i n  the  cy l inde r ,  b u t  u n d e r  
c e r t a i n  cond i t ions  t he  f luid in the  l o w e r  p o r t i o n  of 
the  c y l i n d e r  r e aches  the  t e m p e r a t u r e  of t he  w a l l s  
and  becomes  s t agnan t .  M a r t i n  (6)  and  o the r s  h a v e  
shown  tha t  th is  f e a t u r e  is, in fact ,  f ound  e x p e r i -  
m e n t a l l y .  We  h a v e  t h e r e f o r e  used  L i g h t h i l l ' s  w o r k  
to e x a m i n e  t h e  s i t ua t i on  w i t h i n  t he  c e n t r a l  w e l l  of 
the  SiC furnace .  To do so, w e  h a v e  a s s u m e d  an  
a r g o n  a m b i e n t  a n d  h a v e  t a k e n  the  P r a n d t l  n u m b e r  
as u n i t y  r a t h e r  t h a n  P r  ~ 0.66. This  is n e c e s s a r y  
s ince  L i g h t h i l l  has  so lved  the  b o u n d a r y  v a l u e  p r o b -  
l em on ly  for  Pr---- 1 a n d  ~ ;  t he  so lu t ions  v a r y  b u t  
l i t t l e  w i t h  Pr .  I t  is f o u n d  t h a t  s t a g n a t i o n  shou ld  
c o m m e n c e  a t  the  b o t t o m  of the  w e l l  for  t e m p e r a -  
t u r e s  as  low as  200~ A c c o r d i n g  to  t h e  t h e o r y ,  a l -  
mos t  the  en t i r e  t u b e  shou ld  become  s t a g n a n t  a t  the  
h igh  t e m p e r a t u r e s  ex i s t i ng  in t he  SiC fu rnace .  I t  
is p r o b a b l e  t h e n  t h a t  t he  a t m o s p h e r e  in t he  c e n t r a l  
we l l  w i l l  be  s t a t i c  o r  n e a r l y  so, a n d  w e  conc lude  
t h a t  c r y s t a l  g r o w t h  is t h e r e f o r e  not  ap t  to be  i n -  
f luenced b y  convec t ion  cu r ren t s .  

A poss ib l e  e x p l a n a t i o n  of the  o b s e r v e d  g r o w t h  
of l a r g e  h o r i z o n t a l  c ry s t a l s  m a y  be  found  on e x a m i -  
n a t i o n  of the  t h e r m a l  cond i t ions  abou t  the  g r o w i n g  
c rys ta l s .  A r e l a t i o n s h i p  b e t w e e n  r a d i a t i o n  cool ing 
a n d  c r y s t a l  o r i e n t a t i o n  is sugges t ed  in  the  fo l lowing  
sect ion.  This  r e l a t i o n s h i p  was  e a r l y  r e cogn i zed  b y  
P a t r i c k  as w e l l  as b y  K r o k o  and  Chang,  and  has  
been  d e v e l o p e d  in  d i scuss ions  b e t w e e n  these  w o r k -  
ers  and  the  au tho r .  

C r y s t a l s  r e c e i v e  hea t  f r om the  w a l l s  of  t he  cen -  
t r a l  c a v i t y  b y  d i r ec t  r a d i a t i o n  and  b y  t h e r m a l  con-  
d u c t i v i t y  t h r o u g h  the  con tac t  b e t w e e n  the  c r y s t a l  
and  the  wel l .  A g r o w i n g  c r y s t a l  also is h e a t e d  b y  
the  h e a t  of c r y s t a l l i z a t i o n  of the  i m p i n g i n g  m a -  
te r ia l .  This  l as t  t e r m  canno t  affect  o r i en ta t ion .  The  
e n e r g y  i n v o l v e d  is e s t ima ted ,  f r om the  d a t a  of 
I n g h r a m ,  et aL (7 ) ,  to be  of t he  o r d e r  of two  ca lor ies  
an  hou r  for  a t y p i c a l  c ry s t a l  and  wi l l  be  n e g l e c t e d  
in the  fo l l owing  discuss ion.  W e  wi l l  n o w  cons ide r  
t he  r e m a i n i n g  t e r m s  and  t h e i r  poss ib le  inf luence  on 
o r i en t a t i on .  

I t  has  been  s t a t e d  t ha t  c r y s t a l  o r i e n t a t i o n  is i n d e -  
p e n d e n t  of t he  n a t u r e  of t h e  subs t r a t e .  Thus  t h e r -  
m a l  cond i t ions  at  t h e  con tac t  canno t  effect t he  ob -  
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s e r v e d  resu l t s .  The  a c t u a l  m a g n i t u d e  of the  h e a t  
f lux t h r o u g h  the  con tac t  m a y  be  e s t i m a t e d  f r o m  the  
k n o w n  t h e r m a l  c o n d u c t i v i t y  of SiC a n d  a v e r a g e  
d a t a  for  the  a r e a  of contact .  I f  the  t e m p e r a t u r e  
g r a d i e n t  a t  t he  con tac t  is 10 to 100~  t h e n  the  
c o r r e s p o n d i n g  hea t  f lows a r e  0.004-0.04 w. 

T h e  h e a t i n g  due  to r a d i a t i o n  m a y  be  c a l c u l a t e d  if  
t he  e m i s s i v i t y  of the  c r y s t a l  is known .  B r u g e l  (8)  
has  m e a s u r e d  the  e m i s s i v i t y  e of SiC " G l o b a r "  e l e -  
m e n t s  a t  t e m p e r a t u r e s  up  to 1800~ He  has  f o u n d  

to be  a b o u t  0.9 a n d  not  s t r o n g l y  d e p e n d e n t  on 
w a v e  l e n g t h  or  t e m p e r a t u r e .  This  r e su l t  is no t  e n -  
t i r e l y  u n e x p e c t e d ,  for  t he  su r f ace  of such G l o b a r  
e l e m e n t s  is v e r y  rough .  P u r e  s ing le  c rys ta l s ,  on the  
o the r  hand ,  m i g h t  be e x p e c t e d  to show a s low d e -  
c rease  in e m i s s i v i t y  at  p h o t o n  ene rg i e s  less  t h a n  
t h e  e n e r g y  gap.  T h e  gap  is a b o u t  2 ev at  2500~ 
corresponding to a p h o t o n  w a v e  l e n g t h  of 0.7 ~. We 
wi l l  a s sume,  in  t h e  absence  of o t h e r  i n fo rma t ion ,  
t ha t  the  e for  p u r e  s ingle  c r y s t a l s  is r e l a t i v e l y  low. 
The  v a l u e  used  is 0.1. N o w  it  is  k n o w n  e x p e r i m e n t -  
a l l y  t h a t  the  w e l l  is e s sen t i a l l y  i s o t h e r m a l .  S ince  the  
wa l l s  of  the  we l l  m a y  b e  f o r m e d  of g r aph i t e ,  w e  
m a y  t a k e  E : 0.9 as a r e a s o n a b l e  w o r k i n g  f igure.  
The  e n e r g y  f lux in to  a t y p i c a l  c r y s t a l  1 mm" a r e a  
is t hen  f o u n d  to be  a b o u t  0.6 w. 

The  r a d i a t i o n  f ield w i t h i n  t h e  w e l l  is, h o w e v e r ,  
p l a i n l y  a s y m m e t r i c a l  due  to losses t h r o u g h  the  open  
u p p e r  end  of the  wel l .  F o r  a c r y s t a l  a t  the  m i d p o i n t  
of t he  wel l ,  th is  end  occupies  5% of t he  t o t a l  so l id  
angle .  The  ne t  hea t  loss t h r o u g h  th is  end  w i l l  d e -  
p e n d  on the  e m i s s i v i t y  and  t e m p e r a t u r e  of the  
a r e a  "seen ."  These  f igures  a r e  k n o w n  f r o m  e x p e r i -  
m e n t a l  da ta .  I t  m a y  t hen  be  e s t i m a t e d  t ha t  a c r y s t a l  
of 1 m m  ~ a r e a  wi l l  r a d i a t e  a b o u t  10 -" w to th is  s ink.  
S h o u l d  the  e m i s s i v i t y  of SiC b e  g r e a t e r  t h a n  0.1, 
t hen  th i s  e n e r g y  loss and  the  effects to be  a s c r i b e d  
to i t  w o u l d  be  c o r r e s p o n d i n g l y  g rea t e r .  The  as-  
s u m e d  low v a l u e  of  e m i s s i v i t y  is u n f a v o r a b l e  to the  
p r e s e n t  a r g u m e n t s .  This  loss is s ens i t i ve  to c r y s t a l  
o r i en ta t ion ,  for  the  ef fec t ive  r a d i a t i n g  a r e a  d e p e n d s  
on the  cos ine  of  t he  ang le  b e t w e e n  the  v e r t i c a l  ( the  
d i r ec t ion  of the  s ink)  and  the  n o r m a l  to t h e  face  of 
t h e  c rys t a l .  Thus  i t  is p r o b a b l e  t h a t  c r y s t a l s  w i t h  
the  f a v o r e d  h o r i z o n t a l  o r i e n t a t i o n  w i l l  be  cooles t  
and  c o n s e q u e n t l y  w i l l  g r o w  mos t  r a p i d l y ,  p r o -  
v i d e d  t ha t  th is  r a d i a t i v e  loss is t he  on ly  o r i e n t i n g  
fac tor .  

The  on ly  o the r  h e a t  flow is t h a t  due  to the  t h e r -  
m a l  c o n d u c t i v i t y  of t he  a t m o s p h e r e ,  w h i c h  we  sha l l  
a s sume  to be  argon.  I t  has  been  sugges t ed  t h a t  the  
gas in  t he  c e n t r a l  w e l l  is s t a g n a n t  a n d  is i s o t h e r m a l  
w i t h  t h e  we l l  wal ls .  In  th is  event ,  t he  h e a t  flow wi l l  
b e  f r o m  t h e  a r g o n  to t he  c r y s t a l s  and  wi l l  be  e x -  
c e e d i n g l y  smal l .  I f  the  a r g o n  is cooler  t h a n  the  c r y s -  
t a l s  and  is no t  i s o t h e r m a l  w i t h  t h e  w e l l  wal l s ,  t h e n  
i t  m a y  be  e s t i m a t e d  t h a t  a t y p i c a l  c r y s t a l  w o u l d  
t r ans fe r ,  b y  conduc t i on  and  convec t ion ,  abou t  10 -'~ 
w, for  a g r a d i e n t  of 100~  in the  argon.  This  flow 
is so s m a l l  t h a t  any  o r i e n t i n g  effects  w i l l  be  m a s k e d  
b y  those  due  to r ad i a t i on .  There fo re ,  i t  is conc luded  
t h a t  o r i e n t a t i o n  is g o v e r n e d  l a r g e l y  b y  the  d i r e c t i o n  
and  m a g n i t u d e  of t he  r a d i a t i o n  losses.  

These  o r d e r  of m a g n i t u d e  ca l cu la t ions  i n d i c a t e  
t ha t  t he  ne t  e n e r g y  losses of a g r o w i n g  c r y s t a l  a r e  

s m a l l  r e l a t i v e  to the  a m b i e n t  r a d i a t i o n  field. Con-  
s e q u e n t l y  the  t e m p e r a t u r e  of  the  c r y s t a l  shou ld  
c lose ly  a p p r o a c h  t h a t  of the  w a l l s  of t he  wel l .  W e  
h a v e  m e a s u r e d  the  t e m p e r a t u r e  of g r o w i n g  c r y s t a l s  
and  h a v e  f o u n d  t h a t  th is  is i n d e e d  the  case. The  
c rys ta l s ,  seen  t h r o u g h  an  op t i ca l  p y r o m e t e r ,  a r e  
b a r e l y  d i s t i n g u i s h a b l e  a g a i n s t  t he  u n i f o r m  b a c k -  
g r o u n d  r a d i a t i o n  of the  s u r r o u n d i n g  wel l .  The  a p -  
p a r e n t  t e m p e r a t u r e  d i f fe rence  b e t w e e n  a c r y s t a l  
and  the  a d j a c e n t  w a l l  is c e r t a i n l y  not g r e a t e r  t han  
20 ~ This  r e su l t  m u s t  be  e x a m i n e d  w i t h  g r e a t  care,  
for  i t  is ea sy  to be  mis led .  As  m e n t i o n e d  ea r l i e r ,  t he  
e n e r g y  gap  of SiC a t  t h e s e  t e m p e r a t u r e s  is abou t  
0.7 ~. The  m e a s u r e m e n t  is m a d e  at  0.65/~ in  a r e -  
g ion of h igh  a b s o r p t i o n  a n d  emis s iv i ty .  Thus  t h e r e  
need  be no  c o r r e c t i o n  for  e n e r g y  t r a n s m i t t e d  
t h r o u g h  t h e  c rys t a l .  The  g e o m e t r y  of t he  e x p e r i -  
m e n t  was  such  t ha t  d i r ec t  re f lec t ion  f r o m  a c r y s t a l  
f ace  cou ld  no t  occur .  F i n a l l y ,  e x a m i n a t i o n  of t he  
c r y s t a l s  a f t e r  t he  e x p e r i m e n t  showed  tha t  e x t e n s i v e  
dif fuse  re f lec t ion  was  un l i ke ly .  I t  is t hus  conc luded  
t h a t  t he  t e m p e r a t u r e  of t he  g r o w i n g  c r y s t a l  is i n -  
deed  w i t h i n  20 ~ of t he  t e m p e r a t u r e  of t he  wel l .  I t  
should ,  of course ,  be  no ted  t h a t  t h e  act  of m e a s u r e -  
m e n t  i t se l f  m u s t  i nc rea se  th i s  d i f f e rence  b y  i n c r e a s -  
ing  the  r a d i a t i o n  losses s o m e w h a t .  

Th is  t e m p e r a t u r e  d i f ference ,  t o g e t h e r  w i t h  t h e  
cons tan t s  of the  sys tem,  m a y  b e  used  to m a k e  ca l -  
cu l a t i ons  c onc e rn ing  the  g r o w t h  m e c h a n i s m .  W e  
h a v e  e s t i m a t e d  b y  the  m e t h o d  of H a r k i n s  (9)  t h a t  
the  su r face  f r ee  e n e r g y  of SiC is a b o u t  3000 e r g s /  
cm"; i t  is c e r t a i n l y  not  l o w e r  t h a n  1000 e r g s / c m  ". I t  
m a y  t h e n  be  s h o w n  t h a t  t h e  n u c l e a t i o n  r a t e  of n e w  
g r o w t h  l a y e r s  is insuff ic ient  to e x p l a i n  t he  k n o w n  
g r o w t h  ra te .  F o r  g r o w t h  to p r o c e e d  b y  n u c l e a t i o n  of 
n e w  l a y e r s  e i t h e r  t he  su r f ace  f ree  e n e r g y  w o u l d  
h a v e  to fa l l  b e l o w  1000 ergs/cm ~, or  the  a b o v e - m e n -  
t i oned  t e m p e r a t u r e  d i f fe rence  w o u l d  h a v e  to be  
g r e a t e r  t h a n  50 ~ . S ince  the  20 ~ f igure  r e p r e s e n t s  an  
u p p e r  l i m i t  only,  i t  w o u l d  a p p e a r  t h a t  n u c l e a t i o n  of 
n e w  l a y e r s  shou ld  no t  t a k e  p l ace  u n d e r  n o r m a l  con-  
d i t ions .  S ince  sc rew d i s loca t ions  a r e  f r e q u e n t l y  
found,  i t  is p r o b a b l e  t h a t  g r o w t h  p roceeds  b y  m e a n s  
of a sc rew d i s loca t ion  m e c h a n i s m .  T h e r e  is also ev i -  
dence  t ha t  g r o w t h  m a y  be  p r o m o t e d  at  t h e  c r y s t a l  
to s u b s t r a t e  junc t ion .  

I t  has  thus  been  s h o w n  t h a t  c r y s t a l s  of SiC of a 
p a r t i c u l a r  o r i e n t a t i o n  m a y  be  g r o w n  if  t he  t h e r m a l  
e n v i r o n m e n t  is r e l a t i v e l y  i so t rop ic  and  if the  p r i n -  
c ipa l  m e a n s  of h e a t  d i s s ipa t ion  f r o m  a c r y s t a l  is a 
d i r e c t e d  r a d i a t i v e  loss. Such  an  e n v i r o n m e n t  in a l l  
l i k e l i hood  also inf luences  hab i t ,  insofa r  as g r o w t h  of 
c r y s t a l s  w i th  l a r g e  su r f a c e  to v o l u m e  ra t io s  is f a -  
vored .  The  a c t u a l  g r o w t h  m e c h a n i s m  m a y  i nvo lve  
sc rew d is loca t ions ,  b u t  is not  a p t  to p roc e e d  b y  n u -  
c l ea t ion  of n e w  l aye r s .  

Preparation of Pure SiC 
I m p u r i t i e s  p r e s e n t  in c ry s t a l s  of SiC have  t h r e e  

poss ib l e  or ig ins .  T h e y  m a y  be  i n t r o d u c e d  in t he  
s t a r t i n g  m a t e r i a l s ,  w h e t h e r  SiC or  Si and  C m i x -  
tu res .  I m p u r i t i e s  m a y  f ind t h e i r  w a y  f r o m  t h e  i n -  
t e r n a l  f i t t ings  of t he  f u r n a c e  in to  the  g r o w i n g  c r y s -  
ta ls .  F i n a l l y ,  c o n t a m i n a t i o n  m a y  o r i g i n a t e  in t h e  
a t m o s p h e r e  i n t r o d u c e d  into  the  fu rnace .  The  p r i n c i -  
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Table 1. Spectrographic analysis of various samples of SiC, in ppm 

Element A1 Fe Ag* Cu Mg Mn 
Sample 

Commercial 
green SiCt 100 10 10 30 50 15 

Crystals grown 
f romthe  abovet 30 3 5 15 25 3 

Purest SiC 
crystals ~10 ~10 Trace Trace 

* No  s t a n d a r d s  a v a i l a b l e .  
7 G e o m e t r i c  m e a n  of  t h e  l i m i t s  of  c o n c e n t r a t i o n  a r e  q u o t e d .  

pal  impur i t y  in the  argon a tmosphere  usual ly  used 
is ni t rogen,  which is, as Le ly  and Kroger  (10) have 
shown, a donor in SiC. Since they  have descr ibed in 
some deta i l  the behavior  of n i t rogen in SiC as wel l  
as the means of removing  it f rom argon, we shall  
not  discuss this point  fur ther .  

Commercia l  green SiC is among the possible 
choices of s ta r t ing  ma te r i a l  for the p repa ra t ion  of 
crysta ls  of pure  SiC. Its p r inc ipa l  v i r tue  is the low 
cost. On the other  hand, it  is known to contain a 
wide spec t rum of impuri t ies ,  as is shown in Table I. 

An analysis  of typica l  crystals  grown from this 
SiC is shown in the second row of the table.  It can 
be seen tha t  a reduct ion in the  concentra t ion of a 
given e lement  has t aken  place dur ing  crys ta l  
growth.  Severa l  mechanisms are  involved in this  
purification. First ,  f rac t ional  subl imat ion  takes 
place, since the d is t r ibut ion  coefficient of many  of 
the impur i t ies  is undoub ted ly  small.  Second, the 
actual  concentra t ion of impur i t ies  in the a tmos-  
phe re  about  the growing c rys ta l  is g rea t ly  reduced 
by  two gas diffusion mechanisms.  The impur i t ies  
are present  in the vapor  phase as e i ther  the e lement  
p roper  or as compounds. In genera l  these compo- 
nents are  more vola t i le  than  SiC, and consequent ly  
may  condense in a l iquid or solid phase in cooler 
par t s  of the  furnace.  Concentra t ion gradients  are  
thus es tabl ished which remove ma te r i a l  f rom the 
immedia te  vic ini ty  of the  crystals .  Thermal  diffu- 
sion m a y  also account for a cer ta in  separat ion.  In 
general ,  large  or heavy  molecules diffuse down a 
t empera tu re  gradient  to cooler regions. Final ly ,  ex-  
per iments  have  shown tha t  impur i t ies  do diffuse 
th rough  the SiC la t t ice  at  high tempera tures .  Thus 
impur i t ies  m a y  diffuse out of the s tar t ing mate r ia l s  
dur ing  the course of a run. The surface layers  of the  
crysta ls  may  thus be less contaminated  than the in-  
ter ior  mater ia l ,  a l though diffusion na tu ra l ly  tends 
to level  out  these differences wi th in  the growing 
crystal .  

Now, it is p la in  tha t  the pu r i t y  of the s ta r t ing  
ma te r i a l  may  be grea t ly  improved  by  the use of 
zone-ref ined silicon and h i g h - p u r i t y  carbon in place 
of commercia l  SiC. Zone-ref ined silicon is more than  
adequate  for p repara t ions  of this sort, and high pu-  
r i ty  carbon m a y  be p repa red  by  hea t  t r ea t ing  ca r -  
bon under  vacuum and at  high tempera tures .  Pres -  
ent  resul ts  indicate  tha t  crystals  grown from these 
mate r ia l s  are  considerably  pure r  than  those grown 
from commercia l  SiC. Unfor tuna te ly  the  improve -  
ment  is not  as grea t  as might  be expected.  One is 

forced to conclude that  the furnace  fittings are  
main ta in ing  re la t ive ly  high levels  of contaminat ion.  

Al l  high t empera tu re  fittings wi th in  the  furnace  
are fabr ica ted  f rom graph i t e  or carbon. Al though 
cer ta in  of the  smal le r  pa r t s  m a y  be purif ied by  
hea t ing  to highest  t empera tu re s  in the presen t  f u r -  
nace, the ma jo r i ty  a re  too la rge  to be accommodated  
in the hot zone and must  be hea ted  in situ. They do 
not reach sufficiently high t empera tu res  for ade-  
quate  purification. They remain,  therefore,  a pe rn i -  
cious source of contaminat ion,  even af te r  many  
hours of purif icat ion heat ing.  

A number  of a r rangement s  have  been t r i ed  to 
overcome this p rob lem wi thout  a ma jo r  change in 
the design of the furnace.  These have  involved the 
use of double  crucibles,  s imi lar  to those of Lely,  and 
systems of t igh t ly  sealed l ids and baffles. The resul ts  
have  not been especial ly  notewor thy .  

An analysis  of the pures t  ma te r i a l  so far  p r epa red  
is shown in the th i rd  line of Table  I. This ma te r i a l  
was p repa red  f rom du Pont  "Solar  Cell"  grade silicon 
and purified carbon. The crys ta ls  themselves  are  
from 0.5 to 1.5 m m  in thickness,  and up to 4 m m  
across the hexagonal  face. They are  t r anspa ren t  in 
the visible region. The room t empera tu re  res is t iv i ty  
lies in the v ic in i ty  of 105 to l0 B ohm-cm. If it  is as-  
sumed that  the e lect ron mobi l i ty  is not  less than  
tha t  found by  Le ly  and Kroger  for heavi ly  doped 
samples,  then the es t imated  room t empera tu r e  ca r -  
r ie r  concentra t ion  must  be of the o rder  of 101~/cm ~. 
Since the electr ical  character is t ics  of the dominant  
impur i t ies  are not known, few firm conclusions can 
be d rawn  from this sort of information.  We cannot, 
for example ,  ru le  out the poss ibi l i ty  tha t  the high 
res is t iv i ty  is due, in pa r t  at  least,  to charge  com- 
pensat ion.  

Conclusions 
It  has been shown that  SiC crysta ls  grow in l ab -  

o ra tory  furnaces in an envi ronment  dominated  by a 
r ad ia t ive  exchange  of energy.  The or ienta t ion  and 
possibly the hab i t  of the crys ta ls  is g rea t ly  affected 
by the na tu re  of the  r ad i a t i ve  losses in such a sys-  
tem. Crysta ls  of r e la t ive ly  high pur i ty  m a y  be p re -  
pared  provided  care  is t aken  in the choice of the 
mate r ia l s  used and in the main tenance  of a high 
pur i ty  env i ronment  about the growing crystals .  
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Technical Notes 

Use of Bismuth as a Donor-Type 
Impurity in Germanium Single Crystals 

George Mortimer 

Clevite Transistor Products, Waltham, Massachusetts 

Segregation Coefficient 
The  use of  a dop ing  i m p u r i t y  requ i res  k n o w l e d g e  

of i ts  e f fec t ive  s e g r e g a t i o n  coefficient  for  va r i ous  
cond i t ions  of g rowth .  B i s m u t h  was  s t ud i ed  us ing  
c o n s i d e r a b l e  v a r i a t i o n s  in  bo th  t he  c o n c e n t r a t i o n  
a n d  the  r a t e  of a d v a n c e  of t he  s o l i d - l i q u i d  in te r face .  

F i g u r e  1 shows the  e x p e r i m e n t a l  cu rves  o b t a i n e d  
b y  g r o w i n g  h o r i z o n t a l  c ry s t a l s  and  a v e r a g i n g  the  
r e s i s t i v i t y  o b t a i n e d  ove r  t he  first  10 in. of l eng th .  
The  c o n c e n t r a t i o n  of Bi in the  sol id i f ied  c r y s t a l  can  
be seen to be qu i t e  d e p e n d e n t  on the  r a t e  of g rowth .  
F o l l o w i n g  the  p a t t e r n  set  b y  m a n y  o t h e r  impur i t i e s ,  
the  a m o u n t  of Bi  i n t r o d u c e d  in to  t he  c r y s t a l  p e r  
un i t  v o l u m e  inc reases  as the  g r o w t h  r a t e  becomes  
m o r e  r a p i d  (1) .  

Insuff ic ient  d a t a  a r e  p r e s e n t l y  a v a i l a b l e  for  g r o w t h  
r a t e s  f a s t e r  or  s lower  t h a n  those  shown  a t  w i d e  
r a n g e s  of i m p u r i t y  c o n c e n t r a t i o n  in  the  l i qu id  zone. 
Suff icient  i n f o r m a t i o n  was  g a t h e r e d  at  one c onc e n -  
t r a t ion ,  h o w e v e r ,  ( a p p r o x i m a t e l y  50 m g  Bi /100  g 
Ge)  to show t h a t  even  a t  the  r a t e  for  the  u p p e r  
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(MGS, PER I00  GRAMS OF Ge) 

Fig. 1. Resistivity vs. quantity of Bi added to initial liquid 
zone (horizontally grown crystols). 

c u r v e  (11/2 i n . / h r )  e q u i l i b r i u m  h a d  no t  been  a t -  
t a ined .  A t  a g r o w t h  r a t e  of 0.67 i n . / h r  and  the  
dop ing  leve l  c i ted  above,  the  r e s i s t i v i t y  a v e r a g e d  
a p p r o x i m a t e l y  6.0 o h m - c m  for  a s a m p l e  of five c r y s -  
ta ls .  D a t a  w e r e  also o b t a i n e d  us ing  th is  c o n c e n t r a -  
t ion  in t he  l i qu id  at  f a s t e r  g r o w t h  ~ates t h a n  those  
shown.  The  r e s i s t i v i t y  u n d e r  these  cond i t ions  con-  
t i n u e d  to decrease ,  b u t  a c o n s i d e r a b l e  s c a t t e r  in  the  
d a t a  m a d e  i t  diff icult  to o b t a i n  m e a n i n g f u l  a v e r a g e s  
a b o v e  5 i n . / h r .  A t  6-7 i n . / h r ,  the  l i qu id  zone was  
diff icult  to m a i n t a i n  and  the  h o r i z o n t a l l y  g r o w n  in -  
gots  g e n e r a l l y  b e c a m e  p o l y c r y s t a l l i n e .  

The  s e g r e g a t i o n  coefficient,  c o m p u t e d  f r o m  the  
d a t a  shown  in Fig .  1, i n d i c a t e d  an  effect ive  v a l u e  of 
K ~ 5 • 10 -~. This  v a l u e  was  o b t a i n e d  us ing  a r e -  
s i s t iv i ty  of 4.0 o h m - c m ,  a m o b i l i t y  of 3600 cm~/v-sec ,  
and  a g r o w t h  r a t e  of 11/2 i n . / h r .  

Controlled Doping 
The  v e r y  s m a l l  s e g r e g a t i o n  coefficient  c i t ed  a b o v e  

m a k e s  Bi  an  idea l  i m p u r i t y  for  g r o w i n g  long  h o r i -  
zon ta l  s ingle  c rys t a l s  of Ge w i t h o u t  o b s e r v i n g  a n y  
d rop  in r e s i s t i v i t y  a long  the  l e n g t h  of the  ingot .  The  
c o n c e n t r a t i o n  of i m p u r i t y  a toms,  C, as a func t ion  of 
d i s t ance  a long  the  c rys ta l ,  X, is g iven  for  a l l  bu t  
t h e  l a s t  zone b y  C = KC,e -~(xn), w h e r e  1 is the  m o l -  
ten  zone w i d t h  and  C, the  i n i t i a l  c onc e n t r a t i on  in 
t he  m o l t e n  zone (2) .  

I t  is a s s u m e d  tha t  i n i t i a l l y  the  i m p u r i t y  a toms  
a re  a l l  l oca ted  in t he  first  zone, and  the  r e m a i n d e r  
of the  cha rge  is in t r ins ic .  S ince  K is a p p r o x i m a t e l y  
5 • l f f  ~, a t o t a l  g r o w t h  d i s t a n c e  of a p p i o x i m a t e l y  
2000 zone l e ng th s  w o u l d  be  n e c e s s a r y  be fo re  the  
r e s i s t i v i t y  w o u l d  i nc rea se  b y  10%. I t  is no t  n o r m a l l y  
p r a c t i c a l  to g row c rys t a l s  w i t h  o v e r - a l l  l eng ths  e x -  
ceed ing  25 zone lengths .  The re fo re ,  t h e  end  of one 
c r y s t a l  m a y  be  used  to dope  the  n e x t  c r y s t a l  for  
m a n y  success ive  runs  w i t h o u t  t he  r e s i s t i v i t y  no -  
t i c e a b l y  i n c r e a s i n g  and  w i t h o u t  a c c u m u l a t i n g  m u c h  
h e a v i l y  d o p e d  end  scrap.  
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Fig. 2, Resistivity plots along the length of actual horizon- 
tolly grown single crystals of Ge. The omount of Bi used to 
dope each of these crystals is noted just above its respective 
resistivity plot. 

Fig.  2 shows  a c t u a l  r e s i s t i v i t y  p lo t s  of h o r i z o n t a l l y  
g r o w n  s ingle  c rys t a l s  of Ge d o p e d  w i t h  Bi. The  
q u a n t i t y  of  b i s m u t h  used  p e r  100 g of l i qu id  zone 
is no t ed  on the  g r a p h  a b o v e  its r e s p e c t i v e  r e s i s t i v i t y  
plot .  The  l i qu id  zone, c r y s t a l  cross  sect ion,  a n d  
g r o w t h  r a t e  w e r e  k e p t  cons t an t  for  a l l  the  c r y s t a l s  
shown.  This  g r a p h  shows  t h a t  the  q u a n t i t i e s  of 
dop ing  i m p u r i t y  n e c e s s a r y  m a y  eas i ly  b e  h a n d l e d  
even  in c lose  to i n t r i n s i c  r e s i s t i v i t y  ranges .  

This  p r o c e d u r e  can  be  seen to a l l ow for  d i r ec t  
and  a c c u r a t e  w e i g h i n g  of the  Bi  on an a n a l y t i c a l  
b a l a n c e  for  a lmos t  a n y  l iqu id  v o l u m e  and  r e s i s t i v i t y  
des i red .  Most  o t h e r  G r o u p  I I I  and  V impur i t i e s ,  due  
to l a r g e r  s e g r e g a t i o n  coefficients and  also in some 
cases  to h igh  v a p o r  p re s su res ,  r e q u i r e  the  p r e p a r a -  
t ion  a n d  use  of " m a s t e r  dop ing  a l loys .  TM The  incon -  
v e n i e n c e  of p r e p a r i n g  these  " m a s t e r  m e l t s "  a n d  the  
diff icul t ies  i n v o l v e d  in  m a k i n g  t h e m  h o m o g e n e o u s  
w i t h o u t  c o n t a m i n a t i o n  a r e  o f t en  cons ide rab le .  

M a x i m u m  C o n c e n r r a t i o n  

The  m a x i m u m  a m o u n t  of  Bi t h a t  i t  is f ea s ib l e  to 
i n t r o d u c e  into  Ge d u r i n g  g r o w t h  f rom t h e  m e l t  was  
i nves t i ga t ed .  A n u m b e r  of  v e r t i c a l l y  p u l l e d  c r y s -  
ta l s  w e r e  p r e p a r e d  w h i c h  w e r e  h e a v i l y  d o p e d  w i t h  
up  to 2 g of Bi  p e r  250 g of Ge in t he  i n i t i a l  mel t .  
These  c rys t a l s  w e r e  g r o w n  at  r e l a t i v e l y  s low g r o w t h  
r a t e s  a n d  w i t h  ~e la t ive ly  u n i f o r m  cross  sec t ions  
in o r d e r  t ha t  e q u i l i b r i u m  cond i t ions  m i g h t  be  
a p p r o a c h e d .  

T h e  m a x i m u m  q u a n t i t y  of Bi  t h a t  could  be  i n t r o -  
d u c e d  in to  these  c rys t a l s  d u r i n g  g r o w t h  w i t h o u t  
a d v e r s e l y  af fec t ing  t h e i r  s t r u c t u r a l  p e r f e c t i o n  was  
f o u n d  to be  of the  o r d e r  of 0.00005 at.  % (0.1-0.2 
o h m - c m ) .  F i g u r e  3 shows  a cross  sec t ion  a long  t h e  
axis  of a h e a v i l y  d o p e d  c r y s t a l  (0.8% Bi in the  
in i t i a l  m e l t ) .  The  c r y s t a l  was  g r o w n  b y  the  Czo-  
c h r a l s k i  t e c h n i q u e  at  a r a t e  of ~ i n . / h r .  The  change  
f r o m  s ingle  to p o l y c r y s t a l l i n e  s t r u c t u r e  m a y  be  ob -  
se rved .  No t i ceab l e  f laws s t a r t  to a p p e a r  in the  
c r y s t a l  a t  a pos i t i on  a b o u t  40% d o w n  f rom the  top  
(--~ 1.3% Bi in t he  m e l t ) ,  a n d  the  ingo t  b e c a m e  a 

i I n d i u m  a s  a p - t y p e  i m p u r i t y  m o s t  n e a r l y  h a s  t h e  a d v a n t a g e s  d i s -  
c u s s e d  f o r  B i .  H o w e v e r ,  e v e n  I n ,  w h e n  u s e d  d i r e c t l y ,  m u s t  b e  
a d d e d  i n  q u a n t i t i e s  w h i c h  a r e  l e s s  t h a n  1 / 1 0  o f  t h e  B i  u s e d  u n d e r  
c o m p a r a b l e  c o n d i t i o n s .  

Fig. 3. Cross section from top to bottom of a vertically 
pulled ingot of Ge. The quantity of doping impurity added 
to the init ial melt was so chosen that it would increase 
sufficiently in concentration to affect noticeably the perfec- 
tion when approximately half the crystal was pulled. The 
gross imperfections in the center region and the polycrystal 
bottom were brought out by etching in silver etch. 

r a n d o m l y  o r i e n t e d  p o l y c r y s t a l  a t  a p p r o x i m a t e l y  t he  
75% po in t  (--~ 3.2% Bi in the  m e l t ) .  The  r e s i s t i v i t y  
was  found  to be  0.23 o h m - c m  a t  t he  40% p o i n t  and  
0.11 o h m - c m  a t  t he  75% poin t .  Da t a  on o t h e r  c r y s -  
ta l s  s t u d i e d  gave  r e su l t s  v e r y  s im i l a r  to those  d e -  
s c r ibed  above  w i t h  p o l y c r y s t a l  d e v e l o p m e n t  a g a i n  
o c c u r r i n g  w h e n  the  r e s i s t i v i t y  had  d e c r e a s e d  to the  
0.2 to 0.1 o h m - c m  range .  

F i g u r e  4 shows  a cross  sec t ion  of a h e a v i l y  d o p e d  
Bi  c rys ta l .  This  su r face  is cu t  p e r p e n d i c u l a r  to t he  
g r o w t h  axis  in a r eg ion  b e t w e e n  the  40 and  75% 
po in t s  of Fig .  3. This  is the  r eg ion  w h e r e  n o t i c e a b l e  
f laws s t a r t  to a p p e a r  b u t  is p r i o r  to  t h e  r a n d o m l y  
o r i e n t e d  p o l y c r y s t a l  b o t t o m  sect ion.  The  su r face  of 

Fig. 4. Surface cut perpendicular to the growth axis from 
a heavily doped vertical crystal similar to that shown in 
Fig. 3. The surface was cut just above the region where 
randomly oriented polycrystal development starts. Note how 
the excess Bi was deposited along (1,1,1) planes in this 
region during growth and has been removed in the subsequent 
etching of this surface. 
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the crys ta l  shown in Fig. 4 has been etched in s i lver  
n i t r a te  etch. ~ It  shows an anisotropic segregat ion of 
the Bi. The deep grooves indicate  regions where  
excess Bi was deposi ted along (1,1,1) planes  and 
la te r  dissolved out dur ing  the etching process. 

Bismuth was found to be most  useful  for control l -  
ing the res is t iv i ty  of Ge crys ta ls  in the range  above 
1.0 ohm-cm but  can be used successfully f rom 0.4 
ohm-cm to intrinsic.  

Crystal Quality 
The qual i ty  of crysta ls  produced using Bi as a 

doping impur i ty  appeared  comparable  to tha t  ob- 
ta ined using other  Group III  and Group V impuri t ies .  

A sample  of 50 crysta ls  produced d u r i n g  one 
period was checked for perfection.  These crysta ls  
were  all  in a res is t iv i ty  range be tween  1 and 10 
ohm-cm. The highest  dislocation densi ty  observed 
on any of these crystals  was 6.4 • 103/cm ~ wi th  the 
except ion of three  tha t  had  a sl ight  amount  of 
l ineage present .  F o r t y - f o u r  of the crystals  had  no 
readings  above 3.0X 103/cm ~, and many  ind iv idua l  
readings  below 1.0 • 103/cm" were  observed. 

Bulk measurements  of minor i ty  car r ie r  l i fe t ime 
on 13 samples in the 6-10 ohm-cm res is t iv i ty  range 
produced an average value of 145 #sec. Only one 
reading  was below 100 usec, and the highest  reading  
was 308 #sec. 

F igure  5 shows the res is t iv i ty  var ia t ion  along the 
length of five hor izonta l ly  grown single crystals  
produced consecutively.  The same amount  of Bi was 
used for each run. The high degree of reproduc ib i l i ty  
is indica t ive  of the type  of res is t iv i ty  control  that  
can be obta ined using this doping pzocedure if 
p roper  care is t aken  of the other  var iables  involved 
such as charge cross section, growth  rate,  and t em-  
pe ra tu re  control.  

I t  is not  impl ied  tha t  the qual i ty  of all  crystals  
produced under  all  condit ions was as good as these 
descr ibed in the preceding paragraphs .  Degradat ion  
in quali ty,  when it occurred, could be t raced to other  
problems,  however.  The resul ts  definitely indicated 

Composition of etch:  2 par t s  5% AgNO3, 1 pa r t  HNO3, 2 par t s  HF. 
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Fig. 5. Resistivity plots along the length of five consecu- 
tively grown horizontal single crystals of Ge. The same 
quant i ty of Bi was used to dope each crystal. 

tha t  there  a=e no major  difficulties inheren t  in the 
use of Bi as a sa t is factory  doping impur i ty  for Ge. 

Acknowledgment 
The au thor  wishes pa r t i cu l a r ly  to thank  Mr. C. C. 

Silva, Mr. A. A. Dulac, Mr. C. C. Wang, and Dr. J. F. 
Bat tey  for thei r  encouragement  and helpful  com- 
ments  on this wo-k.  

Manuscript received May 29, 1958. This paper was 
prepared for delivery before the Ottawa Meeting, Sep- 
tember 28-October 2, I958. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1959 JOURNAL. 

REFERENCES 
1. R. N. Hall, J. Phys. Chem., 57,836 (1953). 
2. W. G. Pfann, Trans. A.LM.E., 194, 747 (1952). 

Properties of Some Germanium Single Crystals Grown 
from Solutions of Molten Metals 

H. F. John 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Dist r ibut ion  coefficients and solid solubil i t ies  have 
been repor ted  for a number  of solutes at  t empera -  
tures  ranging  f rom the mel t ing  point  of ge rman ium 
down to 400~ (1 ,2) .  The da ta  avai lab le  in the 
lower  t empera tu re  ranges for  some of the more f re-  
quent ly  used doping impur i t ies  have  not a lways  
been consistent,  however.  The work  repor ted  here 
was unde r t aken  in an a t t empt  to obtain s ing le -c rys -  
tal  mater ia l ,  grown under  equ i l ib r ium conditions at 

a known, constant  t empera ture ,  which would  be 
s imi lar  to tha t  found in the h ighly  doped side of a 
p - n  junct ion produced by  an al loy fusion technique.  

Under  cer ta in  condit ions a modified Czochralski  
technique can be used to grow single crysta ls  of Ge 
f rom solutions of mol ten  meta ls  sa tu ra ted  wi th  
germanium.  German ium grown f rom melts  con- 
ta in ing  as high as 5 at. % Sn has been descr ibed 
(3).  The essential  condit ion for growing crystals  
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f rom such me ta l  so lut ions  is the  use of ve ry  slow 
pul l  rates.  Slow pu l l  ra tes  are r equ i r ed  because  
the  crys taI  canno t  be w i t h d r a w n  at a r a t e  fas ter  
t h a n  Ge can  be t r a n s p o r t e d  by  diffusion across the  
i m m o b i l e  l ayer  which  separa tes  the g rowing  c rys ta l  
f ron t  f rom the m a i n  body of t u r b u l e n t  solut ion.  The 
diffusion of m a t e r i a l  across this immob i l e  l ayer  can 
be increased  if the th ickness  of the  l ayer  is kep t  to 
a m i n i m u m  by  rap id ly  ro t a t ing  the  seed crystal ,  a nd  
if the  t h e r m a l  g rad ien t  across the  immob i l e  l ayer  is 
made  large.  

Crystal Growing 
Highly  doped s ing le  crysta ls  of Ge 6 m m  in d i a m -  

eter  and  a few m m  thick  have  been  g rown  f rom In, 
Ga, A1, and  S n - S b  solut ions  I us ing  pu l l  ra tes  of 0.7- 
2.0 m m / h r ,  ro ta t ion  ra tes  of 75 rpm,  and  a c o n v e n -  
t iona l  seed c lamp which  a l lowed r ea sonab ly  good 
t h e r m a l  conduc t ion  th rough  the pu l l  rod. Melts  of 
k n o w n  composi t ion,  whose l iqu idus  t e m p e r a t u r e s  
were  d e t e r m i n e d  f rom phase d iagrams,  were  held  a 
few degrees  above the l iqu idus  t empe ra tu r e .  The 
t e m p e r a t u r e  at which  c rys ta l l i za t ion  takes  place is 
t hen  this  l iqu idus  t empe ra tu r e ,  p rov ided  c rys t a l -  
l iza t ion  takes  place s lowly  and  p rov ided  the  a m o u n t  
of Ge r emoved  is kep t  smal l  compared  to the tota l  
a m o u n t  dissolved.  Crys ta ls  can  be g rown  f rom mel t s  
of cons t an t  composi t ion  if a rese rvo i r  of Ge is p res -  
en t  which  can go into so lu t ion  as c rys ta l l i za t ion  
takes  place onto the  seed. Us ing  the l a t t e r  t ech-  
n ique ,  however ,  it  is more  difficult to in i t i a te  p roper  
c rys ta l  growth.  W h e n  the  seed is lowered  in to  the  
melt ,  cooling takes  place in  the  v ic in i ty  of the seed 
to a degree  which  can be sufficient to cause in i t i a l ly  
fast  and  n o n u n i f o r m  growth.  Also the  t e m p e r a t u r e  
at the  g rowth  in te r face  m a y  differ s l ight ly  f rom the  
m e a s u r e d  pot  t e m p e r a t u r e .  A l l  m a t e r i a l  discussed 
below was g rown  wi thou t  us ing  a reservoi r  of Ge. 

Characteristics of Material 
Some proper t ies  of the  crys ta ls  g rown  in  the  

m a n n e r  descr ibed above are g iven  in  Tab le  I. The 
composi t ion  of the me l t  is g iven  in  the  first co lumn.  
The  c rys ta l l i za t ion  t e m p e r a t u r e  (second co lumn)  is 
the  l iqu idus  t e m p e r a t u r e  for this  composi t ion  as de-  
t e r m i n e d  f rom ava i l ab le  phase  d iagrams  [ In  (4) ,  
Ga (4) ,  A1 (5) ,  Sn  (5 ) ] .  Resis t ivi t ies  ( co lumn  3) 
were  d e t e r m i n e d  by  a t w o - p r o b e  technique .  I m p u -  
r i t y  concen t ra t ions  ( co lumn  4) were  d e t e r m i n e d  by  
c o n v e n t i o n a l  Hal l  m e a s u r e m e n t s .  The  mobi l i t ies  
( c o l u m n  5) were  ca lcula ted  f rom the  res i s t iv i ty  and  

1 T h e  I n  u s e d  w a s  t h e  I n d i u m  C o r p o r a t i o n ' s  99.97 g r a d e .  T h e  G a  
w a s  E a g l e - P i c h e r  " e l e c t r o n i c  g r a d e . "  T h e  A1 w a s  a s p e c i a l l y  p u r i -  
f ied A l c o a  p r o d u c t  b e l i e v e d  to be  b e t t e r  t h a n  99 .999%.  T h e  Sn  w a s  a 
B a k e r  D r o d u c t  c o n t a i n i n g  0 .00005% As. T h e  Sb  w a s  a F i s h e r  C.P.  
p r o d u c t .  

concen t r a t i on  of carr iers .  The d i s t r i bu t i on  coeffi- 
c ient  of the dop ing  i m p u r i t y  b e t w e e n  the  solid and  
l iquid  phase is g iven  in  the  s ix th  column.  Hal l  vo l t -  
ages ob ta ined  on the G a - d o p e d  sample  were  so 
smal l  as to be n e a r  the  de tec t ion  l i m i t  of the  ap -  
pa ra tus  used;  consequen t ly ,  the  concen t r a t i on  of 
car r ie rs  could be d e t e r m i n e d  on ly  as be ing  grea te r  
t h a n  5 x 101~ cm -3 by  these m e a s u r e m e n t s .  No Hal l  
m e a s u r e m e n t s  were  made  on  the A l -doped  crystal .  
If a m o b i l i t y  of 100 cm~/v-sec is assumed,  the  con-  
cen t r a t i on  of car r ie rs  in  the  G a - d o p e d  sample  
wou ld  be abou t  2 x 10 ~ cm -3 and  in  the  Al -doped  
sample  abou t  7 x  10 TM cm -~. The respect ive  d i s t r i -  
b u t i o n  coefficients at the  l iqu idus  t e m p e r a t u r e  
wou ld  t hen  be  abou t  7 x 10 -3 and  3 x 10 -3. A n  etch pi t  
count  on the I n - d o p e d  crys ta ls  showed the concen-  
t r a t i on  of dis locat ions to be about  5 x 10' cm% The 
m i n o r i t y  car r ie r  l i fe t ime of the I n - d o p e d  crysta ls  
was  found  to be be low the de tec t ion  l imi t  of the  
a ppa r a t u s  used, which  was  abou t  2 ~sec. Micro-  
scopic e x a m i n a t i o n  of e tched crys ta ls  showed no 
me ta l  inc lus ions  in  the m a i n  body  of a n y  of the  
crys ta ls ;  however ,  in  the  G a - d o p e d  and  S n - S b -  
doped crysta ls  a few ve ry  smal l  inc lus ions  were  
no ted  at  the ex t r eme  edge of the  crystal .  

The  d i s t r i b u t i o n  coefficients g iven in  Table  I for 
In  are lower  by  abou t  a factor  of 3 t h a n  those g iven  

by  T h u r m o n d ,  T r umbor e ,  and  K ow a l c h i k  (1) .  A l -  
t hough  there  is cons iderab le  u n c e r t a i n t y  abou t  the 
d i s t r i bu t ion  coefficients for A1 and  Ga as ca lcula ted  
f rom the  da ta  in  Tab le  I, these are also lower  t h a n  
those repor ted  in  the above re fe rence  and  in  the  
case of A1 v e r y  m u c h  lower.  The va lues  for In  
appear  to be more  in  l ine  w i th  those r ecen t ly  re -  
por ted  by  Ha l l  (2) ,  who has suggested t ha t  me t a l  
inc lus ions  con ta ined  in  crys ta ls  g r ow n  at low t e m -  
pe ra tu re s  m a y  be respons ib le  for some of the  high 
d i s t r i bu t ion  coefficients r epor ted  by  T h u r m o n d ,  
T r u m b o r e ,  and  K o w a l c h i k  (1) .  The  va lue  ob ta ined  
for the  d i s t r i bu t i on  coefficient of Sb is less t h a n  a 
factor  of two h ighe r  t h a n  tha t  r epor ted  by  T h u r -  
mond,  T rumbore ,  a nd  K o w a l c h i k  (1) a nd  is, t he re -  
fore, w i t h i n  e x p e r i m e n t a l  error .  If the i r  va lue  is 
too high,  as has been  suggested by  Ha l l  (2),  t hen  
our  h igh va l ue  of d i s t r i bu t i on  coefficient w ou ld  l end  
suppor t  to the idea tha t  the expans ion  of the Ge 
la t t ice  caused by  the Sn (3) can enhance  the solu-  
b i l i ty  of the Sb. I t  should be no ted  tha t  d e t e r m i n a -  
t ion  of i m p u r i t y  concen t ra t ions  f rom Hal l  effect 
m e a s u r e m e n t s  is sub jec t  to some u n c e r t a i n t y ,  pa r -  
t i cu l a r ly  w h e n  used on the above  ma te r i a l s  which  
are  ne i t he r  s t r ic t ly  semiconduc tors  nor  meta ls .  Hal l  
effect m e a s u r e m e n t s ,  wh i l e  indirect ,  are  not, h o w -  

Table I. Properties of highly doped Ge crystals 

C o m p o s i t i o n  C r y s t a l -  
of  m e l t ,  l i z a t i o n  

m o l a r  u n i t s  t e m p ,  ~ 

p N ( H a l l )  ~ . N s o  I i d 

o h m - c m  e m  -~ e m 2 / v - s e c  N I ~ . u  i d 

In.~Ge.21 600 
In.~Ge.~ 685 
Ga.~Ge.37 630 
A1.5~Ge. 4~ 615 
Sn.~oSb.oTGe.~_~ ~610 

5.7 X 10 -8 5.4 X 1013 
7.0 X 10 -3 3.8 X 10 ~ 
3.3 X 10 -' (2 X 10 ~~ 
8.2 X 10 -4 (7 X 10 T M ) *  

2.0 X 10 -3 6.9 X 10 TM 

200 
230 

(100) 
(IO0) 
450 

2.5 X 10 -~ 
2.1 X 10 -~ 
(7 X 10 -3)* 
(3 X 10 -3)* 
3.8 X 10 3 

* D e t e r m i n e d  u s i n g  t h e  r e s i s t i v i t y  a n d  a m o b i l i t y  of  100 cm-~ 
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ever ,  so s ens i t i ve  to m e t a l l i c  inc lus ions  as  d i r ec t  
c h e m i c a l  a n a l y s i s  a n d  are,  f u r t h e r m o r e ,  n o n d e s t r u c -  
t ive  and  a d a p t a b l e  to s m a l l  samples .  

Manuscr ip t  received June  2, 1958. The ma in  pa r t  of 
this paper  was p repa red  for  de l ive ry  before  the  Cleve-  
land  Meeting, Sept. 30-Oct. 4, 1956. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1959 JOURNAL. 
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ABSTRACT 

The use of a number  of semiconduct ing compounds in device appl icat ions  
is discussed for  categories defined by  the ex te rna l  field which  produces  a 
modula t ion  of the car r ie r  densi ty  or mobil i ty.  Inc luded are  appl icat ions  based 
on response to electr ic  fields, magnet ic  fields, t he rma l  fields, photon energy,  
and the rma l  energy.  The implicat ions  of recent  invest igat ions  as regards  band  
s t ructure ,  states densit ies,  charge ca r r i e r  mobil i t ies ,  c rys ta l  imperfect ions,  and 
other  basic character is t ics  are  presented.  

The  d o m a i n  of s e m i c o n d u c t i n g  c o m p o u n d s  en -  
compasses  so l a r g e  an  a r e a  tha t ,  in  o r d e r  to g ive  co-  
he r ence  to  a d i scuss ion  of these  ma te r i a l s ,  i t  is nec -  
e s s a r y  to  dev i s e  m e t h o d s  of c lass i f ica t ion.  The  
scheme  w h i c h  is a d o p t e d  h e r e  is to def ine  ca t egor i e s  
on t h e  bas i s  of  t he  e x t e r n a l  f ields w h i c h  p r o d u c e  a 
m o d u l a t i o n  of t he  c h a r g e - c a r r i e r  d e n s i t y  or  i t s  m o -  
b i l i ty .  A f t e r  all ,  t he  p r i n c i p a l  a p p l i c a t i o n s  of s e m i -  
conduc to r s  s t em f r o m  t h e  fac t  t h a t  the  e l e c t r i c a l  
p r o p e r t i e s  a r e  s t r o n g l y  in f luenced  b y  e n v i r o n m e n t a l  
f ac to rs  w h i c h  can  be  c o n t r o l l e d  in  a c e r t a i n  a r b i -  
t r a r y  m a n n e r  a n d  w h i c h  a r e  def ined  b y  the  p a r t i c -  
u l a r  app l i ca t ion .  

To be  m o r e  specific,  cons ide r  the  f ac to r s  c o n t r i b -  
u t i n g  to t he  e l e c t r i c a l  conduc t i v i t y ,  n a m e l y ,  t he  
c h a r g e L c a r r i e r  d e n s i t y  and  the  mob i l i t y .  M o d u l a t i o n  
of t he  e q u i l i b r i u m  c h a r g e - c a r r i e r  d e n s i t y  b y  an  
e lec t r i c  field, the  s o - c a l l e d  c a r r i e r  in jec t ion ,  is t he  
bas i s  of s e m i c o n d u c t o r  rec t i f ie rs  a n d  t r ans i s to r s .  On 
t h e  o t h e r  hand ,  a m o d u l a t i o n  o c c u r r i n g  b y  m e a n s  of 
op t i ca l  a b s o r p t i o n  l eads  to dev ices  such as i n f r a r e d  
de tec to r s ,  pho to t r ans i s t o r s ,  or  so l a r  ba t t e r i e s .  

I t  is poss ib le ,  also,  to m o d u l a t e  t he  m o b i l i t y  b y  
m e a n s  of e x t e r n a l  f ields.  S ince  m o b i l i t y  is t he  t e n -  
sor  c o m p o n e n t  of  t h e  conduc t i v i t y ,  a v e r y  ef fec t ive  
w a y  of  a c c o m p l i s h i n g  such a m o d u l a t i o n  is b y  a 
m a g n e t i c  field. E x a m p l e s  of p r a c t i c a l  a p p l i c a t i o n s  
i n v o l v e  H a l l - e f f e c t  devices ,  m a g n e t o r e s i s t a n c e  d e -  
vices,  m a g n e t i c  rect i f iers ,  and  P E M  i n f r a r e d  d e t e c -  
tors .  The  l a s t  dev ice  a c t u a l l y  encompasse s  two  of 

t he  ca t egor i e s  ju s t  d iscussed,  s ince  e l e c t r o n - h o l e  
s e p a r a t i o n  is ef fec ted  b y  m e a n s  of t he  p h o t o n  
ene rgy .  

A l is t  of some  of the  ca t ego r i e s  r e s u l t i n g  f r o m  th is  
c lass i f ica t ion  s y s t e m  is p r e s e n t e d  in  T a b l e  I. E x -  
a m p l e s  of  specific dev ices  a r e  g iven  for  each  c lass i -  
f icat ion.  

The  m a j o r  p a r t  of th is  p a p e r  is c o n c e r n e d  w i t h  a 
n u m b e r  of t he  c o m p o u n d  s e m i c o n d u c t o r s  h a v i n g  
u n i q u e  p r o p e r t i e s  w h i c h  p e r m i t  a p p l i c a t i o n s  in some  
of  t h e  ca t ego r i e s  shown.  In  add i t ion ,  some of t he  i n -  
roads  to our  f u n d a m e n t a l  u n d e r s t a n d i n g  of t r a n s -  
p o r t  p rocesses  in  s emiconduc to r s ,  w h i c h  a r e  coming  
a b o u t  t h r o u g h  s tud ies  on some  of  t he se  c o m p o u n d s  
h a v i n g  u n u s u a l  cha rac t e r i s t i c s ,  a r e  d iscussed .  

Carrier-Density Modulations 
Application of Electric Fields 

E v i d e n c e  ind ica t e s  t h a t  t h e  m a t e r i a l s  w h i c h  a r e  
b e i n g  s t u d i e d  mos t  a c t i v e l y  w i t h  r e g a r d  to t r a n s i s -  
to r  a p p l i c a t i o n s  a r e  some of the  h i g h e r  b a n d  s e p a -  
r a t i o n  I I I - V  c o m p o u n d s  such as  InP,  GaAs ,  A1Sb, 
and  GaP .  R e c e n t l y  t he  c o m p o u n d  SiC also has  r e -  
ce ived  c o n s i d e r a b l e  a t t en t i on .  In  add i t ion ,  some 
w o r k  is be ing  done  on the  l o w - g a p  m a t e r i a l  i n d i u m  
a n t i m o n i d e  for  use  in t r a n s i s t o r  a p p l i c a t i o n s  b e l o w  
- -50~ and  fo r  use  in m i c r o w a v e  c i r c u i t r y  (1) .  

Some  of t he  a d v a n t a g e s  of the  I I I - V  c o m p o u n d s  
a r e  t he  d i a m o n d - t y p e  la t t i ce ,  w h i c h  in su re s  a r e a -  
s o n a b l y  good t h e r m a l  c o n d u c t i v i t y  and  a h igh  e l ec -  
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Table I. Operational classification of semiconductors 

C a r r i e r - d e n s i t y  m o d u l a t i o n s  M o b i l i t y  m o d u l a t i o n s  

Electr ic  field 
(a) Modera te  

Transistors ,  rectif iers 
(b) S t rong 

Avalanche  phenom-  
ena, Zener  currents ,  
varis tors ,  surge 
ar res tors  

Photon  energy  
Photoconductors ,  in f ra red  

detectors,  in f ra red  
filters and windows 

Solar  ba t te r ies  

The rma l  energy  
( t empera tu re )  

Thermis tors  

Thermal  field 
Thermoelec t r ic  power  

genera t ion  
Pe l t i e r  cooling 

Force  field 
Piezoelectr ic  effects 

Thermal  energy 
( t empera tu re )  _~ ,o~ 

Nonl inear  e lements  -~ 
Electr ic  field - ~ ,ooo 

Hot -e lec t ron  phenomena  ~o 

Force  field 
Elastoresis tance 

Magnet ic  field 
Hall  effect, 

magnetores is tance  
(many  appl icat ions)  

Crys ta l lographic  modifications 
(a)  Phase -change  phenomena  

Control  circuits  
(b) I m p u r i t y  effects 

Chemical  analysis  
(c) Dislocations or o ther  phys ica l  imperfect ions  

S t ra in  gauges, nuclear  par t ic le  flux 
indicators  

Crys ta l lographic  modi f ica t ions- -magnet ic  field 
Magnet ic  rectif ier  based on asymmet r i ca l  

surface recombinat ions  

Photon  e n e r g y - - m a g n e t i c  field 
Photoe lec t romagnet ic  detectors  

t r o n  mob i l i t y .  A mos t  i m p o r t a n t  cons ide r a t i on  is 
t h e  fac t  t ha t  d e v i a t i o n s  f r o m  s t o i c h i o m e t r y  a p p a r -  
e n t l y  a r e  c o n t r o l l e d  r e a d i l y  b y  c r y s t a l - p u l l i n g  and  
z o n e - m e l t i n g  t echn iques .  

Much  i n f o r m a t i o n  can  be  f o u n d  on t h e  I I I - V  c o m -  
p o u n d s  in t h e  l i t e r a t u r e  (2, 3) a n d  w i l l  no t  be  r e -  
p e a t e d  here .  H o w e v e r ,  some r a t h e r  r e c e n t  d a t a  a r e  
p r e s e n t e d  to show t h a t  s t e a d y  i m p r o v e m e n t s  a r e  

~ 36c 

io ~ io m io ~ 

n~,  cm - s  

Fig. 1. Hole mobil i ty as a function of carrier concentration 
for aluminum antimonide. 

o 

II J '0"LP ~ o  _ / "  
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Lotfice mobility 8000 5500 
-Experimental ~ints 0 {3 / PO' ~ ~ ~ ~ 

P ! r / "  
/ ~  ./'? 

/'/" / 

~o ~ id 7 id 6 io 15 

%,cm ~5 

Fig. 2. Earlier data on electron mobil i ty in GaAs and InP 

be ing  m a d e  in these  m a t e r i a l s  a n d  to sugges t  t h a t  
p e r h a p s  one is not  be ing  u n d u l y  r a s h  in t h i n k i n g  
t h a t  in  s e v e r a l  y e a r s  some of these  c o m p o u n d s  m a y  
p r e - e m p t  the  pos i t i on  of g e r m a n i u m  and  s i l icon in 
c e r t a i n  app l i ca t ions .  

I n  e v a l u a t i n g  a g iven  s p e c i m e n  of m a t e r i a l  for  
dev ice  app l i ca t ion ,  I a m  going  to c o m p a r e  i ts  c h a r a c -  
t e r i s t i c  on a c u r v e  of t he  H a l l  m o b i l i t y  as a func t ion  
of t h e  ex t r i n s i c  c a r r i e r  c o n c e n t r a t i o n  for  t h e  m a t e -  
r i a l  in ques t ion .  This  p r o c e d u r e  is m o r e  t r u s t w o r t h y  
t h a n  the  c o n s i d e r a t i o n  of  e i t h e r  r e s i s t i v i t y  or  H a l l  
coefficient  w h e n  the  d e g r e e  of c o m p e n s a t i o n  of do -  
nors  a n d  accep to r s  is not  d i r e c t l y  known .  F i g u r e  1 
shows  such d a t a  for  a l u m i n u m  a n t i m o n i d e .  The  c i r -  
cles r e p r e s e n t  d a t a  p r i o r  to 1958. The  t r i a n g l e s  show 
t h e  r e su l t s  of i m p r o v e m e n t s  w h i c h  w e r e  a c h i e v e d  
less t h a n  six m o n t h s  ago (4 ) .  

The  d a t a  in  Fig .  2 ind ica te  t he  e a r l i e r  s t a t e  of a f -  
f a i r s  for  g a l l i u m  a r s e n i d e  and  i n d i u m  phosph ide .  
The  t h e o r e t i c a l  cu rves  w e r e  d r a w n  us ing  s imp le  
t h e o r y  to accoun t  for  s c a t t e r i n g  b y  l a t t i ce  v i b r a t i o n s  
a n d  ion ized  impur i t i e s .  A t  the  t ime,  it  a p p e a r e d  t h a t  
w e  m a y  have  been  o v e r l y  op t imi s t i c  in ou r  choice of 
l a t t i c e  mobi l i t i e s .  H o w e v e r ,  le t  us r ep lo t  the  t h e o -  
r e t i c a l  cu rves  and  i n c l u d e  some  l a t e r  da ta ,  as is 
shown  in Fig .  3. 

I t  now be c ome s  a p p a r e n t  t h a t  t h e  e a r l i e r  m a t e r i a l  
was  s ign i f i can t ly  c o m p e n s a t e d ,  even  t h o u g h  the  n e t  
excess  of donors  ove r  accep to r s  was  qu i t e  h igh.  The  
c h a r a c t e r i s t i c s  of t he  b e t t e r  m a t e r i a l  a r e  qu i t e  s t r i k -  
ing. T h e o r e t i c a l  cu rves  t h r o u g h  these  po in t s  sugges t  
t h a t  the  l a t t i ce  m o b i l i t y  in i n d i u m  p h o s p h i d e  m a y  

ecoo 

400o 

GoA 

InF 

~ I ~ [ 
(Re~ed parameters 
~sed on recent da~) 

01r162 tric ~stoNt IIJ 10,8 
Elfect~ moss O, c6m o O.06m o 

T= 30C~K 

id ~ to ~ ,dB ,d" 

~ n  eodJer data for InP 

t 
nel Cm -3 

Fig. 3. More recent data on mobil i ty in GoAs and InP 
GaAs point is from Whelan and Wheatley (5); data for InP 
were taken at Battelle (4). 
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Table II. Mobilities at 300~ and ionized impurity contents for the best hlSb, InP, and GaAs prior to February 1958 

A I S b  I n P  G a A s  G a S b  I n A s  I n S b *  

Approximate  L~ (cm'-'/v-sec) - -  6600 
Highest measured ~, (R a) - -  4600 
Approximate N~ ( impur i t ies /cm ~) - -  5 • 10 ~ 
Approximate ~Lh 450 150 
Highest measured ~h (R ~) 400 100 
Approximate  N~ ( impur i t ies /cm ~) 3 • 10 ~6 3 • 10 '~ 

11,500 - -  40,000 1,200,000 
6000 4000 30,000 620,000 

1 • 1017 7 • 10 ~ 1.7 • 1016 1.7 • 10 ~' 
650 - -  - -  - -  
4 0 0  785 - -  10,000 

3 • 10 ~ 2 • 1017 - -  1 X 1015 

* V a l u e s  g i v e n  a t  77~ 

be as h igh as 6500 cm2/v-sec,  and  in  ga l l ium arse-  
n ide  11,500. To those who recal l  in  Shockley ' s  book 
the famous  p r e s e n t a t i o n  of the h is tor ica l  da t a  on 
mob i l i t y  in  g e r m a n i u m  (6),  the progress ion  of 
measu red  mob i l i t y  va lues  in  the I I I -V  compounds  
has a f ami l i a r  appearance .  We  are  s t i l l  in  the  region  
where  s ignif icant  i m p r o v e m e n t s  in  ma te r i a l s  deve l -  
opment s  are possible.  Never theless ,  in  the  com-  
pounds  jus t  discussed, it  does appea r  tha t  we are 
now ge t t ing  sufficiently good i n fo rma t ion  to p e r m i t  
us to m a k e  re l iab le  predic t ions  abou t  the la t t ice  
mobi l i ty .  A br ie f  r~sum6 of the p re sen t  s tate  of 
affairs on the  m a j o r  I I I -V  compounds  is g iven  in 
Table  II. 

Photon Energy 
A n  i m p o r t a n t  app l ica t ion  for compound  semicon-  

ductors  is i n f r a r ed  detect ion.  P r o b a b l y  the  most  
wide ly  used ma te r i a l s  are lead sulfide, selenide,  and  
te l lur ide .  These compounds  cover  a r ange  f rom 1 to 
7 tz (7) .  They  are p r epa red  in  the form of deposi ted 
films on  su i t ab le  subs t ra tes  and  m u s t  be cooled. 

M a g n e s i u m  s t ann ide  (8) (Mg~Sn) and  two of the  
I I I - V  compounds  also have  i n t e r e s t i ng  pho toprop-  
ert ies  in  the  3 to 71/2-t~ range.  The la t te r  compounds  
are  i n d i u m  arsen ide  (9) and  i n d i u m  a n t i m o n i d e  
(10) .  These  ma te r i a l s  show cons ide rab le  sens i t iv i ty  
in  devices u t i l i z ing  the pho toe lec t romagne t i c  effect. 1 
Such  opera t ion  pe rmi t s  be t t e r  sens i t iv i ty  at h ighe r  
t e m p e r a t u r e s  t h a n  does the  u sua l  type  of detector.  
It  has been  po in ted  out  tha t  I nSb  detectors  now  
can be m a d e  which  are  more  sens i t ive  t h a n  a ny  
o ther  uncooled  de tec tor  t h r o u g h o u t  the  r ange  f rom 
3 to 71/2 tL (11).  A n o t h e r  special  p rope r ty  of InSb  
and  InAs  is the  smal l  effective e lec t ron  mass. Thus,  
the  dens i ty  of states at  the  bo t tom of the  conduc t ion  
band  is low, and  the t r ansmis s ion  edge can be 
shi f ted  to h ighe r  energies ,  i.e., shor ter  wave  lengths ,  
by  inc reas ing  the  concen t r a t i on  of ionized car r ie rs  
in  the conduc t ion  b a n d  (9, 12-14).  This  behav io r  is 
of in te res t  in  connec t ion  w i th  i n f r a r ed  filters and  
windows.  

Because of t r a n s p a r e n c y  into the r e l a t ive ly  far  
in f ra red ,  ce r t a in  c o m p o u n d  semiconduc tors  m a y  
find n u m e r o u s  appl ica t ions  as w i n d o w  mater ia l s .  A n  
example  of this  is g iven  by  the t r ansmis s ion  cha r -  
acter is t ics  of c a d m i u m  te l lu r ide  as shown in  Fig. 4. 

Pho toconduc t ive  response  in  s emiconduc t ing  com-  
pounds  is, of course, not  l imi t ed  to the  i n f r a r ed  re -  
gion. M a n y  appl ica t ions  r ange  th rough  the vis ib le  
spec t rum to tha t  of x - r a y s  and  3,-rays. The re  are 
also a-  and  B-par t ic le  counters .  Examples  of com- 

1 A d i s c u s s i o n  of  P E M  p h e n o m e n a  w i l l  b e  g i v e n  in  a s u b s e q u e n t  
sec t ion .  

pounds  wh ich  find uses in  these areas are sulfides, 
selenides,  and  te l lu r ides  of c a d m i u m  or zinc (15) .  

Thermal Energy (Temperature) 
The most  c o m m o n  device for which  the e lect r ical  

charac ter is t ics  a re  s t rong ly  t e m p e r a t u r e  d e p e n d e n t  
is the t h e r m a l l y  sens i t ive  res is tor  or the rmis to r .  
These are  u sua l ly  made  f rom m i x t u r e s  of me ta l  
oxides. However ,  a c rys ta l  semiconduc to r  in  the in -  
t r ins ic  region  wi l l  have  a res i s t iv i ty  v a r y i n g  as exp 
W/2kT, prov ided  tha t  the  mob i l i t y  is r e a s o n a b l y  
w e l l - b e h a v e d  and  does not  differ app rec i ab ly  f rom 
the classic T -3j'~ t e m p e r a t u r e  dependence .  Wi th  this 
e xpone n t i a l  behavior ,  the  t e m p e r a t u r e  coefficient 
of res i s tance  is p ropor t iona l  to the b a n d  separat ion,  
so tha t  l a r g e - b a n d - s e p a r a t i o n  in t r ins ic  ma te r i a l s  
are  h igh ly  t e m p e r a t u r e  sensi t ive.  The prac t ica l  diffi- 
cu l ty  in  most  cases is tha t  such in t r ins ic  semicon-  
ductors  are  a lmost  insula tors .  In  cer ta in  I I I - V  com- 
pounds,  however ,  the  in t r ins ic  res i s t iv i ty  is lowered  
as a resu l t  of u n u s u a l l y  large mobil i t ies ,  and  some 
of these mater ia l s ,  therefore ,  can  be used to a d v a n -  
tage  in  t he rmis to r  circuits.  In  Fig. 5 is shown the 
m e a s u r e d  res i s t iv i ty  as a func t ion  of t e m p e r a t u r e  
for a spec imen  of i n d i u m  phosphide.  I t  is ca lcu la ted  
tha t  at  350~ the t e m p e r a t u r e  coefficient is ap -  
p r o x i m a t e l y  6 . 3 % / ~  This is somewha t  l a rger  t h a n  
the  figure of 4% quoted  for the powder -p rocess  
the rmis to r s  (16).  

Thermal Fields 
P r o b a b l y  the  most  w ide ly  s tud ied  app l ica t ion  of 

the  i n t e r ac t i on  of e lec t rons  and  t h e r m a l  fields is 
the rmoelec t r i c  power  gene ra t i on  and  Pe l t i e r  cool- 
ing. Good efficiencies in  e i ther  of these  processes ob-  
v ious ly  r equ i r e  the  same k inds  of charac ter i s t ics  for 
the  mater ia l s .  To i l lus t ra te  the concepts  involved ,  
consider  the  Pe l t i e r  effect, as exempl i f ied  by  the  
heat  t r a n spo r t  b e t w e e n  two junc t ions .  
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Fig. 4. Transmission of CdTe and other window materials 
as function of wave length. Solid line is from Battelle data, 
dashed lines ore after Moss (7). 
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Fig. 5. Resistivity as function of temperature for intrinsic 
specimen of InP. 

In Fig. 6 is presented  the m a x i m u m  t empera tu r e  
different ial  as a function of a pa r ame te r  p ropor -  
t ional  to the cur ren t  in the circuit.  The Pe l t ie r  
t r anspor t  is d i rec t ly  p ropor t iona l  to the current ,  as 
can be seen at  low currents .  However ,  the  achieve-  
ment  of an a r b i t r a r y  AT is l imi ted  by opposing ef-  
fects due to the rmal  t ranspor t  and to Joule  heat ing.  
The first process is p ropor t iona l  to AT, and the sec- 
ond to I s. Hence, they  both become p redominan t  at  
h igher  currents ,  so tha t  AT reaches a maximum.  It  
turns  out tha t  the efficiency of thermoelec t r ic  proc-  
esses can be descr ibed by  a p a r a m e t e r  which cha r -  
acterizes the mater ia l .  The so-cal led "figure of 
mer i t "  is commonly wr i t t en  as a2/K#. ~ Knowing this 
ratio, one can calcula te  quite accura te ly  the t em-  
p e r a t u r e  difference resul t ing  in a Pe l t ie r  couple 
(17). The basic problem is, therefore,  to develop 
mater ia l s  wi th  highest  values of the  figure of meri t .  

The present  theory  of the rmal  t r anspor t  processes 
is not sufficiently developed to pe rmi t  one to make  

2 The thermoelectr ic  p o w e r  in  v / ~  is  designated by r t h e  t h e r -  
m a l  c o n d u c t i v i t y  i n  w / c r n  ~ b y  K ;  a n d  t h e  r e s i s t i v i t y  in  o h m - c m ,  
b y  p. 

Z~le') = ] 

Y Z-2,0 �9 IO -a ~C[ '~ 

=o 

~Tm �9 

~o .4o 

quant i t a t ive  predic t ions  regard ing  the figure of 
meri t .  The more  obvious difficulties are  associated 
wi th  the  t r ea tmen t  of the scat ter ing mechanism and 
wi th  the  contr ibut ion of the la t t ice  to the t he rma l  
conductivi ty.  However,  cer ta in  guideposts  are ava i l -  
able for selecting thermoelec t r ic  mater ia ls .  Some of 
these are:  

1. The ma te r i a l  must  not be in t r ins ic - - s ince  
holes and electrons produce opposi te  t he rma l  emfs. 

2. The car r ie r  concentra t ion should be high, but  
not at  the  expense of degeneracy.  Therefore,  a large 
effective mass is desirable,  but  not at the sacrifice 
of mobil i ty .  

3. The cha rge -ca r r i e r  scat ter ing mechanism is 
impor tan t ;  processes involving ionized impur i t ies  or 
opt ical  modes of the lat t ice are  p re fe r red  to some 
extent  over those by  acoustic phonons.  

4. The lat t ice t he rma l  conduct iv i ty  should be 
low so that  K does not devia te  too grea t ly  f rom the 
W i e d e m a n n - F r a n z  value.  This l a t te r  considerat ion 
is p robab ly  one of the reasons why  compounds with  
the zinc blende c rys ta l  s t ruc ture  have exhib i ted  too 
large  a the rmal  conduct iv i ty  to have  promis ing 
thermoelec t r ic  proper t ies .  

5. Another  des i rable  fea ture  is that  the com- 
pound have a la rge  la t t ice  constant  and a low dis-  
sociation energy, both of which tend to reduce the 
la t t ice  t he rma l  t ranspor t  (18). However ,  a low dis-  
sociation energy implies  a small  energy gap, and, 
as was indica ted  before, the gap must  not  be so 
small  tha t  intr insic  conduction predominates  at  the 
t empera tu re s  of operat ion.  

6. The mean  atomic weight  of the elements  of 
the compound should be high, since mobi l i ty  (in 
the  case of impur i ty  sca t ter ing)  or the  rat io of 
mobi l i ty  to t he rma l  conduct ivi ty  (in the case of l a t -  
t ice sca t te r ing)  increases wi th  mean atomic weight  
(19). 

The mate r ia l s  which are  the subject  of much cur-  
ren t  invest igat ion,  namely,  the  selenides and te l -  
lur ides  of lead and b ismuth  and der ived  compounds 
and alloys, sa t isfy  the cr i te r ia  which were  just  out-  
lined. Fu r t he r  insight  into some of the mate r ia l s  may  
be gained f rom Fig. 7, which shows the thermoelec-  
tr ic proper t ies  of p - t y p e  b i smuth  tel lur ide,  doped 
wi th  excess bismuth.  

A technique for reducing the la t t ice  the rmal  con- 
duc t iv i ty  wi thout  d i s turb ing  too seriously the elec- 

2.2 

x 
N 

\ 

Xa~ thermoelectric p o v ~  

K, thermal c o n d u c t i v i t y ~ t  -~ 

Z~ figure of  merit  ~ 
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Fig. 6. Maximum temperature differential in Peltier couple. 

Abscissae are proportional to current. Fig. 7. Thermoelectric data on p-type specimen of Bi,~Te3 
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Fig. 8. Thermol conductivit ies for Bi2Te3 ond on olloy 
t r ical  proper t ies  is the al loying of s imilar  com- 
pounds. It was pointed out by Joffe (20) tha t  the 
la t t ice  dis tor t ions produced in each case a re  r e l a -  
t ive ly  small  and, therefore,  affect p r inc ipa l ly  the 
lat t ice t ranspor t ,  since the wave  length of the the r -  
mal  oscil lations at o rd ina ry  t empera tu res  is the 
order  of a la t t ice  constant.  The wave length of the 
electrons of the Fe rmi  energy, on the other hand, is 
considerably  grea ter  than  the la t t ice  constant,  and, 
therefore,  the ca r r i e r  mobi l i ty  is reduced only a 
small  amount.  F igure  8 i l lus t ra tes  some resul ts  of 
a l loying bismuth te l lu r ide  wi th  b ismuth selenide. 
Here the measured  the rmal  conduct ivi ty  is p lo t ted  
as a function of the e lectr ical  conduct iv i ty  of the  
specimen. The lat t ice the rmal  conduct iv i ty  is given 
by ex t rapola t ion  of the da ta  to e = 0. Measurements  
on low-conduc t iv i ty  specimens cannot provide  this 
information,  since in nea r ly  intr insic  ma te r i a l  add i -  
t ional  t r anspor t  effects become important ,  such as 
ambipo la r  diffusion and ionization energy t ranspor t .  
This is evidenced by the point from Sa t t e r thwa i t e  
and Ure 's  (21) da ta  for ~ less than  250 (ohm-cm)  -~ 
These inves t igators  de te rmined  K~ from the t em-  
pe ra tu re  dependence  of the extr ins ic  data, and the 
resul t  is in good agreement  wi th  the ex t rapola t ion  
of the Bat te l le  data. 

An interes t ing check of the appl icab i l i ty  of p res -  
ent theory  can be made by de te rmining  K~- -K~,  
i.e., the difference between the total  conduct ivi ty  
and the la t t ice  contribution,  as a function of the 
e lectr ical  conductivi ty.  In the extr insic  region this 
difference is essent ia l ly  K~, .. . . . .  ,o The resul t  is 
p lo t ted  on the graph, f lanked by  severa l  theore t ica l  
l ines represen ta t ive  of different  scat ter ing mech-  
anisms. I t  is seen tha t  resul ts  are  consistent  wi th  
expectat ions.  

A s imi lar  lower ing of la t t ice  the rmal  conduct ivi ty  
wi th  a l loying has been shown by  Joffe and co -work -  
ers to occur wi th  lead tel lur ide.  The va lue  decreases 
by  a factor  of two as app rox ima te ly  20% lead 
selenide is added (22). 

Many more i l lus t ra t ions  could be given of the r -  
moelectr ic  mater ia ls ,  a l though the field is st i l l  only 
pa r t i a l ly  explored.  This is especial ly  t rue  when one 
considers mater ia l s  which might  be operable  at 
h igher  tempera tures ,  say, above 600~ It  is clear  
tha t  this area  of research is st i l l  in its infancy and 
that  much work  needs to be done, both in mater ia l s  
p repara t ion  and in basic theore t ica l  developments .  

Combination-Carrier Density and Mobility Modulations 
Crystallographic Modil~cations 

A number  of in teres t ing  proper t ies  are included 
in this category.  Take, for example,  the change in 
phase or c rys ta l lographic  s t ruc ture  which occurs in 
a number  of compounds. I l lus t ra t ions  are s i lver  sul-  
fide (23) and ba r ium t i t ana te  (24). At  approx i -  
ma te ly  175~ the res is t iv i ty  of s i lver  sulfide drops 
discont inuously by three  orders  of magni tude.  The 
use of such type of mate r ia l s  in a la rm systems is 
obvious. Also, it  is apparen t  tha t  the c u r r e n t -vo l t -  
age character is t ic  of such an e lement  can be con- 
t ro l led  ra the r  wide ly  by the t he rma l  character is t ics  
of its mounting.  

If impur i t ies  capable  of producing donor or ac- 
ceptor  levels are added to h igh -pu r i t y  semiconduc-  
tors, changes in car r ie r  densit ies and in low-  
t empera tu re  mobil i t ies  result .  Af ter  appropr ia te  
"ca l ibra t ion"  exper iments  are  done with known 
impur i ty  additions,  e lectr ical  measurements  can be 
used to supply  sometimes both quan t i t a t ive  and 
qual i ta t ive  informat ion  on chemical  impuri t ies .  F ig -  
ure  9 i l lus t ra tes  the  pr incip le  involved in the ident i -  
fication and quant i ta t ive  de te rmina t ion  of te l lu r ium 
content  in InSb through the use of Hal l  measure -  
ments  (25). The d is t r ibut ions  of t e l lu r ium and of 
the unknown impur i ty  along s tandard  InSb ingots 
are  seen to coincide. A s imilar  procedure  has been 
used to ident i fy  sulfur  in indium arsenide.  

Since very  h i g h - p u r i t y  indium and an t imony are 
now avai lable ,  such techniques can be used to check 
the pu r i ty  of other  e lements  used in making  I I I -V  
compounds, such as gal l ium and arsenic, through 
the p repara t ion  of a test specimen of gal l ium ant i -  
monide with  the use of ve ry  pure  ant imony,  and of 
ind ium arsenide, using the pure  indium. 

A novel  appl icat ion of the effects of foreign im-  
pur i t ies  has recent ly  been discussed by inves t iga-  
tors at  the Phys ika l i schen Ins t i tu t  at Bonn (26). 
They found tha t  they could use cuprous oxide films, 
and to a less sa t is factory  extent ,  cadmium sulfide 
single crystals ,  as a quan t i t a t ive  detector  of neu t ra l  
atoms of sulfur  or selenium in a molecular  beam. 

Crystallographic Modification Combined with 
Magnetic Field 

An interes t ing appl icat ion of the use of surface 
t r ea tments  to produce  a c rys ta l  a symmet ry  which, 
in combinat ion wi th  an appl ied  magnet ic  field, leads 
to nonl inear  conduction (27) has been inves t iga ted  
by  Weisshaar ,  Welker ,  and associates. Dur ing one 
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Fig. 9 .  R e l a t i v e  d i s t r i b u t i o n  o f  s o m e  g r o u p  V I  i m p u r i t i e s  

in InSb o f t e r  f ive  z o n e - m e l t  p a s s e s ,  o f t e r  H a r m a n  (25) .  
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di rec t ion  of the cur ren t ,  the  holes and  e lec t rons  in  
an  i n t r i n s i c  semiconduc to r  are deflected by  the  
magne t i c  field to a face which,  say, has been  s a nd -  
b las ted  to p roduce  a h igh  surface  r ecombina t ion .  
D u r i n g  the o ther  cycle, the car r ie rs  are deflected 
to an  e tched surface  of low r e c o m b i n a t i o n  velocity.  
E x p e r i m e n t s  we re  car r ied  out  on g e r m a n i u m ,  and  at 
zero magne t i c  field the  c u r r e n t - v o l t a g e  cha rac t e r -  
istic was  l inear .  At  8000 gauss, however ,  s u b s t a n -  
t ia l  a s y m m e t r y  was in t roduced .  Moss has ca lcu la ted  
that ,  for  use wi th  i n d i u m  an t imonide ,  an  o p t i m u m  
spec imen  th ickness  wou ld  be in  the  order  of 30 t,, 
and  tha t  b a c k - t o - f r o n t  rat ios of 1000 to 1 are po-  
t en t i a l l y  possible (28).  

Table III. Relation between mobility and Hall angle 

RIH pitcH 
Ey = RjxH,, Vn = 10 -8 -- 10 - 8 _  

d d 
Hall  angle: 

Tan 0 -- Ey/E~ = 10 -8 RzH = 10 -8 ~H 

Tan  
(For  H 

S e m i c o n d u c t o r  T, ~  5000 gauss)  

Germanium,  electrons 300 0.2 
InAs, electrons 300 2.0 
InSb, electrons 300 4.0 
InSb, electrons 77 25.0 

Jo in t  Modula t ions  by Pho ton  Energy  and 
Magnet ic  Field 

This process is the basis  of the PEM effect which,  
w h e n  used wi th  i n d i u m  an t imonide ,  has p rov ided  
one of the most  sens i t ive  i n f r a r ed  detectors  for op-  
e ra t ion  at  room t e m p e r a t u r e  (11).  In  addi t ion,  it is 
a ve ry  usefu l  tool for s t udy ing  r e c o m b i n a t i o n  proc-  
esses and  surface  states (29, 30). 

Consider  a s lab of semiconduc to r  of th ickness  t 
a long the x -d i rec t ion ,  la rge  in  the  o ther  direct ions,  
and  i l l u m i n a t e d  on the yz- face  by  l ight  of appro -  
p r ia te  wave  l eng th  d i rec ted  a long the  x-ax is .  These 
photons  re lease e l ec t ron -ho le  pairs  which  wi l l  d i f -  
fuse in  the x -d i rec t ion .  If now a magne t i c  field is d i -  
rec ted  a long the  z-axis ,  the e lec t rons  and  holes wi l l  
be accelera ted  opposi te ly  a long the y - d i r e c t i o n  and  
a po ten t i a l  difference wi l l  appear  a long the  y - a x i s  
in  the  specimen.  This  is the  PEM voltage.  

W h e n  us ing  the t echn ique  to measu re  b u l k  l i fe-  
t imes, one usua l ly  de t e rmines  both  PEM and  photo-  
conduc t ive  responses  for the same i l l umina t ion .  In  
this  way  it  is not  necessa ry  to h a v e  an  i n d e p e n d e n t  
knowledge  of the  pho ton  flux dens i ty  or the surface  
r e c o m b i n a t i o n  velocities.  The me thod  is especial ly  
sui ted to the m e a s u r e m e n t  of l i fe t imes  of 10 -7 sec 
and  lower  in h i g h - m o b i l i t y  ma te r i a l s  such as InSb.  

Mobil i ty Modulations 

The only  examples  discussed in  this  g roup ing  are 
the  g a l v a n o m a g n e t i c  effects, which  are  e x t r e m e l y  
large  in  h i g h - m o b i l i t y  mater ia l s .  

W h e n  a magne t i c  field is appl ied  n o r m a l  to the 
c u r r e n t  d i rec t ion  in  a conductor ,  an  in i t i a l  l a t e ra l  
deflect ion of charge car r ie rs  resul ts ,  as shown in  
Fig. 10. This  charge  a c c u m u l a t i o n  produces  a t r a n s -  
verse  po ten t i a l  gradient ,  cal led the Hal l  field. The 
Hal l  field assumes  such a va lue  t ha t  the  force on a 
charge  ca r r i e r  of "ave rage"  veloci ty  is zero in  the  
crossed electric and  magne t i c  fields. 

If al l  the  charge  car r ie rs  had  the  same veloci ty,  
t h e n  the Hal l - f ie ld  force wou ld  cancel  exac t ly  the 
force due to the m a g n e t i c  field on the m o v i n g  

Fig. 10. Init ial deflection of charge carriers by magnetic 
field to create Hall field. 

charge,  and  no charge car r ie rs  wou ld  be deflected. 
Hence,  there  would  be no magne to res i s t ance .  Ac-  
tua l ly ,  however ,  a d i s t r i bu t i on  of veloci t ies  exists 
in  semiconduc tors  so tha t  those car r ie rs  w i th  r e -  
locities l a rger  or sma l l e r  t h a n  the  "average"  wi l l  be 
caused to t r ave r se  l a rger  paths,  thus  inc reas ing  the  
res is tance  of the  conductor .  

F r o m  the  p reced ing  discussion it  is a p p a r e n t  tha t  
a ny  a r r a n g e m e n t  for decreas ing  the Ha l l  field wi l l  
a u g m e n t  the  magne to res i s t ance .  For  example ,  if in  
Fig. 10, t e r mi na l s  1 and  2 are connec ted  th rough  a 
low impedance ,  a c u r r e n t  wi l l  exist  in  this  circuit .  
In  the case of ce r ta in  semiconductors ,  such as i n -  
d i u m  an t imonide ,  this  secondary  c u r r e n t  can be re l -  
a t ive ly  large. S ince  this  t r ansve r se  c u r r e n t  across 
the  semiconduc to r  is sti l l  n o r m a l  to the magne t i c  
field, one m a y  rega rd  it  as c rea t ing  ano the r  Hal l  
vol tage  which  opposes the electric field caus ing  the 
p r i m a r y  cur ren t .  Thus  it  fol lows tha t  the p r i m a r y  
c u r r e n t  m a y  be m o d u l a t e d  by  v a r y i n g  e i ther  the 
magne t i c  field or the  secondary  load. The  p e r t i n e n t  
equa t ions  descr ib ing  the Hal l  effect a long  wi th  t yp i -  
cal va lues  of ce r t a in  p a r a m e t e r s  for severa l  semi-  
conductors  are g iven  in  Tab le  III. 

Because of these la rge  t r ansve r se  p h e n o m e n a  in  
semiconduc tors  such as i n d i u m  a n t i m o n i d e  and  i n -  
d i u m  arsenide,  a series of appl ica t ions  has been  
deve loped  in  G e r m a n y  (31) and  in  E n g l a n d  (32) as 
wel l  as in  A m e r i c a  (33-35) .  In  such devices, the  
i n d i v i d u a l  e l e me n t  is the  so-ca l led  "Hal l  genera tor , "  
which  m a y  be cons idered  as a square  slab of h igh -  
mob i l i t y  semiconduc tor  h a v i n g  contacts  on each of 
the  four  sides. A few appl ica t ions  of such un i t s  are 
f luxmeters ,  d -c  to a-c  conver ters ,  a nd  devices to 
m u l t i p l y  all  quan t i t i e s  which  can  be  m a d e  to de-  
pend  on c u r r e n t  and  on magne t i c  field: for example ,  
p roduc t  opera t ions  in  an  ana log  computer ,  and  
m e a s u r e m e n t s  of to rque  of an  electric motor .  Fac -  
tors i m p o r t a n t  in  the  pe r f o r ma nc e  of Ha l l  gene ra -  
tors  are  l is ted in  Tab le  IV. 

Corbino Disk Electrode Shorting 

Fig. 1 1. Mechanisms to produce shorting of Hall voltage 
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Table IV. Performance of Hall generators 

Max. power to load: Wo = V~/4Z~; efficiency ~1 ~ W~/W, ~ 10-~H -~ (R/#)2, ~H < <  1 
No load: V~ ~ 10-sW~ ~ HR/~ ~,  ~H << 1 
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R p R /p  
M a t e r i a l  T, ~ K (cm~/eoulomb)  ( o h m - c m  ) (cm2/v-sec)  pl/2 

Bismuth 300 1.5 0.00012 12,500 1.56 • 10 ~ 0.14 • 10" 
Ge (intr insic)  300 60,000 45 1300 0.02 8.9 
Ge (medium) 300 8000 2 4000 0.16 5.7 
Ge (low Tc) 300 10 0.01 1000 0.01 0.1 
InSb (intr insic)  300 360 0.006 60,000 36 4.6 
InSb (low Tc) 300 20 0.0008 25,000 6 0.7 
InAs (intr insic)  300 10,000 0.25 40,000 16 20 
InAs (low Tc) 300 500 0.015 30,000 9 4.1 
InSb (high puri ty)  77 37,300 0.06 620,000 3840 152 

R e t u r n i n g  now to the  magne to res i s t ance  effects, 
it was seen how resul t s  could be a u g m e n t e d  by 
shor t ing  the  Hal l  voltage.  This is done most  effec- 
t ive ly  by  the  disk geomet ry  shown  in  Fig.  11. The 
a r r a n g e m e n t  is k n o w n  as the  Corb ino  disk2 A some-  
w h a t  s imple r  des ign for p roduc ing  shor t ing  is the  
use of la rge  end  contacts,  as is seen at the r igh t  
(37).  Charac ter i s t ics  of these types  of I n S b  ele-  
men t s  are p resen ted  in  Fig. 12. 

I t  is seen tha t  r e c t a n g u l a r  geometr ies  approach  
qui te  closely the resul t s  for the  disk. One  difficulty 
w i th  the s imple  un i t s  as c i rcui t  e l ements  is the i r  low 
impedance ,  less t h a n  0.1 ohm for the  spec imens  
r ep re sen t i ng  the  curves  on the  slide. To improve  this, 
one can resor t  to v e r y  t h in  r e c t a n g u l a r  wafers  w i th  
shor t ing  bars  deposi ted thereon.  A commerc ia l  spec- 
i m e n  of this type  has a ze ro -magne t i c - f i e ld  res is t -  
ance of 1/2 ohm? The da ta  are ind ica ted  by  the  solid 
circles. I t  is seen tha t  such a f ab r i ca t ion  t e c hn i que  
has increased  app rec i ab ly  the  impedance  of the  u n i t  
and  ye t  p rov ided  a good magne to re s i s t ance  ratio.  

The appl ica t ions  of such un i t s  are  aga in  myr iad .  
Example s  are  contact less  switches  and  po ten t io -  
meters ,  d -c  to a-c  conver ters ,  synch ronous  rec t i -  
fiers, and  vol tage  regu la to r s  (38).  

3 A f t e r  O. M. C o r b i n o  w h o  i n v e s t i g a t e d  t he  c i r c u l a t i n g  secondary 
c u r r e n t s  i n  a b i s m u t h  d i sk  c a r r y i n g  a p r i m a r y  e lec t r ic  c u r r e n t  in  a 
m a g n e t i c  f ie ld  (36). 

S u p p l i e d  us  by  cour tesy  of  K.  E g g l e s t o n  of Ohio  S e m i c o n d u c t o r s ,  
Inc.  
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Fig. 12. Magnetoresistance in n-type InSb for Corbino disk 
and for several ratios of sample length to width (full area 
contacts at ends). 

Research on Semiconducting Compounds 
as a Means for Advancing Solid-State Theory 

In  add i t ion  to y ie ld ing  ma te r i a l s  w i th  u n i q u e  
proper t ies  which  are po ten t i a l ly  v a l u a b l e  for device  
appl icat ions ,  the  field of s emiconduc t ing  compounds  
has p rov ided  m u c h  in t e r e s t i ng  research  for the  
basic scientist  and  has g iven  us a m e a n s  for tes t ing  
some of our  theore t ica l  p red ic t ions  conce rn ing  the  
solid state. In  this  respect,  i n d i u m  a n t i m o n i d e  has 
received the  l ion 's  share  of a t ten t ion .  Because  of its 
h igh e lec t ron  mobi l i ty ,  one can s tudy  wi th  o r d i n a r y  
l a b o r a t o r y  m a g n e t s  p h e n o m e n a  which  would  re -  
qu i r e  fan tas t ic  magne t i c  field s t reng ths  to observe  
in  other  mater ia l s .  F igure  13 shows magne to res i s t -  
ance  m e a s u r e m e n t s  (39) e x t e n d i n g  in to  the  region  
w he r e  e l ec t ron -o rb i t  q u a n t i z a t i o n  m u s t  be  consid-  
ered (40-42) .  For  the  po in t  on the  e x t r e me  right ,  
the ene rgy  of an  e lec t ron  in  its cyclot ron orbi t  is 
2.6 tha t  of its t h e r m a l  e n e r g y - - a n d  this  at 77~ 

A f u r t he r  cons idera t ion  is tha t  the conduc t ion  
b a n d  is r e a sonab ly  isotropic, h a v i n g  one ene rgy  
m i n i m u m  at  the  zero of the  e lec t ron  w a v e  n u m b e r  
(43).  Such a s imple  s t r uc t u r e  is a lways  a boon to 
the  theorist ,  s ince it reduces  the  complexi t ies  e n t e r -  
ing in to  the  i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  data.  

A n o t h e r  i n t e re s t ing  f e a t u r e  is the la rge  ra t io  of 
e l ec t ron - to -ho l e  mobi l i ty .  As a result ,  it is possible 
to s tudy  in  one s ingle  ins t r ins ic  sample  ce r ta in  cha r -  
acter is t ics  of e lect rons  and  of holes. This  is i l lus -  

T'rT~ ~ l 
ND-NA'17, Id~ -' I 

'~ I - ~  
I 

~,W.st 

Fig. 13. Magnetoresistance of n-type InSb as function of 
magnetic field (after Bate, Willardson, and Beer [to appear 
in "J. Phys. Chem. Solids]). 
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Fig. 14. Thermoelectric power of intrinsic InSb for Corbino 
disk geometry as function of magnetic field. 

t r a t e d  b y  the  t h e r m o e l e c t r i c  m e a s u r e m e n t s  s h o w n  
in Fig.  14 (44, 45) .  Because  of t h e i r  h igh  mob i l i t y ,  
the  e l ec t ron  t r a n s p o r t  effects p r e d o m i n a t e  in i n -  
t r ins ic  m a t e r i a l .  H o w e v e r ,  th is  c o n t r i b u t i o n  is 
s t r o n g l y  m a g n e t i c - f i e l d  d e p e n d e n t ,  so t h a t  a t  a b o v e  
12 k i logauss  t he  holes  t a k e  over .  The  t h e o r e t i c a l  
c u r v e  was  b a s e d  on a s ing le  c h a r g e - c a r r i e r  s c a t t e r -  
ing  m e c h a n i s m .  I f  e l e c t r o n - h o l e  s c a t t e r i n g  is also 
t a k e n  in to  account ,  t h e  m i n i m u m  t ends  to d i s a p p e a r  
(45) .  

The  u n u s u a l  m o b i l i t y  at  low t e m p e r a t u r e s  r e n -  
de r s  I n S b  a sens i t ive  m a t e r i a l  for  r e g i s t e r i n g  effects  
of d e f o r m a t i o n .  This  is i l l u s t r a t e d  in Fig.  15, w h i c h  
shows  t h e  c h a n g e  in  t e m p e r a t u r e  d e p e n d e n c e  of 
m o b i l i t y  a f t e r  one  h o u r ' s  compres s ion  at  300~ (46) .  

O t h e r  f e a t u r e s  of i n t e r e s t  to t heo r i s t s  i nc lu de  the  
o v e r l a p p i n g  of donor  l eve l s  w i t h  the  conduc t ion  
b a n d  even  in  r e l a t i v e l y  p u r e  i n d i u m  a n t i m o n i d e  and  
i n d i u m  a rsen ide ,  n o n p a r a b o l i c  h e a v y - m a s s  b a n d s  
(43, 47) .  an  a n o m a l o u s  n e g a t i v e  m a g n e t o r e s i s t a n c e  
in i n d i u m  a n t i m o n i d e  (48) ,  and  a n o m a l i e s  in  Ha l l  
coefficient,  such  as  d o u b l e  r eve r sa l s ,  in  c e r t a i n  spec -  
i m e n s  of  i n d i u m  a r s e n i d e  (49) .  

In  i n d i u m  phosph ide ,  r e c e n t  m a g n e t o r e s i s t a n c e  
m e a s u r e m e n t s  b y  G l i c k s m a n  on o r i e n t e d  c r y s t a l s  
sugges t  t h a t  t h e  conduc t ion  b a n d  is f a i r l y  i so t rop ic  
(50) .  P r e l i m i n a r y  r e su l t s  a t  B a t t e l l e  i nd i ca t e  t he  
s a m e  s i t ua t ion  m a y  ex i s t  for  m e r c u r y  t e l l u r i d e  i n a s -  
m u c h  as t he  r a t i o  of l o n g i t u d i n a l  and  t r a n s v e r s e  
m a g n e t o r e s i s t a n c e  was  f o u n d  to be  qu i t e  smal l ,  t h a t  
is, a p p r o x i m a t e l y  2%.  

Summary 
I h a v e  t r i e d  to  g ive  some ind i ca t i on  of the  t r e -  

m e n d o u s  b r e a d t h  e n c o m p a s s e d  b y  the  field of  s e m i -  
conduc t i ng  c o m p o u n d s  and  to show tha t  p r o g r e s s  is 
be ing  a c h i e v e d  on a g r e a t  v a r i e t y  of  f ronts .  I t  s eems  
c lea r  tha t ,  a l r e a d y  at  t h e  p r e s e n t  s t age  of m a t e r i a l s  
d e v e l o p m e n t ,  a v a r i e t y  of use fu l  dev ices  can  be  
p e r f e c t e d  b y  ingen ious  e x p e r i m e n t e r s ,  and  if  i m -  
p r o v e m e n t s  in m a t e r i a l s  p e r f e c t i o n  shou ld  fo l low 
the  u s u a l  course ,  a n u m b e r  of v e r y  p r o m i s i n g  d e -  
v e l o p m e n t s  shou ld  accrue .  Also,  i t  has  been  seen  
t h a t  a n u m b e r  of c o m p o u n d s  h a v e  r a t h e r  u n i q u e  
cha rac t e r i s t i c s ,  and  these  a r e  p r o v i d i n g  cha l l eng ing  
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Fig. 15. Effect of plastic deformation on electron mobil i ty 
in high-purity InSb sample with 1 X 1 0 ~4 extrinsic carriers/cm ~. 
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Correction 
On p a g e  544 (Vol.  105, S e p t e m b e r  1958) of t he  

p a p e r  b y  M. J.  A l l e n  and  V. J.  P o w e l l  on the  O x i -  
d a t i o n  of Var ious  I n d o l e  A l k a l o i d s ,  t he  s equence  of 
f o r m u l a s  shou ld  be  i n s e r t e d  a f t e r  t he  sen tence ,  " . . .  
in th is  i n s t ance  w e  w o u l d  h a v e  a t  t he  e l e c t r o d e  s u r -  
face  due  to a d s o r p t i o n  of t he  a l k a l o i d  m o l e c u l e : "  
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T h i s  D i s c u s s i o n  S ec t i on  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  a p p e a r i n g  

in the  JOURNAL of  T h e  E l e c t r o c h e m i c a l  Soc ie ty ,  104, No.  3 ( M a r c h  
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Hydrogen Evolution Reaction on Copper, Gold, 
Molybdenum, Palladium, Rhodium, and Iron; 

Mechanism and Measurement Technique under High 
Purity Conditions 

N. Pentland, J. O'M. Bockds, and E. Sheldon 
(pp. 182-194, Vol. 104) 

R. PionteUi, U. Bertocci,  G. Poll,  and G. Serra-  
vallel: The  fo l lowing  m a y  be  s u g g e s t e d  as r e p r e -  
sen t ing  c e r t a i n  a spec t s  of the  v i e w s  of P e n t l a n d ,  
Bockr is ,  a n d  S h e l d o n  (P.,  B., and  S . ) ,  in r e f e r e n c e  to 
t he  t e c h n i q u e  of m e a s u r e m e n t s  in  e l ec t rode  k ine t ics ,  
w i t h  w h i c h  we  a re  no t  in  a g r e e m e n t .  

1. The  g e o m e t r i c a l  c h a r a c t e r i s t i c s  of t he  cel l  s eem 
to be  cons ide red  b y  P., B., and  S. of r a t h e r  s e c o n d a r y  
i m p o r t a n c e ,  if the  e l ec t rodes  to be  i n v e s t i g a t e d  a r e  
e m p l o y e d  in t he  fo rm of a w i r e  s u s p e n d e d  in t he  
solut ion.  

2. As  the  poss ib le  " s p u r i o u s  c o m p o n e n t s "  of t h e  
m e a s u r e d  ove rvo l t ages ,  P., B., a n d  S. cons ide r  on ly  
t he  "ohmic  d r o p "  a n d  the  " c o n c e n t r a t i o n  c o m p o -  
nen t . "  No " sc reen ing  effects" a r e  cons idered ,  -~ and  
t h e  e v a l u a t i o n  of the  ohmic  d rop  in the  l a y e r  b e -  
t w e e n  c a p i l l a r y  and  e l ec t rode  has  to be  effected,  b y  
a s s u m i n g  h e r e  the  s ame  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  
a d m i t t e d  to ex i s t  on the  w h o l e  e l ec t rode  surface .  

3. The  e v a l u a t i o n  of t he  " c o n c e n t r a t i o n  c o m p o -  
nen t , "  acco rd ing  to P., B., and  S., m a y  be  ef fec ted  
fo l lowing  s i m i l a r  a s s u m p t i o n s  and  a d o p t i n g  for  the  
t h i cknes s  of t he  d i f fus ion  l a y e r  t he  " a p p r o p r i a t e  
v a l u e "  of " a p p r o x i m a t e l y  0.005 cm."  

4. Es sen t i a l  c r i t e r i a  for  check ing  "a  p o s t e r i o r i "  
t he  co r rec tness  of o v e r v o l t a g e  m e a s u r e m e n t s  a re :  
( a )  c o r r e s p o n d e n c e  to Tafe l  l aw;  (b)  p r a c t i c a l  a b -  
sence of t i m e  va r i a t i ons .  

I. The  r a t h e r  indef in i t e  c u r r e n t  d i s t r i b u t i o n  on 
the  e l ec t rodes  of a cel l  of t he  t y p e  used  b y  P., B., and  
S. a l lows  on ly  for  r o u g h  conc lus ions  on  the  d e p e n d -  
ence  of t he  m e a s u r e d  o v e r v o l t a g e s  on c u r r e n t  d e n -  
s i ty  (c .d . ) .  

II .  The  P., B., and  S. op in ion  on the  s c reen ing  
effects m a y  be  r e j e c t e d  bo th  on t h e o r e t i c a l  g r o u n d s  
a n d  acco rd ing  to  t h e  e x p e r i m e n t a l  ev idence2  As  a 

1 L a b o r a t o r i o  di  C h i m i c a  F i s i c a ,  E l e t t r o c h i m i c a  e M e t a l l u r g i a ,  de l  
P o l i t e c n i c o  d i  Mi l ano ,  Mi l an ,  I t a l y .  

J .  O 'M.  B o c k r i s ,  I .  A.  A m m a r ,  a n d  A.  K .  M. S. H u q ,  J. Phys.  
Chem.,  61, 882 (1957).  

~(a) R. A le t t i ,  U. Be r tocc i ,  G.  B i a n c h i ,  C. G u e r c i ,  R.  P ion te l l i ,  
G.  Pol l ,  a n d  G.  S e r r a v a l l e ,  Compt.  Rend. CITCE, Berne,  3, 30 
(1951);  R.  P ion te l l i ,  G.  B i a n c h i ,  a n d  R.  A le t t i ,  Z. Elek trochem. ,  56, 

86 (1952);  R. P ion te l l i ,  G.  B i a n c h i ,  U. B e r t o c c i ,  C. G u e r c i ,  and  
B. R i v o l t a ,  ibid., 58, 54 (1954) ; R.  P ion te l l i ,  U.  Be r tocc i ,  G.  B i a n c h i ,  
C. G u e r e i ,  a n d  G.  Pol l ,  ibid., 58, 86 (1954).  

~)  R. P i o n t e l l i  a n d  G.  B i a n c h i ,  Gazz. chim. itaL, 79, 646, 863, 867 
(1949) a n d  80, 581 (1950);  R.  Pionte l l i  and  G. B i a n c h i ,  Compt.  

Rend. CITCE, Milan, 2, 379 (1950);  R.  P ion te l l i ,  Gazz. chim. ital., 
83, 357, 370 (1953) ; R.  P ion te l l i ,  Trans. Inst. Metal  Finishing, 31, 
51 (1954);  R.  P ion te l l i ,  B.  R i v o l t a ,  a n d  G.  M o n t a n e l l i ,  Z.  Elektro-  
chem.,  59, 64 (1955);  R. P ion te l l i ,  Rend.  inst. lombardo sci., 88, 51 
(1955) ; R.  P i o n t e n i ,  G.  B i a n c h i ,  U. Be r tocc i ,  a n d  B. R ivo l t a ,  Ricerca 
sc/.,  26, 838 (1956).  

m a t t e r  of fact ,  the  p r e s e n c e  of  an  obs t ac l e  n e a r  t he  
e l e c t r o d e  su r face  invo lves  a r e d u c t i o n  of t he  effec-  
t ive  specific r a t e  of the  e l e c t r o d e  r e a c t i o n  and  of the  
mass  t r a n s f e r  p rocesses  and,  thus,  of t he  ( a b s o l u t e )  
loca l  v a l u e  of the  c o r r e s p o n d i n g  ove rvo l t ages .  

This  v a l u e  is in f luenced  bo th  d i r e c t l y  (as  a con-  
s equence  of the  r e d u c t i o n  of c.d.) and  i n d i r e c t l y  (as 
a consequence  of the  a n o m a l o u s  c h e m i c a l  conf igura -  
t ion  of t he  i n t e r p h a s e  r e g i o n ) .  

In  t h e  case  of e l ec t rode  processes  i n v o l v i n g  m e t a l  
ion exchanges ,  t he  loca l  r e d u c t i o n  of t he  c.d. due  to 
obs tac les  suff ic ient ly  n e a r  t he  e l e c t r o d e  su r f ace  can  
be r ecogn ized  eas i ly  b y  s t u d y i n g  the  d i s t r i b u t i o n  of 
t h e  ca thod ic  depos i t i on  or  of the  anod ic  a t t ack .  

L e t  us p lunge ,  in a su l fu r i c  ac id  solu t ion ,  a n i c k e l  
p l a t e  h a v i n g  a w e l l - p l a n e d  sur face ,  and  p ress  a L u g -  
gin  c a p i l l a r y  ( h a v i n g  a w e l l - p l a n e d  and  s h a r p  t e r -  
m i n a l  con tou r )  on the  su r f ace  i tself .  

L e t  us p l a c e  a second  L u g g i n  c a p i l l a r y  (a lso  con-  
nec t ed  w i t h  a r e f e r e n c e  e l e c t r o d e )  a t  1 or  2 m m  
f rom the  e l ec t rode  surface .  R e c o r d i n g  s e p a r a t e l y  
the  anod ic  p o l a r i z a t i o n  of t he  Ni  e lec t rode ,  as  g iven  
b y  the  two  t e n s i o m e t r i c  devices ,  one e n c o u n t e r s  con-  
d i t ions  u n d e r  w h i c h  on the  sh i e lded  a r e a  no p a s s i v -  
i t y  at  a l l  occurs,  w h i l e  on the  res t  of the  su r face  
c o m p l e t e  p a s s i v i t y  is met ,  the  r e c o r d e d  o v e r v o l t a g e s  
thus  d i f fe r ing  on the  o r d e r  of 1 v. 

I II .  As  f a r  as the  " c o n c e n t r a t i o n  c o m p o n e n t "  is 
concerned ,  the  v a l u e  of t he  d i f fus ion l a y e r  t h i ckness  
canno t  b e  s t a t e d  in genera l ,  and ,  f o l l owing  the  P., 
B., and  S. po l i cy  and  thus  r e n o u n c i n g  to any  imposed  
convect ion ,  i t  w o u l d  be  n e c e s s a r y  to check  th is  v a l u e  
in a n y  p a r t i c u l a r  case. 

IV. In  r e s p e c t  of t he  c r i t e r i a  (a )  and  (b)  a t  p o i n t  
4, the  p a p e r  u n d e r  d i scuss ion  seems  to l e a v e  choice  
on ly  b e t w e e n  two  a l t e r n a t i v e s :  e i t he r  some of the  
p r e s e n t  r e su l t s  of P., B., and  S. ( concern ing ,  for  i n -  
s tance ,  Rh)  a r e  also incor rec t ,  or  these  c r i t e r i a  do 
no t  p r e s e n t  t he  g e n e r a l  v a l i d i t y ,  f o r m e r l y  a t t r i b u t e d  
to it. 

N. Pentland,  J. O'M. Bockris ,  and E. Sheldon: 
We (P., B., a n d  S.) a r e  p l e a s e d  to be  ab l e  to e luc i -  
d a t e  those  p a r t s  of t he  t e c h n i q u e  of the  e x a m i n a t i o n  
of s low e l ec t rode  r eac t i ons  w h i c h  P ion te l l i ,  Ber tocci ,  
Pol l ,  and  S e r r a v a U e  (P., B., P., and  S.) a p p e a r  to 
h a v e  m i s u n d e r s t o o d .  

I. Cell geometry . - -The  s e c o n d a r y  i m p o r t a n c e  of 
t h e  cel l  g e o m e t r y  u n d e r  the  cond i t ions  of our  e x -  
p e r i m e n t s  is no t  a s soc ia t ed  w i t h  " w i r e s  s u s p e n d e d  
in so lu t ion ."  The  p r i n c i p l e s  of the  effect  of size and  
shape  of e l e c t r o l y t i c  cel ls  h a v e  been  g iven  mos t  i n -  
f o r m a t i v e l y  in  t he  l i t e r a t u r e  b y  H o a r  and  A g a r , '  
who  show t h a t  t h e  effect of these  f ac to r s  on cel l  
m e a s u r e m e n t s  dec reases  w i t h  i n c r e a s i n g  c o n c e n t r a -  

4 J .  N.  A g a r  a n d  T. P. H o a r ,  Discussions Faraday Soc., 1, 158 
{1947); T.  P.  H o a r  a n d  J .  N.  A g a r ,  ibid., 1, 162 (1947).  
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t ion and  decreas ing  va lues  of the exchange  c.d. If 
the po ten t i a l  difference be tween  poin ts  in  the solu-  
t ion a t  ex t r eme  posi t ions of the  e lec t rode  is neg l ig i -  
ble (2-3 m v ' s ) ,  c u r r e n t  d i s t r i bu t ion  effects, i.e., re -  
sults  of cell geometry ,  can be neglected.  Tha t  this  
was  so in our  e x p e r i m e n t s  was  es tabl ished,  e.g., by:  
(i) the observed  i n d e p e n d e n c e  of the  overpo ten t i a l  
va lues  at a g iven  c.d. w i th  m o v e m e n t  of the L u g g i n  
cap i l la ry  (L.c.) ve r t i ca l ly  over  the electrodes;  (if) 
the  sa t is factory  a g r e e m e n t  b e t w e e n  the resul ts  of 
P., B., and  S. on Cu in  acid solut ions  wi th  those 
repo_ted ear l ie r  by Bockris  and  Azzam~: in  the l a t -  
ter  workers '  cell, a comple te ly  d i f fe rent  geomet ry  
exis ted f rom tha t  of the former .  

M e a s u r e m e n t s  u t i l i z ing  cell geomet ry  s imi la r  to 
tha t  used by  P., B., and  S. have  somewha t  more  t h a n  
" rough ly  es tab l i shed"  the  shape of the  ove rpo ten t i a l -  
c u r r e n t  dens i ty  re la t ion  in  the h y d r o g e n  evo lu t ion  
reac t ion  (h.e.r .) .  For  example ,  m e a s u r e m e n t s  by  
K a b a n o v  and  Jova,  ~ Bockris  and  Parsons ,  7 Post  and  
Hiskey,  ~ and  Bockris  and  Azzam 5 have  led to the 
e s t ab l i shmen t  of a cons is ten t  r e l a t ion  for Hg in acid 
solut ions  over a c.d. r ange  of abou t  12 powers  of 10. 
Or, our  own  m e a s u r e m e n t s  on, e.g., Au  in  0.01N HC1 

lead to Tafel  p a r a m e t e r s  in  wh ich  Conf. log io are 

0.2, and  Conf. b-~-0.010. Values  of such p a r a m e t e r s  
of a g rea te r  order  of accuracy  have  not  h i the r to  been  
repor ted  in  the  l i t e r a tu r e  for this  type  of sys t em?  

II. Corrections for screening and ohmic ef]ects.-- 
Our  a t t i t ude  to these effects is t h a t  ca lcu la ted  cor-  
rect ions  are  difficult to ca r ry  out  w i t h  m e a n i n g f u l  
accuracy,  ~~ so tha t  condi t ions  of c.d. and  concen t r a -  
tion, for a g iven  io value,  should be l imi t ed  to va lues  
such tha t  the effects of sc reen ing  and  ohmic er rors  
are negl igible .  Tha t  this condi t ion  was achieved in  
the t echn ique  wh ich  we used is es tab l i shed  ( in  re -  
spect to sc reen ing)  by:  (i) the  observed  i n d e p e n d -  
ence of ove rpo ten t i a l  va lues  at  a g iven  c.d. wi th  
shape and  size of the L.c.; (if) a g r e e m e n t  in  n u m e r -  
ical va lues  of p a r a m e t e r s  b e t w e e n  a n u m b e r  of i n -  
d e p e n d e n t  worke r s  (see footnotes  9 and  10) ; chance  
coincidence of ohmic and  sc reen ing  errors,  respec-  
t ively,  among  the work  of severa l  worke r s  in  d i f -  
f e r en t  l abora tor ies  wou ld  h a r d l y  have  a high p rob-  
ab i l i ty ;  (i i i)  a g r e e m e n t  of the e x p e r i m e n t a l l y  e s t ab -  
l ished overpo ten t i a l -c .d ,  r e l a t ion  w i th  tha t  g iven  by  
theory  neg lec t ing  sc reen ing  effects; ( iv)  a g r e e m e n t  
of va lues  (on Fe electrodes in  0.1N HC1), ob ta ined  
by  a t e chn ique  s imi la r  to tha t  of P., B., and  S., w i th  
those ob ta ined  on the same sys tem b u t  us ing  an elec-  
t ronic  c o m m u t a t o r  and  wi th  the  L.c. far  r e move d  
f rom the electrode;  ll (v)  the  de ta i led  e x a m i n a t i o n  of 
sc reen ing  effects in  m e a s u r e m e n t s  of h y d r o g e n  elec-  

a J .  O'M. Bock r i s  and  A. M. Azzam,  Trans. Faraday Soe., 48, 145 
( 1952). 

~B. K a b a n o v  and  I. J o v a ,  Acta Physiocochim.,  10, 617 (1939). 
7J .  O'M. B o c k r i s  a nd  R. Parsons ,  Trans. Faraday Soc., 45, 916 

( 1949). 
SB. Pos t  a n d  H. Hiskey ,  J. Am.  Chem. Soc., 72, 4203 (1950); 73 

161 (1951). 
9 The  cel ls  u sed  by  P., B., and  S. possessed  a g e o m e t r y  s i m i l a r  to 

those  used  by  a n u m b e r  of o the r  w o r k e r s  in  t h i s  f ield [cf., e.g., 
A. L u k o v s t e v ,  B. L e v i n a ,  a n d  A.  N. F r u m k i n ,  Acta Phys~ocochim., 
11, 21 (1939); H. P. S tou t ,  DiscusSiOnS Faraday Soc., 1, 107 (1947) ; 
A. N. F r u m k i n  and  A. A l a d j a l o w a ,  Acta  Physicochim.,  19, 1 (1944) ; 
B. Pos t  a n d  H. H i skey ,  loc. cir.; I. A. A m m a r  and  S. A. A w a d ,  
J. Phys.  Chem.,  60, 837 (1957); idem, ibid., 1290; idem, /bid. ,  62, 
805 (1958) ; idem, ibid., 62, 801 (1958) ; idem, ibid., 62, 660 (1958) ]. 

~o The  i n a c c u r a c y  of such  a ca l cu l a t ed  co r rec t ion  has  been  s t ressed  
by  one  of us  [J.  O'M. Bockr i s ,  I. A. A m m a r ,  and  A. K. M. S. HuCh 
J. Phys. Chem.,  61, 879 (1957)].  

11J. O'M. B o c k r i s  a nd  B. E. Conwa y ,  J. Phys.  Chem.,  53, 527 
(1949), 

t rode kinet ics ,  r ecen t ly  descr ibed by H uq  and  Ba-  
sak. 1~ They  repor t  (for  condi t ions  of m e a s u r e m e n t  
s imi la r  to those used by P., B., a nd  S.) tha t  "no 
sczeening effect on the  ac t iva t ion  ove rpo ten t i a l  was 
observed  (_+1 m v ) . "  

Po in t s  II, ( i i ) ,  ( i i i ) ,  a nd  ( iv)  es tab l i sh  f r eedom of 
the t echn ique  of m e a s u r e m e n t  used by  P., B., and  S. 
f rom ohmic errors.  

Theore t ica l  ca lcula t ions  of the order  of m a g n i t u d e  
of the ohmic c ompone n t  ~ can  only  be used as a 
rough  guide to wha t  is to be expected for a g iven  
s i tua t ion  (or to explo;e ,  orderwise ,  the  n a t u r e  of a 
dev ia t ion  f rom the n o r m a l  overpoten t ia l -c .d ,  r e l a -  
t i on ) .  

III. Concentration ove~potential.--P., B., P., and  
S. have  not  unde r s tood  the use to which  a theore t ica l  
overpo ten t ia l -c .d ,  r e l a t ion  for d i f fus ion-cont ro l led  
behav io r  was pu t  in  our  work.  Such ca lcula t ions  
have  not  the n u m e r i c a l  s ignif icance which  wou ld  
a l low the i r  use as correct ions  of e x p e r i m e n t a l  meas -  
u r e m e n t s  of h y d r o g e n  overpo ten t i a l :  they were  not  
so used  by  us. However ,  such ca lcu la t ions  can  be 
used, wi th  those of ohmic overpoten t ia l ,  to ob ta in  
an  ind ica t ion  of the order  of the highest  c.d. to which  
m e a s u r e m e n t s  of h y d r o g e n  ove rpo ten t i a l  wou ld  be 
expected  to be free f rom an  apprec iab le  (2-3 m v )  
c o n t r i b u t i o n  of concen t r a t i on  ove rpo ten t i a l  ( and  the  
va lue  of 8 was used f rom the work  of King ,  14 which  
was car r ied  out  u n d e r  condi t ions  s imi la r  to ours and  
ind ica ted  l i t t le  dependence  of 8 on  gas evo lu t ion ;  
change  of c.d.; or va r i a t i on  of c onc e n t r a t i on ) .  

In  s u m m a r y  of I - I I I ;  the  p a r a m e t e r s  of the  h y d r o -  
gen evo lu t ion  react ion,  which  are recorded in  the  
pape r  by  P., B., a nd  S., were  es tabl i shed u n d e r  ex-  
p e r i m e n t a l  condi t ions  chosen so tha t  the  effects I - I I I  
had  been  made  neg l ig ib le  ( the  a c h i e ve men t  of 
such a condi t ion  seems to us to be long  to the  p roper  
des ign of e x p e r i m e n t a l  m e a s u r e m e n t s  in  e lectrode 
k ine t i c s ) .  They  do not  con ta in  ca lcu la ted  corrections.  
Hence, P., B., P., and  S.'s s t a t emen t s  in the i r  I - I I I  
lack point .  

IV. Criteria of "correctness" of measurements . -  
Appl i cab i l i t y  of Tafel ' s  equa t ion ,  and  lack of spo- 
radic  t ime  va r i a t i on  of ove rpo ten t i a l  at a g iven  c.d., 
are  f r e q u e n t l y  occur r ing  ( b u t  no t  a lone  sufficient) 
charac ter i s t ics  of "correc t"  m e a s u r e m e n t s  of the  
k inet ics  of the h.e.r. They  give ev idence  of the  ab -  
sence of compe t ing  redox  processes, and  n o n a c t i v a -  
t ion  componen ts  of the hyd rogen  overpoten t ia l ,  and  
suggest  tha t  surface  act ive ma te r i a l s  are  no t  u n d e r -  
going adsorp t ion  or deposi t ion  on the electrode su r -  
face d u r i n g  m e a s u r e m e n t .  However ,  on ce r ta in  solid 
electrode mate r i a l s  a smal l  ( ~  10%) rep roduc ib le  
va r i a t i on  of ove rpo ten t i a l  wi th  t ime  occurs d u r i n g  
the in i t i a l  states of po la r iza t ion  af ter  which  the 
overpo ten t i a l  r e ma i ns  cons t an t  for m a n y  hours.  
Such a va r i a t i on  is no t  r e move d  by  inc reas ing  the 
degree  of pur i f ica t ion  of the  solut ion.  I t  m a y  be due 
to the t ime  r e q u i r e d  to set up s t eady- s t a t e  surface  
concen t ra t ions  of H atoms, which  wou ld  depend  for 
ce r t a in  meta l s  on diffusion process of H into the b u l k  

12 A. K. M. S. H u q  and  A. K. Basak ,  Pakistan J. Sci. Research, 10, 
71 (1958). 

1,~j. O'M. Bockris, "Modern Aspects of Electrochemistry," p. 
264, Academic Press, New York (1954). 

14 C. V. K ing ,  This Journal,  102, 193 (1955). 
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of the  meta l .  Such  an  effect  could ,  in p r inc ip l e ,  cause  
t h e  absence  of a r e c t i l i n e a l  sec t ion  in  t he  e x p e r i -  
m e n t a l  Ta fe l  plot .  In  fact ,  the  b e h a v i o r  of R h  is no t  
an  e x a m p l e  of th is  poss ib i l i t y :  f u r t h e r  e x a m i n a t i o n  
of  d a t a  for  the  s y s t e m  Rh  in 0.01N HC1 shows  t h a t  
a d i s t i n c t l y  r e c t i l i n e a l  sec t ion  ex is t s  (5 e x p e r i m e n t a l  
po in t s  on the  Tafe l  p l o t ) ,  b e t w e e n  log  i v a l u e s  of 
a b o u t  --3.10 and  --2.7. 

We s u b m i t  t h a t  t he  a b o v e  cons ide ra t i ons  a r e  f a i r l y  
s imp le  a n d  sugges t  t h a t  t he  a p p a r e n t  m i s u n d e r s t a n d -  
ings  of P., B., P., a n d  S. m a y  ra i se  f r o m  the  fac t  t h a t  
t h e y  h a v e  c o n c e n t r a t e d  in  t h e i r  e x p e r i m e n t a l  w o r k  
on the  m e a s u r e m e n t  of o v e r p o t e n t i a l  d e v e l o p e d  d u r -  
ing  m e t a l  depos i t ion .  In  th is  t y p e  of  e l e c t r o d e  r e a c -  
t ion,  r e l a t i v e l y  h igh  c.d. 's  a r e  o f t en  n e e d e d  to g ive  
r i se  to m e a s u r a b l e  a c t i v a t i o n  ove rpo t en t i a l s .  U n d e r  
such  condi t ions ,  e r r o r s  due  to sc reen ing ,  ohmic ,  and  
c o n c e n t r a t i o n  effects  w o u l d  be  m u c h  m o r e  diff icult  to 
avo id  t h a n  w i t h  t he  h i g h l y  p o l a r i z a b l e  h y d r o g e n  
e l ec t rode  reac t ions .  These  diff icul t ies  in m e a s u r e -  
m e n t s  of t he  depos i t i on  of m e t a l s  p e r h a p s  m a y  n o t  
be  u n c o n n e c t e d  w i t h  a l a ck  of p r o g r e s s  in  t he  e v a l u -  
a t i on  of spec i f ica l ly  d e s c r i b e d  m e c h a n i s m s  of m e t a l  
depos i t ion ,  w h i c h  has  been  an  u n f o r t u n a t e  f e a t u r e  of 
c e r t a i n  p o s t w a r  w o r k  in th is  f ield ( conve r se ly ,  cf. 
Meh l  a n d  Bockr i s ,  ~ Ger i sche r ,  1~ Lorenz ,  1~ C o n w a y  
a n d  BockrisS).  

The Action of Lead Pigments and Lead Soaps 
on Aluminum 

M. J. Pryor, R. J. Hogan, and F. B. Patten (pp. 9-17, Vol. 105) 

D. A.  Vermi lyea~h In  th is  p a p e r  t he  a u t h o r s  sug -  
gest  t ha t  t he  field in  the  ox ide  f i lm on A1 is s m a l l e r  
w h e n  l a r g e  r a t h e r  t h a n  s m a l l  ions  a r e  a d s o r b e d  on 
i ts  sur face .  T h e y  s t a t e  t h a t  for  th is  r ea son  the  r a t e  
of co r ros ion  is less w h e n  l a rge  ions  a r e  adso rbed .  

Now,  t he  e l ec t r i c  f ield across  a f i lm of r e a c t i o n  
p r o d u c t  on a m e t a l  s p e c i m e n  i m m e r s e d  in an  e l ec -  
t r o l y t i c  so lu t ion  is d e t e r m i n e d  b y  the  f r ee  e n e r g y  
change  in t he  f i l m - f o r m i n g  r e a c t i o n  a n d  the  p o l a r -  
i za t ions  a c c o m p a n y i n g  the  v a r i o u s  e l ec t rode  r e a c -  
t ions  invo lved .  The  a d s o r p t i o n  of ions  on the  su r face  
of a f i lm wi l l  h a v e  a m i n o r  effect  on the  f ield w i t h i n  
t he  film, a l t h o u g h  such a d s o r p t i o n  wi l l  r e s u l t  in  
changes  in  t he  p o t e n t i a l s  w i t h i n  t he  e l e c t r i c a l  d o u b l e  
l a y e r  in t he  so lu t ion  ou t s ide  the  film. The  cha rges  
on  ions  w h i c h  become  a d s o r b e d  as  a r e su l t  of c h e m i -  
cal  or  d i spe r s i on  forces  on ly  wi l l  be c o m p e n s a t e d  b y  
an  excess  of  ions of oppos i t e  s ign  in  the  doub le  l a y e r  
n e a r  t he  e lec t rode .  T h e r e  w o u l d  be  a l a rge  change  in 
t h e  f ield in  t h a t  p a r t  of t he  d o u b l e  l a y e r  b e t w e e n  the  
a d s o r b e d  ions  and  the  c o m p e n s a t i n g  a t m o s p h e r e  of 
o p p o s i t e l y  c h a r g e d  ions, b u t  ou t s ide  of th is  r eg ion  
the  change  in  f ield w o u l d  be  sma l l ;  in  t he  l i m i t  of a 
u n i f o r m  c h a r g e  such  p e n e t r a t i o n  w o u l d  be  e n t i r e l y  
absen t .  On the  o t h e r  hand ,  if  the  ions a r e  a d s o r b e d  
because  of e l ec t ro s t a t i c  forces  only ,  t h a t  is, b e c a use  
of t he  cha rge  of t he  e lec t rode ,  t h e n  the  s ame  n u m -  
b e r  of ions  w i l l  be  a d s o r b e d  r e g a r d l e s s  of t h e i r  size, 

15 W. M e h l  and  J .  O'M. Bockr i s ,  J. Chem. Phys. ,  27, 818 (1957). 
le H. G e r i s c h e r ,  Z. Elek trochem. ,  B o n h o e f f e r  F e s t b a n d  (1958). 
1~ W. Lorenz ,  Naturwiss. ,  22, 1 (1953). 
18 B. E. C o n w a y  and  J .  O'M. Bockr i s ,  Proe. Roy.  Soc., Nov.  1958. 
19 R e s e a r c h  Lab. ,  G e n e r a l  E lec t r i c  Co., S c h e n e c t a d y ,  N. Y. 

s ince  t h e y  m u s t  c o m p e n s a t e  for  t he  e l e c t r o d e  charge .  
In  a n y  case, t he re fo re ,  the  f ield in t he  f i lm is to a 
first  a p p r o x i m a t i o n  u n c h a n g e d  b y  the  a d s o r p t i o n  of  
ions on i ts  surface .  

The re fo re ,  i t  a p p e a r s  d o u b t f u l  w h e t h e r  t he  ideas  
concerning the effects of ions of different sizes on the 
corrosion of Al are correct. It is more likely that 
different ions change the corrosion rate by changing 
the electrode process, for example, by altering the 
structure of the reaction film. 

M. J. Pryor: Dr. Vermilyea's interesting comments 

on our paper are sincerely appreciated. 

It is agreed that the maximum value of a field 
across a film of reaction product will be a function 
of the total free energy change. However, we con- 
clude that the field strengths must usually be less 
than the maximum values because the total free en- 
ergy change is not generally related to the rate of 
formation of the reaction product. 

Dr. Vermilyea suggests that the structure of the 
reaction product film is important in determining 
rates of corrosion of passive film formation. This is 
undoubtedly true and we have shown that variations 
in crystallographic and defect structure strongly in- 
fluence the rate of ion and electron transport through 
thin films on Al. ~ However, this factor alone does 
not appear sufficient to explain the difference in re- 
action rates in different electrolytes. For instance, 
the crystallographic structure of passive films 
formed in neutral chromates and in Pb soaps is the 
same, i.e., T-AI~O3. The defect concentration in these 
films appears to be similar as judged by dissipation 
factor and capacitance measurements. Rough cal- 
culation of the free energies of formation for the two 
film-forming reactions indicates that these are of 
similar magnitude. However, the equilibrium film 
t h i cknes s  of ~/-Al~O3 f o r m e d  in c h r o m a t e  so lu t ions  is 
v e r y  m u c h  g r e a t e r  t h a n  t ha t  in f o r m e d  P b  soaps.  
C lea r ly ,  some e x p l a n a t i o n  o t h e r  t h a n  f r ee  e n e r g y  
c h a n g e  and  v a r i a t i o n  in c r y s t a l l o g r a p h i c  and  de fec t  
s t r u c t u r e  is r e q u i r e d  to e x p l a i n  th i s  fac tor .  

These  r easons  l e a d  us to cons ide r  the  poss ib le  
effect of d i f fe ren t  f ields across  t he  ox ide  f i lm r e s u l t -  
ing  f rom specific a d s o r p t i o n  of ions. I t  is sugges t ed  
b y  Dr. V e r m i l y e a  tha t ,  if  ions  a r e  spec i f ica l ly  a d -  
so rbed  on the  o x i d e  surface ,  t h e  r e s u l t i n g  cha rge  
wi l l  be  n e u t r a l i z e d  b y  o p p o s i t e l y  c h a r g e d  ions in  
the  doub le  l a y e r  n e a r  the  e lec t rode .  H o w e v e r ,  t h e  
t o t a l  c h a r g e  of t he  an ions  r e a c t i n g  on the  o x i d e  s u r -  
face  m u s t  be  e q u a l  to the  t o t a l  c h a r g e  on the  ca t ions  
r e a c t i n g  a t  t h e  ox ide  su r f ace  in  o r d e r  to m a i n t a i n  
e l e c t r i c a l  n e u t r a l i t y  in  t he  o v e r - a l l  r eac t ion .  Bo th  
an ions  and  ca t ions  m u s t  t h e r e f o r e  b e  a d s o r b e d  on 
the  oxide .  I f  th is  p r e m i s e  is a c c e p t e d  i t  is c l e a r l y  
no t  n e c e s s a r y  to p o s t u l a t e  e q u a l  and  oppos i t e  cha rge  
in the  so lu t ion  doub le  l ayers .  This  w o u l d  be  e x p e c t e d  
to  be  t r u e  d u r i n g  a d s o r p t i o n  of l o n g - c h a i n  f a t t y  ac id  
an ions  s ince our  s tud ies  i n d i c a t e  t ha t  t he  n o n p o l a r  
end  of the  c a r b o n  cha in  is p r e s e n t e d  to t he  solu t ion .  
Even  if  ca t ions  w e r e  associa ted ,  in  a diffuse d o u b l e  
l aye r ,  w i t h  t he  a d s o r b e d  l o n g - c h a i n  f a t t y  ac id  a n -  
ions, t he  field across  t he  dif fuse  doub le  l a y e r  w o u l d  
be  low.  

2o M. $. P ryor ,  Z. Elek trochem. ,  I n  press.  
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The  S t e r n  concep t  of a doub le  l a y e r  shows  the  
m a j o r  p o t e n t i a l  change  is across  t he  spec i f ica l ly  a d -  
s o r b e d  ion w i t h  a s m a l l e r  p o t e n t i a l  change  across  
the  diffuse doub le  l aye r .  W e  h a v e  di f f icul ty  in b e -  
l i ev ing  th i s  concep t  is v a l i d  for  l o n g - c h a i n  f a t t y  
ac id  anions .  He re  t he  p o l a r  end  of t he  cha in  is a t -  
t a c h e d  to t he  ox ide  surface .  W e  h a v e  sugges t ed  t h a t  
t he  m a j o r  p o t e n t i a l  change  in th is  case could  w e l l  
be  t r a n s m i t t e d  across  a th in  d i e l ec t r i c  f i lm of 7-A1~O9. 
S ince  the  specific r e s i s t ance  of pa s s ive  f i lms on A1 
is b e t w e e n  109 and  10 L~ ohms /cm~/cm,  we  fee l  con-  
f ident  t h a t  h i g h - r e s i s t a n c e  l a y e r s  of th is  t y p e  m a y  
ea s i l y  s u p p o r t  p o t e n t i a l  g r a d i e n t s  of t he  o r d e r  of 
10~-10 ~ v / c m .  

If  t he  a b o v e  concept  is c o m b i n e d  w i t h  t he  inf lu-  
ence  of crystallographic and  defec t  s t r u c t u r e  of t he  
r e a c t i o n  p r o d u c t  film, a s a t i s f a c t o r y  e x p l a n a t i o n  of 
co r ros ion  and  i nh ib i t i on  of A1 is ob t a ined .  

F.  A.  Champion~ :  I was  i n t e r e s t e d  to no te  tha t  
t he  r e su l t s  of Messrs .  P r y o r ,  Hogan ,  and  P a t t e n  s u p -  
p o r t  the  m o r e  p r a c t i c a l  w o r k  on th is  s u b j e c t  c a r r i e d  
ou t  f rom these  l abo ra to r i e s .  ~ The  l a t t e r  w o r k  c i ted  
s h o w e d  r e d  Pb  p i g m e n t  to be  h a r m f u l  in i n d u s t r i a l  
a n d  m a r i n e  a tmosphe re s ,  w h i c h  a r e  those  w h i c h  
m i g h t  be  e x p e c t e d  to p r o v i d e  e l e c t r o l y t e s  conduc ive  
to t he  g a l v a n i c  effects  d e m o n s t r a t e d  b y  Messrs ,  
P r y o r ,  Hogan ,  a n d  P a t t e n .  In  r u r a l  e n v i r o n m e n t s ,  
w i t h  t he  m u c h  l o w e r  concen t r a t i ons  of e l ec t ro ly t e s ,  
no such harmful effects of p r a c t i c a l  i m p o r t a n c e  w e r e  
obse rved .  The  effects can  be  d e l a y e d  b y  w a t e r p r o o f -  
ing  coats,  b u t  u n d e r  se rv ice  cond i t ions  these  canno t  
be  r e l i e d  on to e x c l u d e  e l e c t r o l y t e s  f r o m  the  p r i m e r :  
if they could, then inhibiting pigments would be un- 
necessary in primers. 

M. J. Pryor: Dr. Champion's remarks on the cor- 
relation between the previous coating investigations 
of Rigg and Skerrey and our present work are in- 
deed gratifying and are appreciated. Earlier, we 
rather doubted that such a clean-cut correlation 
would be observed because commercial pigments 
used in paints are usually of low purity and the Pb 
compounds used in our investigation were as pure as 
we could obtain. For instance, pigment grade red Pb 
may often contain as much as 4% litharge, which 
might be expected to modify results. It is evident 
from the information kindly supplied by Dr. Cham- 
pion that the effect of pigment purity is of lesser 
magnitude than we had anticipated and that a more 
direct correlation may be drawn between our labo- 
ratory results and the performance of organic coat- 
ings pigmented with Pb compounds. 

D. M. B r a s h e r  ~ a n d  C. P.  De~: The  e x p e r i m e n t a l  
r e su l t s  o b t a i n e d  b y  P r y o r ,  Hogan ,  and  Pa t t en ,  i n d i -  
c a t i ng  t h a t  of the  v a r i o u s  t y p e s  of P b - c o n t a i n i n g  e x -  
t r a c t s  t e s t ed  on ly  the  Pb  soaps  a r e  t r u l y  i n h i b i t i v e  
t o w a r d  A1, a r e  of g r e a t  in te res t .  

We  w o u l d  ag ree  w i t h  the  sugges t ion  t h a t  t he  p r i -  
m a r y  cause  of i nh ib i t i on  in the  soap so lu t ions  is a d -  
so rp t ion  of t he  f a t t y  ac id  anions.  The  g r e a t e r  effi- 
c iency  of the  m o r e  ac id  P b  soaps,  as c o n t r a s t e d  w i t h  

21 Research  Labs. ,  The Br i t i sh  A l u m i n i u m  Co. L t d ,  Chalfont  Pa rk ,  
Ge r r a rds  Cross, Bucks. ,  England.  

J.  R igg  and W. W. Sker rey ,  J. Inst. Metals, 75, 69 (1948); 81, 
481 (1958). 

Nat ional  Chemica l  Lab.,  Teddington,  Middlesex,  England.  
~ Nava l  Chemical  and  Meta l lurgica l  Lab., Nava l  Dockyard ,  B o m -  

bay 1, India .  
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the more alkaline Na and Ca soaps, may perhaps be 
correlated directly with the observations of Butler, ~ 
from electrocapillary studies, on the effect of pH 
on the relative degrees of adsorption of fatty acid 
anions at the metal/solution interface. Butler 
showed that potassium hydrogen phthalate de- 
pressed the electrocapillary maximum and shifted 
the positive branch of the electrocapillary curve 
more than did the neutral phthalate. A theoretical 
correlation between the inhibitive properties of an- 
ions and their electrocapillary behavior at different 
metal surfaces has been suggested by De. ~6 It might 
also be possible that the lower rates of corrosion of 
A1 in red Pb and basic PbCO~ extracts, as compared 
with those in metallic Pb and litharge extracts, 
could be ascribed, in addition to the effect of pH, to 
the presence of the inhibitive anions plumbate and 
carbonate, respectively. 

Regarding the mechanism of oxide film growth 
(assumed to occur only when corrosion is inhibi- 
ted), it would be interesting to know if inhibition 
was found to be maintained in the fatty acid solu- 
tions in the complete absence of oxygen. It is claimed 
that the absence of oxygen caused only a slight 
lowering of potential, but owing to slight confusion 
in the text between "corrosion" and "oxide forma- 
tion" (p. 16, col. 2, line 9 of discussed paper), the 
above point is not clear. In work on steel it has been 
established that inhibition cannot be obtained by 
nonoxidizing inhibitors in the absence of oxygen; for 
e x a m p l e ,  Loch t e  a n d  P a u l  ~ a n d  Mayne ,  et al. 2~ o b -  
t a i n e d  " c o r r o d i n g "  p o t e n t i a l s  for  s tee l  in  d e a e r a t e d  
s o d i u m  p h o s p h a t e  or  sod ium h y d r o x i d e ,  r e spe c t i ve ly ,  
and  in  th is  l a b o r a t o r y  s o d i u m  b e n z o a t e  was  f o u n d  
no t  to i nh ib i t  in t he  absence  of oxygen .  ~9 In  r a d i o -  
t r a c e r  s tud ies  on steel ,  u s ing  KgCrO~ l a b e l e d  w i t h  
Cr "~1, i t  has  been  shown  t h a t  ox ide  f i lms g row log -  
a r i t h m i c a l l y  w i t h  t i m e  in c h r o m a t e  so lu t ions ;  9~ f u r -  
ther ,  b y  an  i n d i r e c t  m e t h o d  i n v o l v i n g  p r e - e x p o s u r e  
to air ,  or  p r e - i m m e r s i o n  in a e r a t e d  i n h i b i t o r  so lu -  
t ions ,  f i lm g r o w t h  in  air ,  s o d i u m  benzoa te ,  p h o s -  
pha te ,  or  h y d r o x i d e  so lu t ions  was  found  to be  log-  
a r i t h m i c  in each  case, w i t h  a r a t e  c o n s t a n t  a p p r o x i -  
m a t e l y  the  s ame  in a l l  e n v i r o n m e n t s .  '1 This  seems  to 
be  s t rong  ev idence  t h a t  t he  m e c h a n i s m  of o x i d a t i o n  
is t he  s ame  in a l l  cases,  a n d  is a s soc ia t ed  w i t h  o x y -  
gen  as t he  ox id i z ing  agen t .  Poss ib ly ,  of course ,  t h e  
f a t t y  ac id  an ion  can  ox id ize  A1 b u t  no t  Fe .  I t  is 
n o t e w o r t h y  t h a t  o x y g e n  l a r g e l y  d i sp laces  even  c h r o -  
m a t e  as the  o x i d a n t  for  F e  in  a e r a t e d  c h r o m a t e  
solu t ions ,  s-" 

W e  w o u l d  ag ree  t ha t  ox ide  fi lm f o r m a t i o n  p r o b -  
a b l y  a u g m e n t s  the  i n h i b i t i v e  p r o p e r t i e s  of t he  a d -  
so rbed  l aye r .  C o n f i r m a t o r y  ev idence  for  th is  has  
been  o b t a i n e d  in  " p o t e n t i a l  d e c a y "  s tud ies  on steel ,  ~ 

.-gJ. A. V. But ler  and C. Ockrent ,  J. Phys.  Chem.,  34, 2286 (1930). 
2~C. P. De, Nature,  180, 803 (1957). 

H. L. Lochte  and  R. E. Paul ,  Trans. Eiectrochem. Soc., 64, 164 
(1933). 

--8 j .  E. O. Mayne,  J .  W. Menter ,  and  M. J .  Pryor ,  J. Chem. Soc., 
1950, 3229. 

eg"Chemis t ry  Research  1954," p. 12, Her  Majes ty ' s  Sta t ionery  
Office, London (1955). 

3o n .  M. Brasher ,  A. H. K ingshury ,  and  A. D. Mercer ,  Nature,  180, 
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~ P a r t i a l l y  repor ted  in  " C h e m i s t r y  Research  1957," D. 12, Her  
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Office, London (1952). 



756 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December 1958 

immersed  in  ch romate  solut ions  for va r ious  periods 
and  t h e n  t r a n s f e r r e d  to dis t i l led  water .  The  longer  
the  per iod of p r e - i m m e r s i o n  in chromate ,  the s lower 
the  subsequen t  decay of po ten t ia l  in  dis t i l led water .  

M. $. Pryor: The comment s  s u b m i t t e d  by  Brasher  
and  De are most  i n t e re s t ing  and  are apprecia ted.  
Ce r t a in ly  the past  work  by Bu t l e r  ~'~ and  A d a m  ~ 
s t rong ly  suggests tha t  an  acid soap should be more  
s t rong ly  adsorbed  at an  in te r face  t h a n  a n e u t r a l  
soap. Consequen t ly ,  a cor re la t ion  b e t w e e n  e lec t ro-  
cap i l l a r i ty  behav io r  and  adsorp t ion  of the fa t ty  acid 
an ion  mus t  exist. However ,  the cor re la t ion  b e t w e e n  
e lec t rocap i l l a r i ty  behav io r  and  inh ib i t i on  m u s t  be 
more  complex  because  subsequen t  ox ida t ion  of the 
A1 and  reduc t ion  of the  fa t ty  acid an ions  occurred  
in  the sys tems we were  s tudying .  These l a t t e r  re -  
act ions do not  appear  to be p r i m a r i l y  re la ted  to the  
degree  of adsorp t ion  bu t  r a the r  to s t r uc tu r a l  aspects 
of the  pa r t i cu l a r  fa t ty  acid an ions  such as the  n u m -  
ber, posit ion,  and  type  of u n s a t u r a t e d  bonds.  Con-  
sequent ly ,  we would  expect  an  accura te  cor re la t ion  
b e t w e e n  e lec t rocap i l l a r i ty  behav io r  and  i nh ib i t i on  
only  if s u b s e q u e n t  ox ida t ion  was  e i ther  absen t  or of 
s ignif icant  impor tance .  

S u b s e q u e n t  e x p e r i m e n t a l  s tudy  of this system, r e -  
por ted  elsewhere,  ~ provides  in  m a i n  pa r t  the a n -  
swers to the add i t iona l  ques t ions  ra ised by  Brasher  
and  De. In  lead l ino lea te  and  lead l a u r a t e  extracts ,  
the p resence  of dissolved oxygen  has v i r t u a l l y  no 
effect in  the  po ten t i a l  of A1, nor  on its passivi ty .  
Consequen t ly ,  pass iv i ty  m a y  be genera ted  a nd  
m a i n t a i n e d  in  deae ra ted  extracts .  Here  it is ev iden t  
tha t  ox ida t ion  is p roduced  by  the d ischarge  of the 
fa t ty  acid an ions  wi th  dissolved oxygen  p l ay i ng  a 
m ino r  role. Since we bel ieve  tha t  these fa t ty  acid 
an ions  are sufficiently s t rongly  adsorbed  on the 
me ta l  or oxide to displace h y d r o x y l  ions f rom the 
surface,  it  is no t  u n r e a s o n a b l e  to pos tu la te  t ha t  they  
wil l  also l a rge ly  displace the h igher  concen t r a t i on  
oxygen  dissolved in the  electrolyte.  We have  shown  
prev ious ly  ~ tha t  the po ten t i a l  of steel in  deae ra ted  
nonox id i z ing  inh ib i to r s  is cont ro l led  accura t e ly  by  
the  fe r rous  ion ac t iv i ty  in  e q u i l i b r i u m  wi th  Fe  (OH) 
(or, in  the case of phospha te  solutions,  fe r rous  phos-  
pha te )  at the pa r t i cu l a r  pH u n d e r  examina t ion ,  
p rov ided  the fer rous  ion ac t iv i ty  is g rea te r  t h a n  
a i o u n d  10 '-~ g ions/1. If A1 behaved  s imi lar ly ,  we 
would  an t ic ipa te  ve ry  act ive po ten t ia l s  and  slow 
corrosion if the oxidiz ing act ion of lead l ino lea te  and  
l au ra t e  was  due  to dissolved oxygen.  The con t r a ry  
resul ts  ou t l ined  above indica te  tha t  we mus t  classify 
these  ex t rac t s  as oxidiz ing inhib i tors .  

S l igh t ly  di f ferent  resul t s  are ob ta ined  in  lead r ic-  
inolea te  in  tha t  the po ten t i a l  is m u c h  more  sens i t ive  
to the oxygen  con ten t  of the  e lectrolyte .  Deae ra t ion  
can shif t  the po ten t i a l  by  as m u c h  as 250 m v  in  the  
act ive direct ion.  However ,  the  A1 sti l l  behaves  in  a 
passive m a n n e r  (or corrodes at an u n d e t e c t a b l e  
ra te )  for 4 days which  is the  m a x i m u m  t ime  for 
which  expe r imen t s  were  pe r fo rmed  on this system. 
We have  a t t r i b u t e d  these  resul t s  to w e a k e r  adsorp-  
t ion  of the h igher  pH r ic inoleate .  The  weake r  ad-  

** N. K.  A d a m ,  " T h e  P h y s i c s  a n d  C h e m i s t r y  of  S u r f a c e s , "  p. 128, 
O x f o r d  U n i v e r s i t y  P r e s s ,  O x f o r d  ( i g41 ) .  

~ M. J .  P r y o r ,  Z. Elektrochera.,  I n  p ress .  

sorp t ion  of r ic inolea te  should p e r m i t  more  easy 
s imu l t aneous  adsorp t ion  of oxygen  which  would  
then  be expected to con t r ibu t e  to the pass iva t ion  
process in solut ions  con t a in ing  dissolved air. This  
con ten t ion  is suppor ted  in  Tab le  I, pub l i shed  here,  by  
m e a s u r e m e n t  of the c u r r e n t  efficiency of anodic  oxi -  
da t ion  of A1 in  Pb  soap ex t rac t s  s a tu ra t ed  wi th  dis-  
solved air  at ve ry  low c u r r e n t  dens i ty  and  at po t en -  
t ials  be low tha t  at which  oxygen  is evolved.  

Table I. Current efficiency of oxide formation by anodic polarization 
in different lead soaps at 25~ 

C u r r e n t  e f f i c iency  
I n i t i a l  % a t  0 .5 - -%~t -1 .0  

E l e c t r o l y t e  C o n c e n t r a t i o n  p H  tza/cm2 /~a/cm'-' 

Lead linoleate 218 mg Pb/1 5.5 91 92 
Lead ricinoleate 208 mg Pb/1 6.0 78 82 
Lead laurate  296 mg Pb/1 5.5 87 88 

The lowered  efficiency of oxide fo rma t ion  in  r ic-  
inolea te  ext rac ts  is held to be evidence  of its weake r  
adsorp t ion  on the A1 specimens.  In  tu rn ,  this  wi l l  
lead to magnif ied  effects of the  s imu l t aneous  p res -  
ence of oxygen  in  the solut ion.  P r o b a b l y  some con-  
s iderable  s imi la r i ty  exists  b e t w e e n  the act ion of lead 
r ic inolea te  on A1 and  tha t  of sod ium t ungs t a t e  and  
m o l y b d a t e  on Fe which  we descr ibed ea r l i e r?  ~ 

Equil ibria in the Niobium-Hydrogen System 

w. M. Albrecht, M. W. Mallett, and W. D. Goede 
(pp. 219-223, Vol. 105) 

O. M. Katz and E. A. Gulbransen~7: Recent ly  we 
have  aga in  become grea t ly  in te res ted  in  the  s tudy  
of h y d r o g e n  in  metals .  One of the ma te r i a l s  we 
have  inves t iga ted  is h i g h - p u r i t y  Nb of the fo l low-  
ing ana lys is :  

T a - - 5 9 0  p p m  
F e - - 3 3 0  ppm 
Mo---54 p p m  
H - -2 .3  ppm 
O - - 3 1  ppm 
N - - 1 3 1  ppm 
C - - 5 9  p p m  
Zr - -0 .79  wt  % 

For  e q u i l i b r i u m  studies  the Nb str ip sample  (0.025 
x 0.500 x 4.429 cm) was pol ished u n d e r  pur i f ied 
kerosene  t h r ough  4/0 e m e r y  paper  a nd  p r e t r ea t ed  
for 1 hr  at  ~ 850~ at ~ 0.001~ Hg. Mass spec t rom-  
eter  ana lys i s  of the H~, ob ta ined  by  diffusion th rough  
a p a l l a d i u m  tube,  showed it to be 99 .99§  pure .  

A v a c u u m  mic roba lance  incorpora ted  in  an  e n -  
t i re ly  n e w  type of enc losure  t ha t  has b e e n  des igned 
to compensa te  for a ny  " b u o y a n c y  effects" was used. 
P re s su re  read ings  were  t a ke n  wi th  a me ta l  d ia -  
ph ragm,  null-indicator in conjunction with a 0.6313 
in. ID, precision, Hg manometer. Reproducibility of 
readings was _+0.2 mm Hg. The temperature vari- 

ation was -3~ 
Pressure-composition isotherms were obtained by 

varying the H~ pressure and reading the micro- 
balance deflection after equilibrium was reached, 

'~ M. J .  P r y o r  a n d  M. C o h e n ,  This Journal,  1OO, 203 (1953).  
.~7 C h e m i s t r y  Dep t . ,  W e s t i n g h o u s e  E l ec t r i c  CorD., B e u l a h  Bd. ,  

C h u r c h i l l  Boro . ,  P i t t s b u r g h  35, Pa .  
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a l l  a t  cons t an t  t e m p e r a t u r e .  T h e  r e su l t s  a r e  shown  
in Fig.  1 p u b l i s h e d  here .  Close  a g r e e m e n t  w i t h  t h e  
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Fig. 1 
w o r k  of Messrs .  A l b r e c h t ,  Mal le t t ,  a n d  Goode  in  
th is  t e m p e r a t u r e  r a n g e  was  mos t  i n t e r e s t i n g  cons id -  
e r ing  the  c o m p l e t e l y  d i f fe ren t  a p p r o a c h  we  used.  

Da t a  on the  phase  e q u i l i b r i u m  be low 300~ a r e  
also be ing  co l lec ted  and  wi l l  soon be  ava i l ab le .  

W. M. Albrecht, M. W. Mallett, and W. D. Goode: 
I t  is g r a t i f y i n g  t h a t  t he  d a t a  of Messrs .  K a t z  and  
G u l b r a n s e n  c o r r o b o r a t e  our  f indings,  p a r t i c u l a r l y  in 
v i ew  of the  d i f fe rence  in  t he  Z r  con ten t s  of t he  Nb. 
No Z r  ( <  50 p p m )  was  d e t e c t e d  in s p e c t r o g r a p h i c  
ana lyse s  of our  m a t e r i a l .  A p p a r e n t l y ,  Zr  up  to abou t  
1 wt  % has  no m e a s u r a b l e  effect on the  Nb-H~ 
equ i l ib r i a .  

Corrosion of Anodically and Cathodically Polarized 
Magnesium in Aqueous Media 

G. R. Hoey and M. Cohen (pp. 245-250, Vol. 105) 

W. E. Higgins~8: I t  is mos t  u n f o r t u n a t e  t h a t  the  
a u t h o r s  shou ld  h a v e  p r e p a r e d  the  Mg su r faces  b y  
a b r a s i o n  w i t h  e m e r y  pape r .  This  ac t iva t e s  t h e  su r -  
face  and  b r ings  a b o u t  a cond i t ion  w h e r e  p a r a s i t i c  
co r ros ion  is r e l a t i v e l y  v igorous .  A s p e c i m e n  so 
t r e a t e d  and  p l a c e d  in d i lu t e  NaCI  so lu t ion  wi l l  
evo lve  gas  v i s ib ly ,  w h e r e a s  a s im i l a r  s p e c i m e n  
r u b b e d  w i t h  fine p u m i c e  p o w d e r  is v e r y  m u c h  m o r e  
iner t .  

The  r ea son  for  th is  is a p p a r e n t l y  the  p i c k u p  of 
mic roscop ic  ca thod ic  pa r t i c l e s  f rom the  e m e r y  
( w h i c h  is a good c o n d u c t o r  and  a v e r y  ac t ive  c a t h -  
ode) .  F i n e  glass  p a p e r  and  c lean  pumice ,  on the  
o the r  hand ,  a re  i n e r t  and  do not  b r i n g  abou t  t he  
effect  desc r ibed .  

I t  fo l lows  t h a t  the  r e su l t s  o b t a i n e d  b y  t h e  a u -  
thors  m a y  be  v e r y  d i f f e ren t  f rom those  w h i c h  m i g h t  
be  e x p e c t e d  f rom a c l ean  Mg surface .  

Rob inson ' s  sugges t ion ,  t ha t  the  de fec t  of the  c u r -  
r en t  eff iciency f r o m  100% is l a r g e l y  due  to the  
b r e a k d o w n  of a p r o t e c t i v e  film, seems  v e r y  p r o b a b l e  
for  t he  fo l lowing  reasons :  C lean  Mg w h e n  p l a c e d  in 

ss M a g n e s i u m  Elekt ron Ltd.,  L u m m ' s  Lane,  Clifton Junc t ion ,  
Swinton,  Manches ter ,  England.  

DISCUSSION SECTION 757 

an  e l e c t r o l y t e  such as NaC1 beg ins  to d i s so lve  s l owly  
and  in do ing  so b r ings  a b o u t  a condi t ion  of h igh  
a l k a l i n i t y  in the  su r f ace  l a y e r s  of l iquid .  The  p r e s -  
ence of such an a l k a l i n e  l a y e r  p r o v i d e s  the  cond i -  
t ions  for  a p r o t e c t i v e  f i lm of MgOH~ to form,  and 
d i s so lu t ion  of the  m e t a l  is s l owed  down.  ( I t  is a s ig -  
n i f icant  fac t  t ha t  Mg d i sso lves  m u c h  m o r e  r a p i d l y  in 
r u n n i n g  w a t e r  t h a n  in  s ta t ic  condi t ions . )  If,  h o w -  
ever ,  t he  Mg is coup led  to a m o r e  nob le  me ta l ,  the  
e l ec t r i ca l  t ens ion  is sufficient to push  ou t  Mg a toms  
into  solut ion.  By a b s t r a c t i n g  e lec t rons ,  the  a toms  
become  pos i t i ve ly  c h a r g e d  and  those  in con tac t  w i t h  
an  e l e c t r o l y t e  fo rm ions m o v i n g  a w a y  f r o m  the  m e t a l  
sur face .  I t  seems  obv ious  t h e r e f o r e  t h a t  such  ions 
pa s s ing  in to  so lu t ion  wi l l  i n t e r f e r e  w i t h  t he  f o r m a -  
t ion  of a film, w h i c h  invo lves  t he  p r o d u c t i o n  of an  
inso luble ,  as d i s t i nc t  f rom a soluble ,  p roduc t ,  t ha t  is, 
a Mg Compound w h i c h  cl ings to the  m e t a l  sur face .  
If  th is  is so, t hen  i t  becomes  c lea r  w h y  se l f - co r ro s ion  
inc reases  as the  c u r r e n t  d r a w n  f rom t h e  a n o d e  in -  
creases .  This  indeed  can  be ver i f ied  b y  obse rva t ion .  
A n  a n o d e  of 100% efficiency ough t  not  to evo lve  
h y d r o g e n  on its own sur face ;  the  h y d r o g e n  ough t  to 
be evo lved  on ly  at  the  ca thode .  Yet  a Mg a n o d e  
evo lves  hyd rogen ,  and  the  m o r e  so as t he  a n o d e  c u r -  
r e n t  increases .  I t  w o u l d  seem tha t  the  on ly  e x p l a n a -  
t ion is t h a t  the  H on the  anode  ar i ses  f rom local 
ca thodes  due  to i m p u r i t i e s - - i n  o the r  words ,  effi- 
c i ency  of  the  m a i n  r e a c t i o n  is b e i n g  r e d u c e d  b y  loca l  
r eac t ion .  The  to t a l  efficiency, if  i t  could  be  m e a s -  
u red ,  w o u l d  p r o b a b l y  be  100% b u t  on ly  the  effi- 
c iency  of the  m a i n  r e a c t i o n - - b e t w e e n  t h e  anode  and  
the  c a t h o d e - - i s  sub jec t  to m e a s u r e m e n t .  

R e g a r d i n g  the  u n d e r c u t t i n g  of the  Mg gra in ,  th is  
c e r t a i n l y  m a y  occur,  bu t  i t  is not  s t r i c t l y  b y  i n t e r -  
g r a n u l a r  a t t ack .  The  g r a i n  b o u n d a r i e s  a r e  u s u a l l y  
cathodic to t he  g r a i n  in t e r io r ,  and  t h e r e f o r e  t he  
g r a i n  is c o r r o d e d  p r i n c i p a l l y  at  t he  edges  w h e r e  i t  
ad jo ins  the  ca thod ic  g r a i n  b o u n d a r y .  This  is to be  
e x p e c t e d  s ince the  cor ros ion  c u r r e n t  t akes  the  s h o r t -  
est  p a t h  and  the  consequence  is t ha t  t he  c e n t e r  p o r -  
t ion  of the  g r a i n  becomes  d e t a c h e d  and  d r o p s  out.  
By  s u i t a b l e  t echn iques  t h e  r e m n a n t s  of  t he  g r a i n  
b o u n d a r y  cons t i t uen t s  can  be  p h o t o g r a p h e d  s t i l l  in 
s l tu .  Fig .  i (a Mg a l loy )  shows  a p a r t l y  c o n s u m e d  

Fig. ] 

g r a i n  w i t h  the  g r a i n  b o u n d a r y  cons t i t uen t  ou t l i n ing  
the  spaces  w h e r e  o t h e r  g r a in s  h a v e  d i s a p p e a r e d .  

G. H. Hoey and M. Cohen: The  Mg spec imens  used  
in a l l  e x p e r i m e n t s  w e r e  a n n e a l e d  at  300~ for  2 h r  
in an  a rgon  a t m o s p h e r e ,  po l i shed  on 1/0 e m e r y  
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paper ,  degreased,  and  etched in  0.1N HC1 for 1 min .  
The  e tchant ,  0.1N HC1, gives a u n i f o r m  etch and  is 
sufficiently s t rong  to expose for e x p e r i m e n t a t i o n  the  
Mg subs t ra te  r a the r  t h a n  worked  metal ,  emery  grit ,  
or, perhaps ,  as in  Higgins '  case, p u m i c e  powder .  One  
of the objects  of this research  was  to s tudy  the  be -  
hav ior  of p u r e  Mg. 

Higgins  states tha t  the  on ly  e x p l a n a t i o n  for evo-  
lu t ion  of h y d r o g e n  on Mg is tha t  the  h y d r o g e n  arises 
f rom local cathodes due to impur i t i es .  The concen-  
t r a t i o n  of cathodic impur i t i e s  (Fe, Ni, and  Cu) in  
the Mg used in  this  w o r k  was be low the i r  to le rance  
l imits ,  i.e., f u r t h e r  pur i f ica t ion  of Mg wi l l  no t  r educe  
the  corrosion ra te  s ignif icant ly.  One of the  e x p l a n a -  
t ions suggested in  the  pape r  p r o b a b l y  exp la ins  hy -  
drogen  evo lu t ion  on Mg. 

Corrosion of Mg by  u n d e r m i n i n g  of meta l l i c  Mg 
which  was  d e m o n s t r a t e d  for e x p e r i m e n t a l  condi -  
t ions f avor ing  th ick  film fo rma t ion  was not  sug-  
gested in  the  paper  to be  s t r ic t ly  i n t e r g r a n u l a r  a t -  
tack. I n t e r g r a n u l a r  a t t ack  was  observed  on ly  on 
ca thodica l ly  polar ized  Mg at  e leva ted  t e m p e r a t u r e s  
for which  a h y d r o g e n  e m b r i t t l e m e n t  theory  was  
proposed. I t  is not  clear  f rom Higgins '  d iscuss ion or 
Fig. 1 which  of the two types  of a t tack  he is con-  
s ider ing.  

Polarographic Reduction of Delta~-3-Ketosteroids 
in Well-Buffered Media 

Peter Kabasakalian and James McGIotten (pp. 261-264, Vol. 105) 

Petr Zuman~9: In  solut ions  of A4-3-ketosteroids, 
wel l  buffered wi th  usua l  buffers, p r inc ipa l ly  two 
waves  were  observed  by  us "~ as wel l  as by  L u n d  ~ 
( the  observed adsorp t ion  prewaves ,  which  are no t  
discussed by  K a b a s a k a l i a n  and  McGlot ten ,  p r o b a b l y  
because  they  used high steroid concent ra t ions ,  wi l l  
be omi t t ed  in  the  p resen t  d iscuss ion) .  In  the  acid r e -  
gion on ly  the more  posi t ive  wave,  in  the a lka l ine  
on ly  the  more  nega t i ve  one, was  observed.  In  the 
p H - r e g i o n  b e t w e e n  pH 5 and  9 ( d e p e n d e n t  on the  
n a t u r e  of the  ke tos tero id  s tudied  and  on the  d rop-  
t ime  used) ,  bo th  waves  were  developed and  the i r  
ra t io  was  pu t  in  the fo rm of a dissociat ion curve  (cf. 
Fig. 1-3 in  foo tnote  40).  W h e n  the  more  posi t ive  
wave  was  less t h a n  20% of the to ta l  wave -he igh t ,  
its he ight  was  i n d e p e n d e n t  of the  Hg pressure ;  it  
follows tha t  this  is a c u r r e n t  cont ro l led  by  the  ra te  
of a chemical  react ion.  

The e x p l a n a t i o n  of these facts was  tha t  the more  
posi t ive  wave  cor responds  to the  r educ t ion  of a p ro-  
tonized  fo rm of the  ketosteroid,  the more  nega t ive  
one to the  u n - i o n i z e d  steroid,  s table  at h igher  pH -  
values .  The  k ine t i c  cha rac te r  was  exp l a ined  by  the  
control  of the  more  posi t ive  w a v e  by  the  ra te  of re -  
c o m b i n a t i o n  of the u n - i o n i z e d  s teroid w i th  an  acid. 

Al l  the  facts observed  ~~ are cons is ten t  wi th  the  
m e c h a n i s m :  

~ g P o l a r o g r a p h i e  I n s t i t u t e  of  t h e  C z e c h o s l o v a k  A c a d e m y  of  Sc i -  
ence ,  P r a g u e ,  C z e c h o s l o v a k i a .  

4op. Z u m a n ,  J .  T e n y g l ,  a n d  M. B r e z i n a ,  C h e m .  l is iy ,  47, 1152 
(1953);  Col lec t ion  Czechos lov .  C h e m .  C o m m u n s . ,  19, 46 (1954).  

4x H.  L u n d ,  P e r s o n a l  c o m m u n i c a t i o n .  
42H. L u n d ,  A c t a  C h e m .  Seand . ,  11, 283 (1957).  

+ H § ) Radical  

H �9 
2 Radicals > Pinacol  A 

(D 

) Radical  (II)  

2 Radicals -~ 2H § ---> Pinacol  B 

where  (I)  corresponds  to the  process at  the  po t en -  
t ia l  of the  more  posit ive,  ( I I )  of the more  negat ive ,  
wave.  The fo l lowing  facts are in  a g r e e m e n t  wi th  
this  exp lana t ion :  (A) The  dependence  of the l i m i t -  
ing c u r r e n t  on pH is s imi la r  to other  e lec t ro reduc-  
t ions  of w e a k  acids a nd  in  accordance  w i th  the  
theory.4~. 4, (B) The  dependence  of the h a l f - w a v e  
po ten t i a l  of the  more  posi t ive  wave  on pH for pH-  
va lues  sma l l e r  t h a n  pK, the  change  in  slope of this 
dependence  at  pH = pK, as wel l  as the  prac t ica l  i n -  
dependence  observed  for the more  nega t ive  wave  
are s imi la r  to the  dependence  of the  h a l f - w a v e  po-  
t en t i a l s  of r educ ib le  acids a nd  prac t ica l  p H - i n d e -  
pendence  of the w a v e  for the co r respond ing  base. 4~-~8 
The f o r m  of the  dependence  of the wave  of the ca-  
t ion  is, moreover ,  in  accordance  wi th  the  approx i -  
ma te  theory  for the  shifts of h a l f - w a v e  poten t ia l s  of 
k ine t ic  cur ren ts .  49 The h a l f - w a v e  po ten t i a l  of the  
u n - i o n i z e d  ke tos tero id  is p rac t ica l ly  p H - i n d e p e n d -  
ent,  in  accordance  wi th  the  fact  tha t  no p ro ton  is 
accepted in  the p o t e n t i a l - d e t e r m i n i n g  step ( I I ) .  The 
smal l e r  shifts observed  in  this  case as wel l  as for o ther  
an ions  are p r o b a b l y  due to secondary  effects l ike 
ionic s t rength ,  concen t r a t i on  of cations,  etc. (C) 
Different  isomers  of p inacol  (P inacol  A a nd  P inaco l  
B) were  isolated, ~ w h e n  a p r e pa r a t i ve  r educ t ion  on 
a Hg pool e lec t rode  was car r ied  out  in  acid or in  
a lka l ine  solutions,  respect ively .  This  is a suppor t  of 
two di f ferent  r educ t ion  m e c h a n i s m s  (I)  and  ( I I ) .  

The  f indings of L u n d  4~ have  shown  tha t  the  ra te  
of p r o t ona t i on  p reced ing  the e lec t ro reduc t ion  p lays  
an  i m p o r t a n t  role even  at  the Hg pool electrode.  So 
far  as we know,  this is the first case recorded where  
a ra te  (not  an  e q u i l i b r i u m )  of a reac t ion  preced ing  
the  e l e c t r o n - t r a n s f e r  changes  the m e c h a n i s m  of a 
r educ t ion  on a Hg pool electrode.  

The exis tence  of the  p ro ton ized  form of A~-3-keto - 
s teroids has b e e n  p roved  b y  e l ec t rop repa ra t ive  4~ as 
wel l  as po la rograph ic  ~ f indings.  

I n  the i r  art icle,  K a b a s a k a l i a n  and  McGlo t t en  t ry  
to exp la in  the change  of the  w a v e - h e i g h t  w i th  pH 
by  the fo rma t ion  of: a " s t e r o i d - h y d r o g e n  ion com- 
plex, r ep resen ted  a reac t ion  b e t w e e n  a s teroid and  a 

43 R. B r d i c k a  a n d  K. Wiesner ,  Col lec t ion  Czeehos lov .  C h e m .  C o m -  
m u n s . ,  12, 138 (1947) ; R .  B r d i c k a ,  ib id . ,  19, S41 (1954) .  

J .  K o u t e c k y ,  C h e m .  l isty,  47, 323 (1953);  Col lec t ion  Czechos lov .  
C h e m .  C o m m u n s . ,  18, 597 (1953).  

45R. B r d i c k a ,  Col lec t ion  Czeehos lov .  C h e m .  C o m m u n s . ,  12, 212 
(1947).  

46 V. H a n u s ,  T he s i s ,  C h a r l e s  U n i v e r s i t y ,  P r a g u e  (1949).  
4~ j .  V o i k e  a n d  V. V o l k o v h ,  C h e m .  lis~y, 49, 490 (1954) ; Col lec t ion  

Czechos lov .  C h e m .  C o m m u n s . ,  20, 1332 (1955).  
P.  Z u m a n ,  J .  C h o d k o w s k i ,  a n d  F.  S a n t a v y ,  Col lec t ion  C z e c h o -  

s lov.  C h e m .  C o m m u n s . ,  I n  p re s s .  
49 N.  T a n a k a  a n d  R.  T a m u m u s h i ,  P r o c .  F i r s t  I n t e r n .  P o l a r o g r a p h i c  

C o n g r . ,  P r a g u e ,  1951, P a r t  I ,  p. 486, p u b l i s h e d  b y  P r i r o d o v e d .  
v y d a v . ,  P r a g u e  (1951).  
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specific buffer acid ( r a t h e r  t h a n  a g e n e r a l i z e d  ac id -  
base  r e a c t i o n ) . "  In  c o n t r a d i c t i o n  to th is  s t a t e m e n t ,  
Eq. ( I )  in t he  d i scussed  p a p e r  c o r r e s p o n d s  to a gen -  
e r a l  a c i d - b a s e  reac t ion .  E v e n  w h e n  no t  e x p l i c i t l y  
s ta ted ,  t he  p a r t i c l e  r e d u c e d  in  t h e  m o r e  pos i t i ve  
w a v e  is s u p p o s e d  to  be  a c o m p l e x  of  the  s t e ro id  
w i t h  t he  buf fe r  acid.  T h e r e  is no e x p e r i m e n t a l  s u p -  
p o r t  for  t he  r e d u c t i o n  of  such a pa r t i c l e .  The  o b -  
s e r v e d  i n d e p e n d e n c e  of the  first  w a v e  to t he  t o t a l  
c u r r e n t  in  c h a n g i n g  the  c o n c e n t r a t i o n  of t h e  s t e r -  
oid, as w e l l  as t he  p H - d e p e n d e n c e  of the  w a v e  
h e i g h t  f o u n d  in c h a n g i n g  the  r a t i o  of p r i m a r y  and  
s e c o n d a r y  p h o s p h a t e s  ( w i t h o u t  h o l d i n g  ionic s t r e n g t h  
c o n s t a n t - - T a b l e  I V ) ,  a r e  b e t t e r  e x p l a i n e d  b y  the  
m e c h a n i s m  g iven  b y  us. Also,  t he  shape  of t h e  d e -  
p e n d e n c e  of t he  h a l f - w a v e  p o t e n t i a l  on p H  could  
h a r d l y  be  e x p l a i n e d  b y  the  r e d u c t i o n  of a c o m p l e x  
only .  

On  the  o t h e r  hand ,  to cons ide r  the  r a t i o  of t h e  f irst  
and  second  w a v e s  as p r o p o r t i o n a l  to e q u i l i b r i u m  
concen t r a t i ons  is an  e r ror ,  wh ich  was  e a r l y  d i s -  
c e r n e d  b y  B r d i c k a ?  ~ The  ca l cu l a t i on  of K in  T a b l e  
V of the  d i scussed  p a p e r  b e a r s  w i tnes s  to m i s u n d e r -  
s t a n d i n g  of  t he  p r i n c i p l e s  of k i n e t i c  c u r r e n t s  con-  
t r o l l e d  b y  r e c o m b i n a t i o n ,  w h i c h  h e r e  p l a y  t h e  m a j o r  
role .  

I t  is poss ib le  tha t ,  in  the  rate of formation of t he  
p r o t o n i z e d  form,  o t h e r  p ro ton  donors  bes ides  the  
h y d r o x o n i u m  ion p l a y  a role,  ~~176176 a n d  the  r a t e  con-  
s t an t  becomes  

k~ = kH~o + k~o+ [I-I~O +] + E k ~  [ H A ]  

U n f o r t u n a t e l y ,  t h e  q u a n t i t a t i v e  t r e a t m e n t  of the  
r e c o m b i n a t i o n  r a t e  cons tan t s  (k , )  is i m p o s s i b l e  so 
far ,  b e c a u s e  of l a ck  of t h e  t h e r m o d y n a m i c a l  e q u i l i b -  
r i u m  cons tan t s  ( K  = k # k , ) .  But  t h e  s m a l l  change  
of Q/i.. w i t h  the  buf fe r  c o n c e n t r a t i o n  at  p H  = cons t  
( Tab l e s  IV a n d  V of  K a b a s a k a l i a n  and  M c G l o t t e n )  
shows  t h a t  the  c o n t r i b u t i o n s  of kn~o~ a n d  k~Po,- a r e  
r a t h e r  smal l ,  if t he  change  in i~/i~ is no t  caused  b y  
the  c h a n g e  in  ionic  s t r e n g t h  ~' ~ a t  al l .  

A n  e x p l a n a t i o n  of t he  o b s e r v e d  two  w a v e s  b y  
i n a p p r o p r i a t e  bu f f e r ing  is a lso  i m p r o b a b l e .  In  our  
e x p e r i m e n t s ,  t he  c o n c e n t r a t i o n  of t he  ac id  bu f f e r -  
c o m p o n e n t  was  a l w a y s  50 t imes  h i g h e r  t h a n  the  con-  
c e n t r a t i o n  of t h e  depo la r i ze r .  Because  a t  l e a s t  a 
t w e n t y f o l d  excess  of  the  buf fe r  is n e c e s s a r y  ~-~ fo r  
good buf fe r ing ,  t he  so lu t ions  w i t h  t he  l owes t  buf fe r  
c o n c e n t r a t i o n s  in  T a b l e  I V ( c )  a r e  i n a p p r o p r i a t e l y  
buf fered .  

W h e n  in t he  p H - r a n g e ,  w h e r e  r e c o m b i n a t i o n  oc-  
curs,  buf fe rs  w i t h  t r i a l k y l a m i n e  as bas ic  c o m p o n e n t  
w e r e  used,  on ly  one  w a v e  was  o b s e r v e d  ( p a p e r  b y  
K a b a s a k a l i a n  and  McG10t ten , u n d e r  d i scuss ion ) .  
This  was  i n t e r p r e t e d  as  n o r m a l  b e h a v i o r  and  the  

~~ Wiesner ,  M. Wheat ley ,  and ,l. M. Los, J. Am.  Chem.  Soe., 
76, 4858 (lg54) ; M. S. ~Vheatley, Experientia,  1~, 339 (1956). 

J .  H. Green  and  A. Walkley,  Austr.  J. Chem.,  8, 51 (1955). 
52 R. Zahradn ik ,  E. Sv~tek,  and  M. Chvapil ,  Chem. listy, 51, 2232 

(1957). 
5s E. T. Bartel ,  Z. R. Grabowsk i ,  W. Kemula ,  and W. T u r n o w s k a -  

Rubaszewska ,  Roezniki  Chem.,  31, 13 (1957). 
~40. Hrdy ,  Chem. listy, 52, 1058 (1958). 

P. Zuman,  Unpubl i shed  resul ts  on the  po la rography  of  per iodic  
acid. 

5eV. Hanus ,  Proc. F i r s t  In te rn .  Po la rograph ie  Congr. ,  P rague ,  
1951, P a r t  I, p. 811, publ i shed  by  Pr i rodoved .  vydav . ,  P r a g u e  (1951). 

5~j. Kuta ,  Acta  Chim. Acad. Sci. Hung.,  9, l l g  (1956); Chem.  
listy, 49, 1419 (1955); Collection Czechoslov. Chem.  Communs . ,  21, 
697 (1956). 

~SA. Ryvolova  and V. Hanus ,  Chem. listy, 50, 46 (1956). 
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cu rves  in p h o s p h a t e  and  b o r a t e  buffers  a r e  supposed  
to be  due  to a specific ac t ion  of buf fe r  componen t s .  

Vo lkov~  ~ has  shown  r e c e n t l y  t h a t  the  inf luence  of 
ac ids  of t he  t y p e  NR~H § on r e c o m b i n a t i o n s  is d i f f e r -  
en t  f r o m  acids  of  the  t y p e  H~A1, HA1, or  HA1-. F o r  
u n - i o n i z e d  ac ids  or  for  an ions  w i t h  ac id  n a t u r e  in 
r eac t i ons  

HA~ q- A~- .~ HA= -b A~- [ 1 ] 

HA1- + A ~ - ~  HA_~ + A1 ~- [2]  

( w h e r e  HA~ is t he  r e d u c i b l e  ac id )  t he  c o n c e n t r a t i o n  
of the  buf fe r  has  a s m a l l  or  o f ten  n e g l i g i b l e  inf luence  
on the  r a t i o  iJi~. F o r  ac ids  of the  t y p e  NR~H § a r e -  
m a r k a b l e  effect  was  obse rved ,  ~~ the  n a t u r e  of wh ich  
is d e p e n d e n t  on t h e  t y p e  of the  r e d u c i b l e  ac id  i n -  
vo lved .  F o r  a r e a c t i o n  of n e g a t i v e l y  c h a r g e d  p a r t i -  
cles of the  t y p e  

NR~H + + A~-~-HAs  + NR~ [3]  

the  h e i g h t  of  t he  w a v e  of  t he  ac id  f o r m  H A ,  in -  
c reases  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of NR~H +. On 
the  o t h e r  hand ,  for  the  f irst  w a v e  of p h t h a l i c  acid,  
c o r r e s p o n d i n g  to a r e d u c t i o n  of a cat ion,  ~ w h e r e  u n -  
c h a r g e d  ac id  is r e a c t i n g  w i th  p ro tons ,  a d e c r e a s e  in 
t he  w a v e  of H~A~ + w i t h  i n c r e a s i n g  a m i n e  buf fe r  con-  
c e n t r a t i o n  was  o b s e r v e d 2  ~ 

S i m i l a r l y  a dec rea se  of the  m o r e  pos i t i ve  w a v e  of 
p r o t o n i z e d  t e s t o s t e r o n e  w i t h  i n c r e a s i n g  c o n c e n t r a -  
t i on  of NR~H § was  o b s e r v e d  (Fig .  1 p u b l i s h e d  h e r e ) .  

/ 

i 

3 

i 

] 

I 

I 

Fig. 1. Influence of concentration of trimethylamine buffer 
on the waves of methyltestosterone; 0.5 m M  methyltesto- 
sterone in 5 0 %  ethanol with 0.05 M borate buffer pH 8.5 
with d i f ferent  concentrations of a t r imethy lamine buffer pH 
8.5 added. Concentrat ion of t r imethy lamine buffer: 1, 0; 
2, 1.0 raM; 3, 3.0 raM; 4, S.0 raM. Ionic strength kept con- 
stant. Curves start ing at  - - 1 .2  v, mercurous sulfate electrode, 
Kalousek's vessel, 200  mv/obsc,  t l  = 3.2 sec, m ~ 1.93 
mg/sec, full-scale sensit ivity 1.3 /za. 

Also,  in  th is  case  a p r o t o n a t i o n  of an  u n c h a r g e d  p a r -  
t i c le  t a k e s  p lace .  

The  effect of t h e  s m a l l  c o n c e n t r a t i o n  of  t r i m e t h y l -  
a m i n e  buf fe r  in  t he  p r e s e n c e  of an  excess  of b o r a t e  
buf fe r  of t he  s ame  p H - v a l u e  (Fig .  1) exc ludes  t h e  
p o s s i b i l i t y  of a p H - c h a n g e  on the  su r f a c e  of  t he  
e lec t rode .  E v e n  the  s m a l l e s t  c o n c e n t r a t i o n  of t r i -  
m e t h y l a m i n e  buf fe r  used  is suff icient  to c h a n g e  the  
w h o l e  c h a r a c t e r  of t he  curve .  This  c anno t  be  e x -  
p l a i n e d  b y  c o m p l e x  f o r m a t i o n  w i th  b o r a t e  or  p h o s -  
pha te ,  b u t  r a t h e r  b y  a specific effect of NR3H+-ions 
on the  r a t e  of r e c o m b i n a t i o n .  

The  b e h a v i o r  in  d i f f e ren t  buf fe rs  c o n t a i n i n g  50% 
e t h a n o l  a n d  of t h e  s a m e  p H  is g iven  in Fig.  2 p u b -  

~0 V. Volkova,  P a p e r  p resen ted  be fore  the  Second Czechoslovak-  
H u n g a r i a n  Polarographic Conference,  P r a g u e  (1958). 
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Fig. 2. Influence of buffer composit ion at pH 8.3 on the 
waves of methyltestosterone; 0.5 mM methyltestosterone in 
5 0 %  ethanol in buffers of pH 8.3 of d i f ferent compasitian: 
1, barate buffer; 2, veronal buffer; 3, trimethylamine buffer; 
4, t r iethanolarnine bu f fe r - - t he  wave is obscured by catalyt ic 
hydrogen evolut ion; 5, ammonia-ammonium chloride buffer. 
Curves start ing at - -1 .4  v, mercurous sulfate electrode, 
Kalousek's vessel, 200 mv/absc, t~ ~ 3.2 sec, m ~ 1.93 
mg/sec, full-scale sensit ivity 1.3 #a. 

l ished here.  The curve  in  the ve rona l  buffer  is p rac -  
t ica l ly  the  same as in  bo ra t e  and  shows two waves.  
The curves  in  t r i m e t h y l a m i n e  and  NH3 buffers  ~~ are 
s imi la r  to each other  bu t  d i f ferent  f rom the ones 
m e n t i o n e d  above  in  showing  one wave  only. K a b a -  
s aka l i an  and  McGlot ten,  in the discussed paper ,  
supposed tha t  one wave  at h igher  pH's  is observed  
in  organic  buffers only. The  po la rog ram in Fig. 2 
pub l i shed  he re  shows tha t  an  organic  buffer  l ike 
ve rona l  can  show the  same n o r m a l  behav io r  as 
bora te  and  tha t  even  in an  inorgan ic  buffer  l ike NH:~ 
the  N H J - i o n s  can p lay  the  same role as NR3H § The 
type  of the  buffer  acid and  no t  the or ig in  is of p r i -  
m a r y  impor tance .  

The shif t  of h a l f - w a v e  potent ia l s  in  buffers wi th  
NR3H ~ as the  acid componen t  is compl icated by  the 
dependence  of the h a l f - w a v e  po ten t i a l  on the  con-  
cen t r a t i on  of NR~H ~, s imi la r  to the inf luence of NH, ~ 
and  q u a t e r n a r y  cat ions on other  r educ t ion  proc-  
esses .6._, 

I t  can  be conc luded  tha t  the  behav io r  of ke tos te r -  
oids in phosphate ,  borate ,  veronal ,  and  s imi la r  
buffers is n o r m a l  and  in ag r eemen t  wi th  the theory.  
The inf luence  of a m i n e - c o n t a i n i n g  buffers is ex-  
cept ional  in  decreas ing  the first wave  and  in  sh i f t ing  
the second wave  to more  posi t ive  potent ia ls .  

F. Kabasakalian: In  an  a t t emp t  to show tha t  the 
w a v e  sp l i t t ing  ob ta ined  d u r i n g  the po la rographic  re -  
duc t ion  of steroids us ing  phosphate  and  bora te  
buffers was not  due to the  pH of the  so lu t ion  bu t  to 
the specific buffer  components ,  we had  proposed the  
fo rma t ion  of a s t e r o i d - h y d r o g e n  ion complex  af ter  
d e t e r m i n i n g  tha t  these buffers did no t  con t r i bu t e  ap-  
p rec iab ly  to any  r e c o m b i n a t i o n  rate.  A l though  we 
were  able  to de t e rmine  the va lue  of the "equ i l ib -  
r i u m  cons tan t s"  for the phosphoric  and  boric acid 
in t e rac t ion  w i th  the  steroids, we m u s t  admi t  tha t  
this does not  necessar i ly  prove  the exis tence  of such 
an  equ i l i b r ium.  

Z u m a n ' s  con ten t ion  tha t  the reac t ion  is in essence 
ident ica l  to tha t  of a r educ ib le  acid is based on the 

~0 T h e  c o n c e n t r a t i o n  o f  a m m o n i a  i n  t h e  b u f f e r  i s  s o  l o w  t h a t  prac -  
t i c a l l y  n o  c o n d e n s a t i o n  (see f o o t n o t e  6 1 )  o f  t h e  c a r b o n y l  g r o u p  
o c c u r s .  

m p .  Z u m a n ,  Col lec t ion  Czechos lov .  C h e m .  C o m m u n s . ,  15 ,  839  
( 1 9 5 0 ) .  

e-~ M .  A s h w o r t h ,  Col lec t ion  Czechos~ov.  C h e m .  C o m m u n s . ,  1~, 2 2 9  
( 1 9 4 8 ) .  
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fact tha t  the l imi t ing  c u r r e n t  and  h a l f - w a v e  po t en -  
t ial  behav io r  wi th  pH is s imi la r  to tha t  for a r educ i -  
ble  acid and  tha t  the isola t ion of d i f ferent  s tereo-  
isomers  f rom a l a rge -sca le  r educ t ion  by  L u n d  is 
supposed to ind ica te  two different  reac t ion  m e c h a n -  
isms. Produc t s  of i r r eve r s ib le  react ions  are not  good 
cr i te r ia  of the  p o t e n t i a l - d e t e r m i n i n g  step m e c h a n -  
ism. Bladon,  Cornfor th ,  and  Jaeger  ~ have  ques-  
t ioned L u n d ' s  proof  of s t ruc tu re  and  his m e c h a n i s m  
which  assumes  tha t  the radica ls  r e t a in  the i r  con-  
f igura t ion  u n t i l  they  d imer ize  by  a slow react ion.  

T a n a k a  and  T a m a m u s h i  have  derived,  f rom the  
s t andpo in t  of chemica l  kinetics,  the l im i t i ng  cur -  
r e n t - p H  and  h a l f - w a v e  p o t e n t i a l - p H  re la t ionsh ips  
of reduc ib le  organic  acids. They  considered the case 
where  the dissociated anion,  A-, and  undissoc ia ted  
molecule ,  HA, of an organic  acid are kept  in  equ i l ib -  
r i u m  in  the  body  of the so lu t ion  according to Eq. (I)  
and  w h e r e  the  undissoc ia ted  molecule  is reduced  at 
the more  posi t ive  po ten t i a l  t h a n  the  dissociated 
anion.  

A- + H § ~ HA (I)  

The undissoc ia ted  molecule  combines  wi th  the  
e lec t rons  at the electrode sur face  and  t h e n  the  r e -  
duced ion, R:, reacts  wi th  the hyd rogen  ions r e su l t -  
ing in the reduced  molecule,  RH~. 

HA § 2e ~ R: ( I I)  

R: + 2H + ~- RH.~ (I I I )  

The der ived  re la t ionsh ips  sa t is factor i ly  exp la ined  
the behav io r  of py r uv i c  and  pheny lg lyoxy l i c  acids. 

Z u m a n  has proposed tha t  s teroids unde r go  the  fol-  
lowing  type  of react ion.  

S + H ~ ~- SH ~ (IV) 

SH §  (V) 

fol lowed by d imer i za t ion  of SH ' .  

There  is a m a j o r  difference be t w e e n  these two 
mechanisms .  The  h y d r o g e n  in  the  acid group in  Eq. 
(I)  is no t  the one tha t  is i nvo lved  in the r educ t ion  
step whi le  the hyd rogen  in  the p ro tona t ed  steroid 
in Eq. (IV) is invo lved  in  the reduct ion .  This  differ-  
ence should be enough  to m a k e  ques t ionab le  Zu -  
m a n ' s  con ten t ion  tha t  s teroid reduc t ions  are i den -  
t ical  to the acid reduct ions .  

Steroid  reduc t ions  us ing  phosphate ,  borate ,  and  
ve rona l  buffers have  all  the  charac ter is t ics  of a re -  
ducib le  acid bu t  the fo l lowing da ta  conflict: differ-  
ent  acid buffers which  do not  con t r i bu t e  apprec iab ly  
to the r e c o m b i n a t i o n  ra te  of the p ro tona t ed  r educ i -  
ble species fai l  to give the same wave  sp l i t t ing  at 
iden t ica l  pHs as Tab le  I pub l i shed  here  indicates .  

Table I 

B u f f e r  p H  i/i" 

Phosphate 7.84 2.02 
Veronal 7.90 0.50 
Borate 8.04 0.25 
Phosphate 8.09 1.40 

B u f f e r  a c i d  --  0 . 0 5 M ;  i o n i c  s t r e n g t h  --  0 .2 .  

~:r P .  B l a d o n ,  J .  W .  C o r n f o r t h ,  a n d  I~. H .  J a e g e r ,  J. C h e m .  Soc. ,  
1 9 5 8 ,  863 .  
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In  o r d e r  to e x p l a i n  the  s ingle  w a v e  we o b t a i n e d  
w i t h  a m i n e  buffers ,  Z u m a n  p roposes  t ha t  t h r e e  
th ings  m u s t  h a p p e n :  

(A)  the  he igh t  of the  first  w a v e  is r e d u c e d  p r e -  
s u m a b l y  to zero;  (B)  t he  second w a v e  has  i ts h a l f -  
w a v e  p o t e n t i a l  m o v e d  an  e x a c t  a m o u n t  so t h a t  i t  
now coinc ides  w i th  the  f o r m e r  pos i t ion  of t he  first  
w a v e ;  (C)  the  h a l f - w a v e  p o t e n t i a l  of the  n e w  
sh i f t ed  second  wave ,  w h i c h  was  f o r m e r l y  p H  i n d e -  
penden t ,  is n o w  p H  d e p e n d e n t  an  e x a c t  a m o u n t  
w h i c h  b r i n g s  i t  in to  l ine  w i t h  a l l  the  o the r  good 
buffers  wh ich  w e r e  used  a t  the  l o w e r  pHs.  

I t  w o u l d  i n d e e d  be v e r y  fo r tu i t ous  if these  t h r e e  
th ings  o c c u r r e d  s i m u l t a n e o u s l y ,  t o g e t h e r  w i t h  t he  
fac t  t ha t  in our  s t u d y  two  d i f fe ren t  amines ,  t r i -  
m e t h y l a m i n e  and  t r i e t h y l a m i n e ,  w h i c h  w e r e  used  
w o u l d  h a v e  to fulf i l l  t he  above  r e q u i r e m e n t s .  

W e  did  no t  f ind t h a t  t he  h a l f - w a v e  p o t e n t i a l  

Table II 

Buffer  cone. - -  EJI2 k p H  

0.20M 1.59 2.0 8.8 
0.10M 1.59 2.1 8.9 
0.05M 1.60 2.1 8.9 

Cons tan t  ionic s t reng th .  

sh i f t ed  w i th  a m i n e  buf fe r  concen t r a t i on  as Tab le  II  
p u b l i s h e d  he re  ind ica tes .  

I t  is our  c a n d i d  op in ion  t h a t  n e i t h e r  our  nor  Z u -  
m a n ' s  p r o p o s a l  s a t i s f a c t o r i l y  e x p l a i n s  the  w a v e  
sp l i t t i ng  o b t a i n e d  w i t h  phospha t e ,  bora te ,  and  v e r o -  
na l  buffers .  

Silver, Cobalt, and Positive-Grid Corrosion in the 
Lead-Acid Battery 

J. J. Lander (pp. 289-292, Vol. 105) 

J. F. Schaefer and H. R. Karas~ A microscop ic  
i n v e s t i g a t i o n  of pos i t ive  g r id  cor ros ion  in l e a d - a c i d  
b a t t e r i e s  has  been  in p r o g r e s s  in the  G l o b e - U n i o n  
Labs .  for  the  pa s t  y e a r  (1957).  The  m o u n t i n g  and  
po l i sh ing  t e c h n i q u e  as d e v e l o p e d  b y  S i m o n  and  
Jones  of the  N a v a l  R e s e a r c h  Labs .  is b e i n g  effec-  
t i v e l y  e m p l o y e d .  D a t a  a re  o b t a i n e d  by  m e a s u r i n g  
the  c ro s s - s ec t i ona l  a r e a s  of g r id  b a r s  a t  v a r i o u s  
s tages  d u r i n g  l i fe  of ba t t e r i e s ,  w i t h  the  r e m a i n i n g  
m e t a l  c a l c u l a t e d  as a p e r c e n t a g e  of t he  o r ig ina l  g r id  
ba r  a rea .  

In  t he  course  of w o r k  on v a r i o u s  a l loys ,  s e v e r a l  
ser ies  of e x p e r i m e n t s  w i t h  Co and  Co and  Ag  a d d i -  
t ions  to cel ls  h a v e  b e e n  made .  In  conco rdance  w i t h  
ideas  e x p r e s s e d  ove r  the  pa s t  s e v e r a l  years ,  and  
s t a t ed  b y  L a n d e r  today ,  as to t he  i m p o r t a n c e  of 
s t a n d i n g  t i m e  d u r i n g  b a t t e r y  service ,  we  h a v e  col-  
l ec ted  d a t a  on the  occu r r ence  of g r id  cor ros ion  on 
open  c i r cu i t  s t and ing .  

F i g u r e  1 shows  the  cor ros ion  of a pos i t i ve  g r id  b a r  
a f t e r  two  y e a r s '  o p e n - c i r c u i t  s t a n d  a t  a m b i e n t  t e m -  
p e r a t u r e  in an u n h e a t e d  g a r a g e  in Det ro i t .  A b o u t  
55% of t he  g r id  m e t a l  has  c o r r o d e d  away .  E x a m i n a -  

~ G l o b e - U n i o n  Inc.,  M i l w a u k e e  1, Wis. 
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Fig. 1. Positive grid bar from battery after two years' 
open-circuit stand. 
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Fig. 2. Effect of open-circuit standing on positive grid 
corrosion. 

t ion of the  b a t t e r y  de f in i t e ly  showed  pos i t i ve  g r id  
f a i l u r e  and  some y e a r s  ago w o u l d  h a v e  been  c lass i -  
fied as f a i l u r e  due  to ove rcha rg ing .  

F i g u r e  2 shows  d a t a  o b t a i n e d  on b a t t e r i e s  s t a n d -  
ing at  75 ~ and  150~ in the  l a b o r a t o r y .  The  effect  
of Co and  A g  a d d i t i o n s  a re  shown  in t h e  curves .  A t  
150~ wh ich  a p p r o x i m a t e s  u n d e r - t h e - h o o d  t e m p e r -  
a tu res ,  the  a d d i t i o n  of Co and  A g  causes  an  a p p r o x i -  
m a t e  50% inc rease  in cor ros ion  in  12 weeks .  

W o r k  on th is  p r o j e c t  is con t i nu ing  and  i t  is h o p e d  
t h a t  a c o m p l e t e  r e p o r t  w i l l  be  r e a d y  fo r  p r e s e n t a t i o n  
at  a f u t u r e  m e e t i n g  of the  B a t t e r y  Div i s ion  of the  
Socie ty .  

Diffusion of Oxygen in Zirconium and Its Relation to 
Oxidation and Corrosion 

J. P. Pemsler (pp. 315-322, Vol. 105) 

L. Young~:  Dr. P e m s l e r  m a k e s  use  of the  " P i l l i n g -  
B e d w o r t h  n u m b e r "  (def ined  as the  r a t i o  of m o l a r  
v o l u m e s  of ox ide  a n d  m e t a l )  to dec ide  t h a t  the  ox ide  
on Zr  is u n d e r  compress ion .  I w o u l d  l i ke  to r e p e a t  
the  po in t  w h i c h  I m a d e  in a r ecen t  p a p e r  ~ t ha t  w i t h  
flat su r faces  t h e r e  is no obv ious  r e a s o n  w h y  the  o x -  
ide  shou ld  be  u n d e r  c o m p r e s s i o n  if th is  n u m b e r  is 
g r e a t e r  t h a n  un i ty ,  and,  f u r t h e r m o r e ,  t ha t  de sp i t e  
t he  w i d e s p r e a d  i m p r e s s i o n  to the  c o n t r a r y ,  P i l l i n g  
and  B e d w o r t h  m a d e  no such sugges t ion ,  a t  l eas t  no t  

t~Bri t i sh  Co lumbia  Resea rch  Counci l ,  Un ivers i ty  of Br i t i sh  Co- 
lumbia ,  V a n c o u v e r  8, B. C., Canada .  

6~L. Young,  A c t a  M e t . ,  5, 711 (1957). 
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in t he i r  o r i g i n a l  p a p e r .  ~ T h e i r  " h y p o t h e s i s "  was,  in 
fact ,  t he  p e r f e c t l y  log ica l  d e d u c t i o n  t h a t  c o m p r e s s i v e  
s t resses  w i l l  be  p r o d u c e d  w h e n  the  m e t a l  su r f a c e  is 
c o n v e x  and  w h e n  o x y g e n - - n o t  m e t a l - - i s  mobi le ,  so 
t ha t  f r e s h  l a y e r s  of ox ide  a r e  p r o d u c e d  in the  space  
p r e v i o u s l y  occup ied  b y  the  m e t a l  f r o m  w h i c h  t h e y  
a r e  fo rmed .  Obv ious ly ,  o t h e r  nonf l a t  sur faces ,  o r  
m e t a l  ion m o v e m e n t ,  r e q u i r e  t he  a p p l i c a t i o n  of o t h e r  
cond i t ions  to d e t e r m i n e  the  g e n e r a l  mac roscop i c  
s t ress ,  and  r o u g h  su r faces  and  mic roscop ic  s t resses  
a r e  a n o t h e r  case  aga in .  

6~ N. B. P i l l i n g  a n d  R. E. B e d w o r t h ,  J. Inst .  Met.,  29, 529 (1923). 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1958 

J. P. P e m s l e r :  Recen t  p a p e r s  b y  Young  ~ a n d  V e r -  
m i l y e a  ~ h a v e  d u l y  modi f ied  c u r r e n t  t h i n k i n g  on 
w h a t  is c o m m o n l y  r e f e r r e d  to as the  P i l l i n g - B e d -  
w o r t h  v o l u m e - r a t i o  concept .  F o r  ca t ion  diffusers ,  on 
s a m p l e s  w i t h  flat  sur faces ,  t he  a r g u m e n t s  a g a i n s t  
dec id ing  a priori t h a t  the  f i lm is u n d e r  compres s ion  
a r e  q u i t e  t enab l e .  H o w e v e r ,  in  cases  w h e r e  o x y g e n  
d i f fus ion  t h r o u g h  the  ox ide  con t ro l s  t he  r a t e  of ox i -  
da t ion ,  as is t he  case  in t he  o x i d a t i o n  of Z r  at  low 
and  i n t e r m e d i a t e  t e m p e r a t u r e s ,  i t  is no t  c l ea r  
w h e t h e r  t he  ox ide  shou ld  b e  u n d e r  compress ion .  

6s D. A. V e r m i l y e a ,  A c t a  Met. ,  5, 492 (1957). 

June 1959 Discussion Section 
A Discussion Section, cover ing papers  publ i shed  in the J u l y - D e c e m b e r  1958 J O U R N A L S ,  is scheduled for  

publ ica t ion  in the  June  1959 issue. A n y  discussion which  did not  reach the  Edi tor  in t ime for  inclusion in the  
December  1958 Discussion Sect ion wil l  be  included in the  June  1959 issue. 

Those who p lan  to cont r ibute  r emarks  for  this  Discussion Section should submit  the i r  comments  or  ques-  
tions in t r ip l ica te  to the  Managing Edi tor  of the  JOURNAL, 1860 Broadway,  New York  23, N. Y., not later than 
March 2, 1959. All  discussion wil l  be fo rwarded  to the  author ,  or authors,  for  r ep ly  before  being p r in ted  in 
the  JOUI~NAL. 
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